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molecular mechanisms and pathways involved in development and progression of 
the disease. This research has identified dozens of new potential targets for diagnosis, 

therapy and treatment evaluation. Molecular imaging plays a vital role in unraveling these 
mechanisms and also provides a broad range of valuable diagnostic and monitoring tools. 
Molecular magnetic resonance imaging (MRI) possesses some advantageous properties 
that make it a highly useful tool at all levels, ranging from fundamental research and drug 
development to clinical diagnosis and readout of therapy response. 

This chapter serves as an introduction to this thesis and it will discuss how molecular 
imaging in general, and molecular MRI in particular, can improve our current under-
standing of atherosclerotic disease and how this may lead to earlier diagnosis and 
improved treatment. 

Application areas for molecular imaging

In preclinical atherosclerosis research molecular imaging finds its main application in 
identifying treatment options and providing both early and long-term readouts of treat-
ment effects. This requires standardized methods for assessing various plaque properties, 
e.g. the composition of the extracellular matrix or the activity and subtypes of inflam-
matory cells. Standardization of methods is required to enable the comparison of results 
between different research centers and, perhaps more important, comparison of different 
therapies targeting similar pathways.

During the clinical stage of developing a new therapy molecular imaging can fulfill a 
similar role. It can be used to confirm the relevance of the pathway that is targeted. 
Obviously, there exist important differences between humans and animal models in terms 
of atherosclerotic plaque composition and development. Consequently, translation may 
not always be straightforward and mechanisms of therapy may be quite different (1). 
Standardized molecular imaging methods for various plaque components and pathways 
are therefore important for clinical translation. Another important role for molecular 
imaging in clinical research is in monitoring treatment effect and dose finding. Once 
the relevance of a therapeutic pathway has been confirmed, the same target may be used 
for molecular imaging of treatment response. This monitoring role extends to the final 
clinical application of new therapies and as such may help to personalize treatment. 
Monitoring the effects of treatment in the clinic could help to identify nonresponding 
patients at an early stage after which an alternative treatment regime can be started. 
Furthermore, molecular imaging may aid in determining surrogate treatment end points. 
Not only does this improve patient care, it also saves costs by preventing continuation of 
ineffective treatment. 

Ultimately, molecular imaging could fulfill a diagnostic role in standard cardiovascular 
clinical care. Currently, treatment decisions are mostly based on the degree of arterial 
stenosis although this measure is not a good predictor of clinical events (2). On the 
contrary, in early stages of plaque development outward remodeling of plaque often leaves 
the vessel lumen diameter largely unchanged (3). Yet, nonstenotic plaques with a thin 
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fibrous cap and a large lipid core may present a high risk of rupture, while highly stenosed 
plaques may be stable (4). Molecular imaging may be capable of assessing the risk factors 
of plaque rupture and could therefore provide a much better diagnostic readout than 
traditional imaging approaches.
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Figure 1.1 • Schematic overview of plaque development. Starting from the upper left 
panel (I) with a healthy vessel wall, in counter-clockwise direction each panel shows the 
major molecular and cellular processes during different stages of plaque progression.

