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Advances in Vascular Diagnostics using Magnetic Particle
Imaging (MPI) for Blood Circulation Assessment

Marisa O Pacheco, Isabelle K Gerzenshtein, Whitney L Stoppel,

and Carlos M Rinaldi-Ramos*

Rapid and accurate assessment of conditions characterized by altered blood
flow, cardiac blood pooling, or internal bleeding is crucial for diagnosing and
treating various clinical conditions. While widely used imaging modalities
such as magnetic resonance imaging (MRI), computed tomography (CT), and
ultrasound offer unique diagnostic advantages, they fall short for specific
indications due to limited penetration depth and prolonged acquisition times.
Magnetic particle imaging (MPI), an emerging tracer-based technique, holds
promise for blood circulation assessments, potentially overcoming existing
limitations with reduction in background signals and high temporal and
spatial resolution, below the millimeter scale. Successful imaging of blood
pooling and impaired flow necessitates tracers with diverse circulation
half-lives optimized for MPI signal generation. Recent MPI tracers show
potential in imaging cardiovascular complications, vascular perforations,
ischemia, and stroke. The impressive temporal resolution and penetration
depth also position MPI as an excellent modality for real-time vessel perfusion
imaging via functional MPI (fMPI). This review summarizes advancements in
optimized MPI tracers for imaging blood circulation and analyzes the current
state of pre-clinical applications. This work discusses perspectives on
standardization required to transition MPI from a research endeavor to
clinical implementation and explore additional clinical indications that may

in the body is critical for the diagnosis and
detection of many diseases and injuries, as
well as the assessment of brain function.
Thus, the past several decades has seen sub-
stantial growth in the application and modi-
fication of existing imaging techniques and
the investigation of new methods to address
current diagnostic needs. In this review, we
will explore the development, characteriza-
tion, and standardization of an emerging
imaging modality, magnetic particle imag-
ing (MPI),l1-3] specifically for applications
in tracking blood flow, perfusion, and in-
jury. To understand the gaps in existing
technologies that have motivated the inves-
tigation of MPI for tracking blood pooling
in the heart and systemic blood flow, we
will first briefly review current techniques
and clinical practices, highlighting limita-
tions of current techniques and areas for
improvement.

1.1. Angiography for Diagnosis and Treat-
ment of Vascular Disease

benefit from the unique capabilities of MPI.

1. Introduction

From coronary heart disease, to stroke, to internal vascular
trauma, diagnostic imaging is required across many clinical in-
dications. Specifically, imaging the movement of red blood cells
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Angiography, defined as the visualization of

the circulatory system, is an important diag-

nostic technique used to identify treatments
for a myriad of diseases and injuries. Clinically, angiography is
used to evaluate cardiac function, delineate vessels, detect inter-
nal bleeding, and to assess organ perfusion and ischemia.[* The
circulatory system is involved across all organ systems and is af-
fected by the onset and progression of the most prevalent dis-
eases, including cardiac disease and cancer.’] Improved diagnos-
tic tools can enable the safe and early detection of disturbances
to circulatory function.®! Early detection is often correlated with
improved outcomes, indicating the need for investment in the de-
velopment of diagnostic imaging tools and techniques for early
detection. There are two main techniques that are often coupled
together to evaluate and diagnose patients: 1) analysis of vessel
structures and cardiac function using catheterization; and 2) non-
invasive imaging of blood vessels for the visualization of perfu-
sion, hemorrhage, and blood pooling (Figure 1).

The earliest clinical tools for mapping circulation emerged in
the 1920s with catheter-based techniques.['%) These techniques
involve the insertion of a catheter into large vessels in the groin or
arm enabling both diagnosis and intervention. Cardiac catheter-
ization, commonly known as a “heart cath” procedure, has
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Figure 1. Current techniques to visualize blood circulation have limitations regarding patient risk, temporal resolution, and spatial resolution. Magnetic
particleimaging (MPI) is a novel imaging modality that has the potential to address some of the clinical limitations facing the imaging of blood circulation,
aiding in diagnosis of cardiac disease and vascular injury while also enabling perfusion studies and direct functional scans.l’=!

undergone refinement and improvement over the past century
and remains one of the most frequently performed procedures in
the United States for the diagnosis and treatment of vessel block-
ages. Through the thin catheter, clinicians can take biopsies, ad-
minister therapeutics, and address arterial blockages by placing
stents to ensure vessel patency. Visualizing the vessel while pro-
viding an intervention is not possible with noninvasive imaging
techniques, underscoring the continued significance of catheter-
ization techniques in modern clinical settings.

Initially limited to larger blood vessels and heart chambers,
cardiac catheterization has improved with technological and
safety advancements to visualize smaller vessels, facilitated by
novel image processing methods such as digital subtraction
angiography (DSA)."l This process enables visualization of
millimeter-scale vessels by capturing a time series of images as
a bolus of contrast agent is delivered. The subtraction of the im-
age series allows for following the bolus flow through vasculature
over time. While there are minor risks of blood clot formation or
arrhythmias associated with the procedure, such complications
are rare. Similarly, allergic reactions to contrast agents are infre-
quent, making this procedure and visualization technique com-
mon practice.

As equipment and reconstruction algorithms are continu-
ously refined, higher resolution images are produced while also
limiting scan time and ionizing radiation exposure. However,
catheterization can pose greater risks for patients with existing
conditions or comorbidities. For example, patients with congeni-
tal anomalies or congenital heart conditions that alter vessel size
or structure may be at heightened risk for complications such as
blood clots or vessel damage. The risk is also elevated for patients
with cardiac disease who have developed collateral vessels in re-
sponse to artery blockages or atherosclerotic plaques.

Like cardiac catheterization procedures, peripheral vascular
angiography is a catheter-based procedure often performed on
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the large arteries in the legs. A contrast agent is delivered to pe-
ripheral arteries via a catheter to enable diagnosis of peripheral
artery disease (PAD) or identification of blockages or injury. Like
cardiac catheterization, the build-up of the contrast agent deliv-
ered via the catheter can be visualized via X-ray to show the devel-
opment of plaques or identify blocked arteries in the extremities.
Success of this procedure depends on the size and accessibility
of the vessels, as well as any challenges posed by vessel injury
or vessel tortuosity. Risks with peripheral vascular angiography
are like cardiac catheterization procedures and remain low when
performed on patients without comorbidities.

1.2. Ventriculography for Diagnosis of Cardiac Disease

Ventriculography, often known as a multigated acquisition scan
(MUGA), blood pool imaging, or a blood pool scan, is the as-
sessment of heart chamber pressures throughout the cardiac cy-
cle (e.g., a right heart ventriculography assessment measures
pressures in the right atrium and right ventricle). Traditionally,
catheter-based measurements of pressures in the heart chambers
are coupled with catheter delivery of contrast agents for coupled
assessments with noninvasive imaging techniques.?! As nonin-
vasive imaging techniques have improved in precision while hav-
ing fewer risks, the recommendation for use of catheter-based
ventriculography has declined over the last decade.!'*!*]

1.3. Noninvasive Ventriculography for Diagnosis
Noninvasive cardiac ventriculography or blood pool scans, with-
out the use of catheterization, are used to visualize and diag-

nose coronary artery disease or heart failure based on the pool-
ing of blood in the heart chambers during a cardiac cycle. These
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noninvasive imaging strategies can often be coupled with
catheter-based procedures (angiography or ventriculography),
but the labeling and contrast agent delivery are often performed
differently. In these noninvasive procedures, a contrast agent,
such as a radioactive dye, is used to label red blood cells
and the procedure is commonly referred to as radionuclide
ventriculography.'] Labeled cells are typically introduced to the
body using ex vivo labeling since a catheter is not used to de-
liver the contrast agent locally. Blood is drawn from the patient,
red blood cells are labeled outside of the body in the laboratory,
and then these labeled cells are reintroduced to the body.'®) Clin-
ically, the most common technique to label red blood cells em-
ploys radiopharmacology agents which allow one to track emitted
ionizing radiation with a gamma imager or single-photon emis-
sion computed tomography (SPECT).['”] However, recent inves-
tigations and assessment of patient data suggest that validation
via other planar imaging modalities, such as magnetic resonance
imaging (MRI), may improve diagnostic assessments in patients
with congenital defects or abnormal ventricle function.['*1819]
When a person has coronary artery disease, heart failure, or al-
tered heart function, blood will pool in the heart chambers and
this signal is detected at different stages of the cardiac cycle by
visualizing the accumulation of the ionizing radiation within
the heart chamber. While this technique is also relatively com-
monplace in hospitals, patients with additional complications or
underlying conditions are at greater risk. Pregnant women are
unable to undergo these types of assessments, as the radiophar-
maceutical used may pose a threat to the fetus. In addition, pa-
tients with hampered kidney function or kidney disease may be
advised against these procedures as the radiopharmaceutical is
usually filtered from the blood stream via the kidneys and may
pose an unnecessary risk to the patient.

1.4. Visualizing Internal Bleeding via Ultrasound and Magnetic
Resonance Imaging (MRI)

While imaging and diagnostic tools, despite their complexities,
have been optimized for diagnosing cardiac disease, similar ad-
vancements have not been made for other clinical indications,
such as aneurysms, internal trauma, and internal hemorrhage.
For example, strokes occur when oxygen delivery to the brain is
disrupted. Hemorrhagic strokes make up about 13% of stroke
cases, where a vessel in the brain ruptures, preventing oxygen
delivery and leading to blood pooling at the site of rupture. Like a
ruptured cerebral aneurysm, the resulting brain bleed and asso-
ciated clots can put pressure on the brain tissue, causing further
damage to the surrounding tissues. Diagnosis of a brain bleed of-
ten occurs via MRI, which can detect brain bleeds and ischemic
injury, when performed soon after the event. However, the res-
olution of these images can pose challenges in early diagnosis,
even with the use of contrast agents or tracers.

Other conditions and diseases that lead to internal bleeding
include a rising number of conditions affecting women’s health,
such as endometriosis. Usually, a conditional endometriosis di-
agnosis results from a combination of ultrasound imaging and
MRI,[?% as the penetration depth and resolution of MRI is sub-
stantially better than a transvaginal ultrasound. MRI can often
detect large endometriosis lesions but cannot routinely detect su-
perficial peritoneal implants.[?22] However, final diagnosis and
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potential treatment requires laparoscopic surgery. Further char-
acterization of other disease phenotypic structures, such as hem-
orrhagic cysts, involve visualization via ultrasound imaging, how-
ever laparoscopic surgery is still required for final diagnosis.[?*]

Internal bleeding can also occur via an aneurysm in any tissue,
including the intestinal tract. Diagnosis and location of gastroin-
testinal bleeds is complex, usually involving multiple modalities
including endoscopy, computed tomography (CT), and catheter-
based angiography.l?*! In extreme cases exploratory surgery is re-
quired for treatment and diagnosis. Noninvasive diagnostic tools
with improved penetration depth and mitigation of tissue back-
ground signal are needed to limit the number of invasive proce-
dures performed and in cases where invasive procedures are still
necessary, to provide surgical teams with more detailed knowl-
edge of the repair needed before in surgery.

1.5. Opportunities for Future Advancement

Techniques with improved temporal resolution and limited sig-
nal attenuation are needed. Improved resolution can be achieved
by the design of novel imaging modalities, improved detection
and reconstruction algorithms, or the optimization of contrast
agent or tracer designs.®®! In recent decades researchers and
clinicians have moved toward noninvasive imaging modalities
for blood pool imaging. This involves the administration of a
contrast agent or tracer that modulates an input signal, lead-
ing to observable differences by a detector. These diagnostic
imaging tools are referred to as tracer imaging tools and can
often be paired with structural imaging tools such as CT or
MRI to resolve the location of the tracer relative to anatom-
ical features. Current and emerging imaging modalities for
tracking blood flow and internal bleeding are summarized in
Table 1. Techniques such as ultrasound,?®! positron emission to-
mography (PET),[?”) SPECT,?®] and magnetic resonance angiog-
raphy (MRA)?! are all used clinically for angiography applica-
tions. However, the cardiac catheterization procedure remains
the most popular, with >1 000 000 procedures performed in the
United States annually.l’] Techniques such as ultrasound and
optical imaging have shown promise in noninvasive angiogra-
phy; however, limited penetration depth poses challenges in di-
agnosing internal bleeding.*®! Tools with improved penetration
depth, such as CT and MRI, are applied to various clinical in-
dications such as ischemic stroke, aneurysm, and heart disease,
offering enhanced resolution when paired with a contrast agent.
Challenges such as long acquisition times, deconvolution of con-
trast agent signal from other features, and high doses of ioniz-
ing radiation motivate continued research into CT and MRI for
blood-related diagnostics.*!! While research on optimizing con-
trast agents for CT and MRI is active,??3] in this review, we will
focus on MPI and its application in imaging blood circulation.
MPI is an imaging modality in which signal generation is
based on the dynamic magnetization of superparamagnetic iron
oxide nanoparticle (SPION) in an applied alternating magnetic
field. This makes MPI unique among imaging modalities be-
cause signal is generated solely from the unique physics of nano-
materials, resulting in negligible background signal due to sur-
rounding features. In MPI, a selection magnetic field gradient
is applied opossing a uniform alternating magnetic field, creat-
ing small field free region (FFR), surrounded by a region with
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Table 1. Main features of current and emerging noninvasive imaging modalities utilized in imaging of the circulatory system.[36:37]
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a strong magnetic field. Tracers outside of the FFR are saturated
and only weakly respond to the alternating magnetic field, while
those inside the FFR respond strongly. The magnetization of SPI-
ONs in the FFR oscillates as a response to the alternating mag-
netic field. This change is detected by pickup coils and results in
a signal that is proportional to the local SPION concentration. By
moving the FFR to cover a region of interest, a quantitative 3D
distribution of SPIONS can be captured.