Molecular and cellular processes in atherogenesis

Below we provide a brief overview of the processes involved in initiation, progression and 
rupture of the atherosclerotic plaque necessary for understanding the molecular imaging 
strategies discussed in this thesis. For a more detailed discussion we refer to a number 
of excellent reviews on this topic (1,3,5). During the different stages of plaque develop-
ment various processes are active, each characterized by different cellular and molecular 
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markers as schematically illustrated in figure 1.1. It is the current understanding that 
atherogenesis starts with dysfunctional endothelium initiated by various factors including 
hypertension, low nitric oxide (NO) level or low wall shear stress. The endothelium 
becomes permeable to cholesterol-rich low-density lipoprotein (LDL), which subsequently 
infiltrates the intima (the inner layer of the artery) (Figure 1.1.II). At the same time endo-
thelial cells start recruiting monocytes by expressing adhesion molecules (VCAM-1, 
ICAM-1, E-selectin, P-selectin) (Figure 1.1.II). This stimulates migration of monocytes 
from the blood to the intima (Figure 1.1.II), where the monocytes become phagocytic 
and turn into macrophages. Scavenger receptors allow the macrophages to phagocytize 
oxidized LDL (oxLDL) particles, turning the macrophages into lipid-laden foam cells 
(Figure 1.1.III). Macrophages can possess either pro- or anti-atherogenic properties and 
the balance between the different macrophage phenotypes ultimately determines the 
fate of the plaque. Pro-atherogenic macrophages and foam cells play an important role 
throughout disease progression and regulation by expressing pro-inflammatory cyto-
kines, growth factors and proteinases. Smooth muscle cells (SMCs), which are already 
sparsely present in healthy human intima, are stimulated to migrate into the intima in 
large numbers (Figure 1.1.IV). SMCs produce extracellular matrix (ECM) components 
such as collagen and elastin, providing stability to the growing plaque by covering it with 
a fibrous cap. As the plaque grows, its internal milieu may become hypoxic, triggering 
angiogenesis from the vasa vasorum into the intima (Figure 1.1.VI). This not only allows 
transport of nutrients and oxygen, but also provides new access routes to inflammatory 
cells into the plaque. At this stage cells in the plaque may become apoptotic (Figure 1.1.V). 
Dying foam cells release lipids and cholesterol, which together with cellular debris may 
accumulate to form a necrotic core (Figure 1.1.VII). A thick fibrous cap consisting of SMCs 
and ECM on top of the necrotic core can stabilize the plaque, keeping its thrombogenic 
contents separated from the circulation. Proteinases such as matrix metalloproteinases 
(MMP) excreted by macrophages, however, may degrade the ECM and destabilize the 
plaque. Finally, the fibrous cap may rupture, exposing the plaque content to the blood and 
triggering thrombosis (Figure 1.1.VIII). After rupture there is a high risk of downstream 
arterial occlusion and acute clinical events such as myocardial infarction, stroke, or limb 
ischemia. Small thrombotic events may however go unnoticed and result in fibrin depo-
sition at the site of healing. SMCs may proliferate at these locations, covering them with 
a new fibrous cap (Figure 1.1.IX). Endothelial erosion is another factor that may induce 
this type of fibrin deposition. Thrombotic events may also occur inside the plaque, as the 
neovasculature is often leaky, leading to intra-plaque hemorrhage and associated fibrin 
deposition. 

The degree of luminal stenosis is currently regarded as the key indicator for treatment 
(2). Highly stenosed vessels however often have thick fibrous caps, making them stable 
and less prone to rupture and thrombotic events (4). During plaque formation outward 
remodeling may occur, leading to plaque progression with little effect on lumen diameter 
(3). Although stenosed vessels may cause ischemia, the majority of acute clinical events 
are initiated by rupture of plaques without flow-limiting stenosis (3).
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Animal models of atherosclerosis

Genetically modified mice are commonly used as a model of atherosclerosis. Of these 
the Apolipoprotein E-knockout (ApoE-/-) mouse is the most widely used, followed by 
the LDL-receptor knockout (LDL-R-/-) mouse (6). ApoE-/- mice have elevated cholesterol 
levels and spontaneously develop atherosclerosis throughout the major arteries. Often 
this process is accelerated by a high-fat/ high-cholesterol diet. The LDL-R-/- mouse on a 
regular diet more slowly develops atherosclerosis than the ApoE-/- mouse. Also in this 
model, plaque development is significantly accelerated by a high fat/ high-cholesterol 
diet. Both mouse models eventually develop advanced plaques with a lipid-rich necrotic 
core, a fibrous cap, calcifications and active inflammation. In contrast to humans, plaques 
in these mice will not rupture spontaneously. The Watanabe heritable hyperlipidemic 
(WHHL) rabbit and the New Zealand White (NZW) rabbit are also commonly used 
in atherosclerosis research (7). WHHL rabbits have a natural mutation in the LDL-R 
gene and form unprompted atherosclerotic lesions, while other rabbit models such as the 
NZW need an atherogenic diet to initiate plaque formation. Additionally, atherosclerosis 
can be triggered by mechanical injuring of the endothelium, e.g. by balloon denudation. 
Models of plaque rupture may be generated by mechanical disruption of the atheroscle-
rotic plaque. A large animal model of atherosclerosis is the swine. The pig has character-
istics that are more similar to humans than small animal models, not only because of a 
similar body size. They also possess similar dietary preferences, metabolism and a similar 
predisposition for developing atherosclerosis (7). Nevertheless, small animals are easier to 
house and breed, are easier to handle, and because of the smaller body size require lower 
amounts of therapeutic compound or contrast agent. This makes the use of small animal 
models less costly. A difficulty of small animals may be to gather enough blood or tissue 
for ex vivo analysis.