The limited presence of background signal combined with the
penetration depth of MPI can make imaging of vessel structures
within the peritoneal cavity possible and potentially reduce the
need for invasive diagnostic procedures. Additionally, the impres-
sive temporal resolution and direct signal generation in MPI can
make functional perfusion assessment possible. In this review,
we identify the current state of MPI technology development for
key applications in cardiac disease diagnosis, diagnosis of brain
bleeds, and identification of sites of internal bleeding in key tis-
sues such as the lungs and kidneys. We also identify other sites of
internal bleeding resulting from disease or injury that may bene-
fitfrom the high spatial and temporal resolution afforded by MPI.

2. MPI as an Emerging Diagnostic Imaging
Modality

MPI is a new imaging technique well suited to contribute to the
diagnosis of altered blood flow, vascular injury or blockage, pool-
ing of blood, and internal bleeding.’®! MPI uses SPIONS as trac-
ers. SPIONs can be readily located and quantified using MPI-
based on their magnetic behavior. To visualize the SPION trac-
ers, an external alternating magnetic field is applied, leading to
the nonlinear magnetization of the SPIONs. Nonlinear magne-
tization allows for detection of the magnetic moment, which is
orders of magnitude more intense than nuclear moments result-
ing from radiographic tracers used to enhance signals in MRI.
MPI has a theorized spatial resolution on the sub-mm scale, a
temporal resolution on the millisecond scale, as well as full body
penetration with little to no tissue background.’*"!

To achieve this theorized resolution, optimized SPION tracers
are required, with a detailed understanding of their response to
dynamic oscillating magnetic fields.[? The application of tracer
imaging tools to replace or augment current angiography or ven-
triculography techniques means that the SPION tracer must re-
main in circulation over the duration of the image acquisition.
Thus, the design of SPION tracers with controlled circulation
time is a critical feature for the clinical realization and applica-
tion of this technique. Furthermore, it is imperative that we un-
derstand how SPION tracer parameters impact their sites of ac-
cumulation and image resolution.

First, biodistribution and pharmacokinetic assessments must
be carried out to understand the performance of SPION tracers
administered into systemic circulation that are then intended to
serve as tracers for blood circulation imaging. There are both
direct and indirect methods for assessment of blood half-life of
imaging tracers.***!] A robust direct technique to quantify circu-
lation half-life is to radiolabel particles and to have blood draws
over time in which the circulating concentration is determined.
Alternatively, blood circulation half-life may be determined indi-
rectly by imaging vessels and determining when the signal has
decayed. This method requires only periodic imaging; however,
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it is dependent on the imaging set-up in use. MPI offers an ad-
vantage in the use of this method since the signal is linearly cor-
related to tracer concentration. In this context, it is important
for researchers to consider and carefully report the analysis be-
ing conducted to determine circulation time in their studies. For
the research discussed herein that describes the design of long-
circulating tracers for blood pool imaging using MPI, this dis-
tinction will be reported. Moreover, it is important to recognize
that radiolabeling, like any surface modification, may impact the
overall half-life independent of the SPION itself, in turn compli-
cating the assessment.

2.1. Optimizing MPI Tracers for Imaging of Blood Pooling and
Circulation

One of the first major hurdles to overcome in the use of MPI for
applications in cardiac and vascular diagnoses is the design of an
optimized tracer from both a circulation time and a signal genera-
tion perspective. There are several commercially available tracers
that can be used in MPI (Table 2), including ones that are ap-
proved clinically as an MRI contrast agent (Resovist, Bayer, Ger-
many) or an iron supplement (Feraheme, Covis Pharma, Switzer-
land). Resovist, also known by the generic name ferucarbotran,
works to generate a signal in MPI, however it is not optimal for
vascular applications due to the product’s large polydispersity and
rapid clearance.****! In many of the studies discussed herein, fer-
ucarbotran is used as a benchmark for comparison.

Work has been done to optimize MPI tracers for numer-
ous biomedical applications outside of blood pool imaging
alone.[5152] Recent works that focused on optimizing the circu-
lation time of carriers for blood pool imaging attempted to lever-
age the long circulation time of red blood cells.[>*** By utilizing
changes in the salinity of a particle suspension, researchers were
able to load human red blood cells with ferucarbotran and char-
acterize their magnetic properties. Additionally, the researchers
performed an in vivo study with injection of murine red cells
loaded with ferucarbotran. This was followed by blood collection
and magnetic particle spectroscopy (MPS) to assess circulation
time. They determined that the red blood cell tracers had a half-
life of ~3 h as opposed to free ferucarbotran, which is cleared
in the order of minutes.’*! In a later study, the same approach
showed that the red cell based tracer could lead to reliable de-
tection of events such as breathing and the heartbeat.[*/ These
results are promising for the future of red blood cell based MPI
tracers. However, they are limited in scope since ferucarbotran
is not optimized for signal generation and most of the measure-
ments were not significantly above the noise level after 3 h.

Other groups have explored the use of stealth polymers to
improve tracers for MPI of the blood pool (Table 3).[“355¢] The
most common stealth polymer employed for this purpose is PEG.
Khandhar et al. developed a tracer termed LS-008 which has a
~25 nm core diameter with 20 kDa PEG loaded at ~18 mol%
on the surface.’>! They also used a mouse model, where after
injection, blood draws and MPS were performed to determine
circulation time. They determined that LS-008 had a blood half-
life of 108 min.I>>] A separate study investigated the use of PE-
Gylated multicore particles. They tested varying PEG molecular
weights and stoichiometries and while some were not stable, a
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10 kDa PEGylated formulation was found to have a blood half-life
of #60 min. This was found in a rat model and by monitoring
the signal to noise ratio with MRLI®) Another study generated
particles with ~20 nm core diameters and PEGylated the surface
with 5 kDa PEG. In their mouse model, they determined blood
half-lives near 7 h by monitoring the MPI signal in the heart and
fitting to a one compartment model.[*!]

These studies all show great promise for tracers that can be
used in blood pool imaging as well as other applications. How-
ever, there is a lack of consistency in the methods of determin-
ing half-life across studies. When examining the current scope of
tracers that may be used for blood pool imaging, one notices that
there are very few tracers designed for optimal signal generation,
and a spectrum of clearance times. This idea can be visualized
in Figure 2, where there are no tracers in the upper right corner
of the plot, which represents both high sensitivity and circulation
time (raw data and references are provided in Table 4). To use MPI
across clinical applications, it is important to consider that dif-
fering clearance times would be desirable in disparate situations
and that continued improvement of resolution in MPI is impor-
tant. As the field advances to fill these gaps, many researchers
have performed preclinical studies across organ systems to show
potential applications of MPI in blood pool imaging. Below we
discuss progress in the use of MPI in cardiac, cerebral, and gen-
eral organ perfusion imaging both in vitro using phantoms and
in vivo in small animal models.

3. Applications of MPI for Specific Clinical
Indications

Since the circulatory system is involved across all organ sys-
tems, the use of blood pool imaging has many applications in-
cluding the ability to detect and diagnose cardiac/vascular dis-
ease, cerebral hemorrhages/hemorrhagic stroke, other internal
hemorrhage, as well as to assess organ perfusion. Organ perfu-
sion can be used in functional imaging, which concerns moni-
toring the changes in flow as a result of the patient performing
a certain function (speaking, thought exercise etc.), and can be
used in brain mapping and the diagnosis of disease. In the fol-
lowing sections we highlight organ systems for which MPI blood
pool imaging has demonstrated pre-clinical success.

3.1. MPI in Cardiac Imaging and Assessment of Cardiac Function

One major purpose of blood pool imaging is monitoring and
quantifying blood flow as it can highlight changes due to
heart disease, stenosis and cardiac dysfunction (Figure 3A). Re-
searchers have demonstrated that MPI-based imaging of circula-
tion can generate signal at relevant flow rates and detect disease
characteristic structures/flow alterations!®*7%/ (Table 5). For the
quantification to be accurate and helpful in these applications,
the temporal resolution of the imaging technique must be suffi-
ciently shorter than the time dependency of what is being mea-
sured. In one study, continuous data streaming and flexible re-
construction frameworks were used to achieve MPI of 40 cm s
flow in a phantom with a commercially available Perimag tracer
and a traveling wave MPI scanner.[** While this is similar to ve-
nous blood flow, faster speed would be necessary for flow near
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Table 3. Summary of recent studies investigating the development of long-circulating tracers designed for application in magnetic particle imaging (MPI).

Refs.

Blood half-life

In vivo characterization

Zeta potential

Hydrodynamic diameter

Coating

Core diameter

Tracer

[53]

Blood half-life assessed following tail vein 3 hin mice

Not reported

~4 nm RBC ~7 um (red blood cell

Resovist loaded

injections using blood draws and MPS in

carrier)

RBCs

HEALTHCARE

mice

62 nm (Resovist)

[53]

108 min in

Blood half-life assessed following tail vein

—4.5 mV

~80 nm

20 kDa PEG

25 nm

LS-008

Adv. Healthcare Mater. 2024, 2400612

mice

injections using blood draws and MPS in

mice

[56]

62 min in rats

Blood half-life assessed by signal monitoring

-3.4mV

84 nm

PEG (varying

Multicore (x40 nm)

MCP-PEG10K2

with magnetic resonance imaging (MRI) in

MW)

rats following tail vein injections

[44]

Blood half-life assessed following tail vein 6.99 h in mice

—7.6 mV

5 kDa PEG 54-76 nm

20.7-22.6 nm

RL-1

injections using MPI signal in mice

Studies highlighted here demonstrate potential for application in vascular and cardiac imaging.
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Figure 2. Visual representation of circulation half-lives achieved in mice
from papers reviewed compared to selected commercially available tracers
discussed in Table 3. All magnetic particle imaging (MPI) sensitivity val-
ues have been normalized to that of ferucarbotran, shown in black. Green
points represent tracers designed for MPI applications, and warmer col-
ored points represent tracers compatible, but not specifically designed for
MPI. The scarcity of datapoints portraying both high MPI sensitivity and
blood half-life indicate potential for novel MPI tracer development. Values
used in the figure and their sources are given in Table 4.

Table 4. Tabulated values for the data shown in Figure 2 along with the
references from which the sensitivity half-life data are obtained.

Tracer Circulation Sensitivity/ Refs.
half-life in sensitivity
mice ferucarbotran
Ferucarbotran 35 min 1 [44]
Feraheme 45 min 0.93 [57, 58]
FeraspinXS 30 min - [59]
FeraspinXXL - 0.55 [60]
Perimag 19 min 0.47 [60, 49]
Precision MRX - 0.98 [60]
Synomag-D 37 min 3.4 [44]
RL-1 420 min 3 [44]
LS-008 105 min 5 [55]

the aorta, which can reach hundreds of cm s™'. A separate study
sought to analyze if the temporal resolution of MPI allowed for
the imaging of coronary artery flow (20-64 cm s7'). Using Per-
imag and a Bruker preclinical scanner, they obtained agreement
in determined flow velocities within ~#20% across 4- and 6-mm
diameter phantoms.[®] These studies used separate scanning
systems, which limit the ability to compare. Additionally, they
avoided more complex phantom geometries to maintain laminar
flow since it is easily calculable. However, this is not necessar-
ily representative of the in vivo setting when extensive disease is
present. One study sought to recapitulate some of the complexity
seen in vivo in a phantom model by constructing a model of a
carotid artery aneurysm.”*! This study used a styrene-magnetite
tracer referred to as MM4 and a Bruker preclinical scanner. Sim-
ilar pulsation rates were detected in MPI as with MRI.

In a related application, MPI was used to detect coagulation
of blood ex vivo.l®!] To induce coagulation, CaCl, was added to

© 2024 Wiley-VCH GmbH

d ‘0 °6597T61T

b//:8dny woiy p:

9SULDIT Suowwo)) aAnea) ajqeorjdde oy £q pauroroS aIe sadRIE V() (Asn JO sofnI 10j K1eIqIT duI[uQ) AJ[IA UO (SUONIPUOD-PUE-SULI)/ W0 Ko[1m ATRIqI[auI[uo//:sd)iy) SUONIPUO)) pue swiId [ oY) 39S “[$70T/L0/10] U0 Areiqr aurjuQ A9[ip ‘epLof JO ANs1dAtun Aq Z1900F20T WYPE/ZOOT (1 /10p/ W0 K1,


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED ADVANCED
SCIENCE NEWS %ﬁ%'TE'-I&(I:ﬁ\ESE
www.advancedsciencenews.com www.advhealthmat.de

(A)

Aortic Aneurysm
Aortic Dissection

Cardiomyopathy
Myocarditis

TN
L — /R
<&

Congenital Heart Disease 5 | X )
Cardiac Stenosis [ Atherosclerosis

Q) ;

Pericarditis | ’
Pericardial Effusion

(B) ’

normalised signal

time in seconds

Figure 3. A) Clinical diagnoses related to the heart that could benefit from the use of blood pool imaging in diagnosis and/or treatment. Quantita-
tive tracking of superparamagnetic iron oxide nanoparticles (SPIONs) can enable detecting disturbances in circulation including plaques, dissections,
aneurisms, defects, etc. B) Demonstration of how magnetic particle imaging (MPI) can be used to visualize the movement of injected tracer (ferucarbo-
tran) through the murine inferior vena cava following tail vein injection. This set of imaging led to the determination of blood velocities that show good
agreement with those determined using magnetic resonance imaging (MRI), demonstrating the diagnostic potential of MPI. Images in Figure 3B are
reproduced with permission.[%2] Copyright 2018, IOP Publishing.

whole sheep’s blood. The tracer M-300 and an in-house scan-
ner were used. They found that coagulated blood displayed a de-
cayed signal and attributed this to changes in viscosity, which im-
pacts the relaxation of the tracer. The fact that differentially vis-
cous environments led to distinct images intensities highlights
the potential for multicontrast MPI. However, more optimization
is needed, such that a coagulated signal is distinct from an area
with a lower concentration of tracer.

In an in vivo study, researchers sought to measure blood veloc-
ities in a murine model.l®?] They used ferucarbotran and a Bruker
preclinical scanner. Phantom studies were done to calibrate the
system before the in vivo experiment. The results were compared
to MRI determined velocities near the inferior vena cava and
there was good agreement (Figure 3B). In related applications,
researchers have used MPI to detect vulnerable plaques associ-
ated with atherosclerosis.”>73] While these works do not focus

Table 5. Summary of recent studies investigating the use of magnetic particle imaging (MPI) for imaging and assessment of cardiac health and function.

Imaged model Tracer Scanner Findings Refs.
Ex vivo coagulation in sheep blood M-300 In-house Signal drop in coagulated conditions [61]
Stenosis phantoms Resovist Traveling wave MPI MPI can accurately detect and grade vascular stenosis with improved [63]

accuracy at lower levels of stenosis

In vivo murine blood velocities Resovist Bruker Preclinical Velocities in the inferior vena cava agreed with MRA velocities ~21 cm s~ [62]

Dynamic bolus phantom Perimag TWMPI 40 cm s~ superparamagnetic iron oxide nanoparticle (SPION) velocity is [64]
detectable with optimized reconstruction

In vivo rat blood flow velocities Resovist Bruker Preclinical A hybrid MPI/magnetic resonance imaging (MRI) scanner can accurately [65]
detect blood velocities

Canonical stenosis phantoms Perimag Bruker Preclinical Velocities up to 64 cm s~ in 4 mm 1D tubes with 20% error [66]

Studies span in vitro, ex vivo, and in vivo experiments demonstrating imaging capabilities as well as the quantitated values from image analysis.

Adv. Healthcare Mater. 2024, 2400612 2400612 (8 of 18) © 2024 Wiley-VCH GmbH
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Table 6. Summary of recent studies investigating the use of magnetic particle imaging (MPI) based blood pool imaging for assessment of cerebral health

and function.

Imaged model Tracer Scanner Findings Refs.
Rat closed skull TBI LS-13 Berkeley FFP Injury and hematoma are visible immediately and 3 days later [74]
Stroke model in mice LS-008 Bruker Preclinical MPI can be used for real time detection of perfusion deficits [75]

Stroke phantom Perimag

Intracranial hemorrhage Perimag, Synomag-D Bruker Preclinical

model in mice

Novel handheld MPI
head scanner

Healthy rhesus macaque ~ Mag3200 (PEG coated 20 nm
core superparamagnetic iron
oxide nanoparticles

(SPIONS))

Novel MPI head scanner

associated with ischemic stroke due to temporal resolution

A scanner can be constructed that can scan a human scale head ata  [76]
temporal resolution of 2 frames s~ and a detection limit of ~2 ug
Fe

Using Synomag-D, the bleed can be detected in 3 min. Quantified at ~ [81]
0.003-0.06 uL s™!

Multicontrast MPI can differentiate clotted blood from active
bleeding

A novel scanner detects as little as 125 ng iron and enables the in [78]
vivo detection of SPIO concentration changes in a nonhuman
primate brain. Represents a step toward functional imaging using
MPI at scale

Studies demonstrate potential application of MPI in the diagnosis of stroke, traumatic brain injury (TBI), cerebral hemorrhage, and functional imaging.

on imaging a tracer in the blood stream, the end diagnostic goal
is similar. Tong et al. suggested that intraplaque hemorrhaging
could be detected using MPI without the use of a tracer.l’*] This
study highlights the wide breadth of approaches that MPI enables
in the cardiac diagnostic space. Most of the studies described in
this section used nonoptimized tracers for analysis (Table 4). Ad-
ditionally, most of them were done using phantoms. As the field
continues to move forward, more ex vivo and in vivo studies are
necessary to support evaluation of potential clinical translation.

3.2. Application of MPI in the Assessment of Cerebral Injury

MPI is theorized to enable the detection and diagnosis of sev-
eral brain related injuries and pathologies based on the behavior
of the tracer in the blood pool. The possible applications include
detection of cerebral bleed, detection of ischemic stroke, and de-
tection of intracranial hemorrhage (Figure 4A). Several studies
have been carried out recently to demonstrate the feasibility of
using MPI for these applications (Table 6).17-%]

In a study to assess the potential to detect traumatic brain in-
jury, tracer LS-13 was used (¢, , = 4-6 h).”*l A rat model was sub-
jected to a closed skull impact after administration of the tracer.
Positive MPI signal was observed in the impacted area immedi-
ately following the injury and on day 3. In the injury group, the
overall clearance of the tracer was slowed significantly by the ac-
cumulation at the injury site. The possibility of tracer accumula-
tion in the brain is a possible concern and warrants a longer study
that confirms eventual clearance of the tracer. Additionally, this
model lacks clinical relevance since the tracer was administered
before injury. Additional studies are necessary that more closely
simulate clinical situations.

In a related and recent study, an intracranial hemorrhage in a
C57BL/6 mouse model was induced through the administration
of collagenase.l®!) In this study, when Perimag was administered
via tail vein injection shortly following the hemorrhage induc-
tion the hemorrhage was not detected after 60 min due to the
rapid clearance of Perimag. In contrast, when using the tracer

Adv. Healthcare Mater. 2024, 2400612
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Synomag-D (t,, = 60 min), the bleed was detected within 3 min.
The rate of the bleed was also quantifiable (0.003 pL min~'). Addi-
tionally, they were able to take advantage of multicontrast MPI to
distinctly visualize coagulated blood and active bleeding simulta-
neously. Multicontrast MPI was based on viscosity differences in
the fluid and represents exciting new directions of MPI to aid
in surgical or treatment decision making. In a separate study,
MPI was used to monitor the development of a stroke.l”! In a
murine model, blood flow to the middle cerebral artery was re-
stricted. The tracer LS-008 was used in concert with a Bruker
preclinical scanner and the cerebral blood fractions detected by
MPI and MRI in both perfused sites (Figure 4B) and ischemic
sites (Figure 4C) were similar (%90%). Critically, the perfusion
and vascular anatomy was imaged and visible within seconds us-
ing MPI. The main advantage for this application is the improved
temporal resolution of MPI.

3.3. Application of MPI and Functional MPI (fMPI) in
Assessment of Organ Perfusion

The spatial resolution and sensitivity of MPI makes it a suitable
candidate for monitoring organ perfusion. For example, high
spatial resolution makes possible the early detection of bleeds
and detection of minor bleeding (Figure 5A). MPI of perfusion
has been assessed in several organs in rodent models!®$2-8]
(Table 7), in addition to a human-sized model.[®”] In one study
that utilized the LS-008 tracer and compared to ferucarbotran, it
was found that when LS-008 was injected into the blood pool of
healthy FVB mice, the aorta was uniquely discernable and liver
vessel and cranial vessel structure were all visible with LS-008
but not with ferucarbotran.[®?) In a separate study the perfusion
of lungs was specifically analyzed.®3! Imaging of the lungs is typ-
ically done via CT or X-ray since MRI performs poorly in this
application. For targeting the lungs, the size of the tracer was
increased. Specifically, SPIONs were coated in BSA and diam-
eters of ~20 pm were achieved. This led to over 80% of the signal
being localized to the lungs after 10 min. However, the particle

© 2024 Wiley-VCH GmbH
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Figure 4. A) Clinical diagnoses that may benefit from the use of magnetic particle imaging (MPI) for visualization of blood flow in the brain due to
improved temporal resolution and direct signal generation. B) An example of MPI-based imaging of cerebral perfusion in a healthy mouse. Similar
signal curves and calculated perfusion maps for relative cerebral blood flow (rCBF), relative cerebral blood volume (rCBV), relative time to peak (rTTP),
and relative mean transit time (rMTT) are observed in both MPI and magnetic resonance imaging (MRI). C) Demonstration of MPI image detection
of ischemic stroke. Following the blockage of the medial cerebral artery and administration of LS-008 tracer, animals were imaged using both MPI and
MRI. Clear differences in signal curves and calculated parameter maps were observed when comparing the ischemic left hemisphere to the perfused
right. Signal curves were similar across MPI and MRI in both locations. This demonstrates the near real-time detection of perfusion deficits which can
translate to improved stroke imaging, diagnosis, and treatment. Figure 4B,C is reproduced with permission.l”>! Copyright 2017, American Chemical
Society.

degraded and after 1 day primarily exited the lungs and was
cleared again by the liver. This study shows the potential of opti-
mization of various tracers for perfusion analysis of separate or-
gans. MPI also holds promise in applications such as pulmonary
vascular leakage detection. For example, Feng et al. demonstrated
MPI-based detection of pulmonary vascular leakage heterogene-

Adv. Healthcare Mater. 2024, 2400612
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ity across the lung in both acute and chronic lung injury models
in mice.®) A separate study sought to show that MPI could have
angiographic applications in the imaging of perfusion of human-
sized organs. To test this hypothesis, a porcine kidney perfusion
apparatus was constructed and comparisons of MRA and MPI us-
ing ferucarbotran or Perimag were carried out.[®] Vessels within
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Figure 5. A) Clinical diagnoses related to organ perfusion that can benefit from the temporal resolution and signal generation of magnetic particle
imaging (MPI). Limited background signal can improve detection and location of internal bleeding. Organ hemorrhage or stenosis can be detected and
potentially quantified. B) An example of how MPI can be used to detect and quantify the rate of hemorrhage caused by a gut bleed by injecting the tracer
LS-017 following induction of bleeding. Figure 5B is reproduced with permission.[3’] Copyright 2020, American Chemical Society.

the kidney were visible in all groups. However, the number of
vessels captured using both tracers in MPI was lower than that
captured by MRA.

In a separate study, MPI was used to detect internal bleeding
as opposed to organ perfusion (Figure 5B).”] The tracer LS-017
was used with a custom scanner. A murine model that is pre-
disposed to develop GI polyps (Apc™®/*) was given heparin to in-
duce bleeding at the same time as the tracer was administered in-
travenously. The bleed was discerned and quantified by subtract-
ing the initial time point image to account for circulating tracer.
The circulation half-life determined by dynamic MPI signal de-
creased from ~140 to ~113 min in the disease group, indicating

Adv. Healthcare Mater. 2024, 2400612
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clearance through active bleeding. The bleeding rates were quan-
tified to be between ~2—4 uL min~'. In a separate study, Mohn
and colleagues demonstrated that they could detect leakage from
the intestinal wall ex vivo and in a 3D printed bowel phantom.[®3]
Additionally through the use of multiple tracers, they demon-
strated that oral delivery of a tracer combined with intravenous
delivery of a different tracer can enable multicontrast MPI with
anatomical reference. This work is the first to demonstrate the
potential, feasibility, and advancement in diagnostics achievable
with MPI for intestinal wall ruptures, blockages, or leaks. Be-
yond this work, there has not been substantial application of
MPI to monitor or detect internal bleeding from other commonly
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injured organs (liver, spleen, etc.). In this context, longitudinal
studies are needed to evaluate the effects of tracers outside of
their typical clearance path to assess long-term safety.

The assessment of organ perfusion is also closely related to
functional imaging, such as functional MRI (fMRI). In fMRI,
brain activity is mapped based on increased blood flow and oxy-
gen to regions of interest. fMRI depends on detection of water
protons, which have a signal that is relatively weak and suscepti-
ble to physiological background. MPI has the potential to over-
come these concerns by imaging a tracer that has been intro-
duced directly to the blood stream. This directly visualizes the
flow of the tracer in the blood with negligible background signal.
The temporal resolution of MPI also makes it a great candidate
as an improved functional imaging modality.

In one study, MPI was used to determine the cerebral blood
volume in a hypercapnia rat model.l””] This study analyzed the
potential of MPI as an alternative to fMRI. Using an unnamed
PEGylated iron oxide tracer from Ocean Nanotech (¢, esti-
mated 1 h), the group found that when alternating between
hyper/hypocapnia a signal difference of 10% was consistently
observed.l””] This suggests that MPI can detect differences in
functional blood volume reliably. The difference in signal (%10%)
is larger than that typically reported in fMRI (=1%).

In a 2023 report, the same group compared fMPI to fMRI di-
rectly with a similar hyper/hypocapnia cycle.”! They found that
the signal swing observed between cycles was 2-6x higher in the
fMPI group than in the fMRI group. This finding highlights that
fMPI can enable higher sensitivity functional imaging which, if
combined with improved spatial resolution, could expand the im-
pact of functional imaging by allowing patient-specific analysis,
instead of relying on population averages. Initial studies have
also demonstrated the feasibility of detecting tracer concentra-
tion differences in cerebral perfusion applications in nonhuman
primates,”8] demonstrating clinical translation potential.

4. Future Perspectives and Goals for the Field

Based on the presented feasibility and characterization studies,
MPI shows great potential as a diagnostic tool for imaging blood
flow. Innovative imaging physics leads to advantageous character-
istics such as improved penetration depth, temporal resolution,
and limited signal attenuation during the imaging time course.
Many other fields have also noted the promise of this technology,
coupling imaging with other functional activities, such as induc-
ing ferroptosis(®! or targeted detection of specific antigens for
quantitative imaging and assessments.[}#%]

In this review, we focused on MPI research and feasibility
studies aimed toward imaging blood circulation and pooling.
While this review does not cover the substantial efforts toward
optimizing SPION tracers!®'?3! and scanners for future human
use, 89998 these contributions are crucial to the clinical imple-
mentation of MPI-based vascular imaging. Extensive work, not
only synthesizing tailored tracers, but also in conducting com-
prehensive safety testing required for clinical use is nontrivial.
Most of the research efforts reviewed within this manuscript used
small animal scanners. However, as clinical-scale scanners are
developed, maintaining spatial and temporal resolution poses
challenges that must be addressed while ensuring sensitivity
in SPION detection. For instance, achieving high spatial res-
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olution necessitates large selection field gradients, thereby in-
creasing power and cooling system requirements and the risk
for peripheral nerve stimulation. In circulatory imaging specifi-
cally, temporal resolution is critical. As the field advances beyond
the current preclinical scanners, selecting appropriate hardware
and optimizing reconstruction algorithms becomes paramount.
With advancements in data processing, deep learning, and arti-
ficial intelligence, the future of MPI-based imaging techniques
holds significant promise. Researchers have investigated the ap-
plication of deep learning concepts to enhance spatial resolution
and mitigate edge effects in MPI images without the need for
stronger magnetic gradients. Their efforts have yielded improved
and reliable detection plaques and vessel branching in phan-
tom models.[*>1%] Other groups are working leveraging machine
learning to enhance image restoration and segmentation.[101-103]

The work reviewed here concerning the optimization of trac-
ers for blood pool imaging shows that there are limited trac-
ers with high resolution and circulation half-lives longer than
~30 min in mice (Figure 2). As more MPI tailored tracers be-
come available, it will also be important to evaluate how the tracer
properties impact the imaging at a desired site. Studies reviewed
demonstrated how not only the tracer identity, but the local en-
vironment (e.g., viscosity®1)) can modulate signal. It has been
shown that imaging parameters are dependent upon the rates
of flow and general transport at the site of assessment. This in-
dicates that researchers should consider tracer identity for dif-
fering applications such as resolute small vessel assessments in
the brain, compared to flow rates and volume differences in ma-
jor vessels/chambers of the heart. As tracer design continues to
move forward it is critical that the tracers are fully characterized
not only in terms of their physical and colloidal properties, but
also their magnetic properties. These properties should always
Dbe reported along with details of the scanner, reconstruction, and
analysis set up used in application-based studies. This is impor-
tant since users across different imaging setups and tracers can
obtain confounding results.[1*]

As the field moves forward, it is important that application
studies focus on improving rigor and reproducibility. Many of
the in vivo studies reviewed herein have one or two groups with
a sample number between one and three. While this is suffi-
cient to demonstrate feasibility, biological variability necessitates
a higher sample number to demonstrate significance and repro-
ducibility. On-going and future work should move toward studies
demonstrating clear capabilities in clinical diagnostics. We see
these efforts as multifold. First, preclinical and/or phantom stud-
ies need to focus on reproducibility and applicability for each po-
tential clinical indication, identifying the appropriate timelines
for tracer half-lives and optimized scanner settings, reconstruc-
tion, and analysis as a function of flow rates and expected noise.
For example, a phantom and ex vivo study performed by Mohn
et al. clearly outlines the conditions evaluated in the method sec-
tion, using both a phantom model and ex vivo porcine bowel
specimen.!®] However, the sample numbers are small and do
not account for variability in patient populations (e.g., age) or co-
morbidities. Next, repeated small animal studies with optimized
tracer and scanner settings for the given application should be
done with higher sample numbers to enable rigorous statis-
tical comparisons between MPI and existing imaging modali-
ties, such as MRI. Once these two areas are fully addressed for
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specific clinical indications and as new larger-bore MPI scanners
become available, large animal studies will need to focus on a bet-
ter understanding of circulation half-lives, imaging at clinically
relevant tissue depths, and the influence of blood flow rates, com-
paring how small animal models and expansive phantom or ex
vivo data relate or even speak to scale-up toward expected human-
like conditions. Itis well known that transport and fluid dynamics
in large animal models vary greatly from small animal models.
Validating phantom and ex vivo experiments against large animal
studies will be critical for final translation to human patients.

It is also critical to consider how design and optimization of
both tracers and MPI scanners can lead to use in other clinical
indications. For example, two clinical scenarios that are likely
to benefit from MPI technology are imaging of the small in-
testine and applications in diagnosis and evaluation or ovarian
and uterine disease, such as endometriosis or cyst development.
However, the fundamental investigations and use of animal mod-
els are substantially different between these two clinical indica-
tions. For example, evaluation of intestinal disease or injury in
a mouse model is possible as many validated rodent injury and
disease models exist across age groups.'®1%7] Thus, it stands to
reason that investigators could directly compare MPI to other
imaging modalities such as MRI'%®1%] or CT imaging/''% in a
robust study design that looks to optimize MPI tracers and other
key analysis parameters. Such rigorous small animal studies can
allow for optimization studies along with initial safety and effi-
cacy evaluations. Nevertheless, larger animal models represent-
ing intestinal disease or injury would still be needed to effectively
demonstrate diagnostic relevance, such as the increase in reso-
lution afforded by MPI, since large animal models enable more
clinically relevant evaluation of penetration depth, diffusion, and
circulation half-life. However, for many applications in women'’s
health such as endometriosis, validated mouse models that reca-
pitulate features and pathology of the disease in humans have
been challenging to generate.''"!l Thus, for these applications,
phantoms, ex vivo tissue analyses, and large animal studies will
be necessary. We see a great potential for application of MPI in
companion animals with similar challenges, such as those seen
in canine ovarian cyst development,!''?! canine or feline cystic
endometrial hyperplasia,/''3114] or equine endometriosis!''! as a
way to demonstrate future human feasibility and provide avenues
for tracer optimization and scanner development and validation.
These companion animal studies would pave the way toward MPI
protocols for human clinical applications. To achieve these goals,
human scale or large-scale scanners are required. These larger-
bore scanners are under development,*! but increased access for
the scientific and veterinary communities will be necessary to ad-
vance these technologies and realize their diagnostic potential.

Furthermore, as with any new technology or product, it is also
important to consider what diagnostic applications are best left
to existing imaging modalities and where MPI can offer sub-
stantial improvements over current standards of care. The cost
of diagnostic imaging in clinics is nontrivial and access is not
uniform, 1%l so expectation of initial broad adoption outside of
a research hospital may be challenging. Thus, as MPI moves
toward clinical translation, it is important for studies to clearly
demonstrate a significant advantage or unique diagnostic per-
spective that is not otherwise achieved with existing imaging
modalities for applications of interest. An excellent example of

Adv. Healthcare Mater. 2024, 2400612

2400612 (14 of 18)

www.advhealthmat.de

this is in the growing work on fMPI. The 10-fold improvement
in signal difference in fMPI compared to signal differences re-
ported in fMRI”7] demonstrates potential for expanding the ca-
pabilities of functional imaging.””! Work to improve spatial reso-
lution of functional MPI to fMRI levels is still necessary, but the
demonstrated advantage in sensitivity covers a distinct gap in the
capabilities of existing functional imaging techniques. In other
studies, the MPI groups were outperformed by MRI in certain
situations. As optimization continues this very well may change;
however, continued consideration of what indications may bene-
fit most from the use of MPI and how MPI would be utilized in a
clinical setting alongside other available modalities is important
to consider.

5. Outlook

Since the first report of MPI in 2005,*! there have been im-
pressive strides in demonstrating the potential of the technol-
ogy using a wide range of techniques and strategies.!! Part of
this effort has focused on the development and validation of new
tracers,[*14+5256] a5 different specifications may be required for
specific clinical applications. However, as with the development
of any new technology, strategies to standardize the methods
used to assess new tracers and their application in various clinical
settings will expand the field and improve the rate toward clini-
cal manifestation. This review highlights several studies demon-
strating the feasibility of MPI in the quantitative observation of
blood circulation and pooling. As the field moves forward, it is
important that future studies focus on robust confirmation of di-
agnostic related questions as well as comparison to existing imag-
ing modalities to understand the differences in resulting data and
diagnostic potential, but to also understand the differences in pa-
tient safety and risk. To fully answer these questions, collabora-
tion between specialty clinicians (e.g., cardiologists), radiologists,
and diagnosticians and materials scientists and engineers work-
ing to develop these technologies is paramount. Should future
rigorous assessments demonstrate improved penetration depth
and resolution as suggested by current feasibility studies, MPI-
based imaging of blood circulation may revolutionize how we di-
agnose patients with injuries, perforations, or bleeding in clinical
settings. The greatest potential is in the application of noninva-
sive MPI techniques to the diagnosis of injuries or diseases that
usually require invasive procedures or laparoscopic surgery, such
perforations of the small intestine or invasive endometriosis. Ad-
ditionally, the imaging physics that enable direct signal genera-
tion and high temporal resolution can translate to improved func-
tional imaging through MPI. This could support existing fMRI
techniques in the transition of functional imaging from a neu-
roscience tool focused on trends to one of increased importance
among diagnostics in individual patients.
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