Magnetic Resonance Imaging

Protons (1H) possess a property called spin, associated with a nuclear magnetic moment, 
which aligns in parallel or antiparallel direction to an applied magnetic field. Due to a 
small imbalance in the number of parallel and antiparallel aligned proton spins a net 
magnetization oriented parallel to the magnetic field will arise. In MRI an electromag-
netic induction signal is generated from this net magnetization by radiofrequency (RF) 
excitation. After excitation the proton magnetization will relax back to equilibrium. The 
rate of this process is governed by the longitudinal or spin-lattice (T1) and transversal or 
spin-spin (T2) relaxation times. Relaxation rates are defined as R1 = 1/T1 and R2 = 1/T2. 
T2 may be shortened by local field inhomogeneities and the effective spin-spin relaxation 
time is then called T2*. Specifically designed RF pulse sequences are used to generate 
images with contrast between tissues based on differences in proton density, T1, T2, or 
T2*. MR contrast agents interact with water protons in their environment and lower the 
T1 and T2 relaxation times. This ability of a contrast agent to lower T1 and T2 is expressed 
in its relaxivities r1 and r2, in units of per millimolar per second (mM-1s-1). The ratio  
r2/r1 determines whether an agent is most efficient as a T1 or T2 contrast agent. T1 contrast 
agents are typically based on the lanthanide gadolinium in the form of the Gd3+-ion 
and are characterized by a low r2/r1 ratio. By shortening the T1 of surrounding water 



12

1

ch
a
pt

er

protons, a local signal increase in the T1-weighted MR image is observed and therefore 
these agents are also known as positive contrast agents. Contrast agents which shorten 
T2 and T2*, such as iron oxide nanoparticles, have high r2/r1 ratios and lead to signal 
decrease or darkening of T2- or T2*-weighted MR images. Hence they are called negative 
contrast agents. In molecular MRI, contrast agents are exploited to report on molecular 
and cellular processes. Typically, this involves binding to a specific molecular marker by 
a compatible ligand, which is attached to a carrier containing the contrast agent. This 
concept is also used to enhance detection sensitivity by increasing the number of contrast 
agent moieties per carrier and thus ultimately per successfully targeted biomarker. 

TOF T1w

PDW T2w

Mallory’s Trichrome

A B1 B2

B3 B4

B5

C1 C2 C3

Figure 1.2 • Three types of non-contrast-enhanced MRI, which are relevant to athero-
sclerosis imaging. (A) Time-of-flight (TOF) MR angiogram of a patient with stenosis in the 
right internal carotid artery. Arrows point at plaque ulceration. (B1) TOF, (B2) T1-weighted, 
(B3) proton density-weighted (PDW), and (B4) T2-weighted MR images of a carotid artery 
atherosclerotic plaque in a patient scheduled for endarterectomy compared to (B5) Mallo-
ry’s Trichrome histology showing lipid-rich necrotic core (arrow) and lumen (*). (C1) TOF, 
(C2) T1-weighted and (C3) false-color overlay of T1 signal intensity on TOF MR images show 
evidence of a thrombus in the left anterior descending (LAD) coronary artery of a patient 
(red arrows). LCX = left circumflex artery; IM = ramus intermedius. Images were adapted 
with permission from (A) Josephs et al. (9), (B) Cai et al. (10) and (C) Jansen et al. (11).

An essential MRI parameter is the field strength. In the clinical setting 1.5T and 3T 
are most commonly used, but the number of 7T scanners utilized for clinical research 
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is steadily growing. Dedicated preclinical small animal scanners usually have a higher 
magnetic field strength ranging from 4.7T to 17.6T. High-field MRI scanners benefit from 
a higher signal-to-noise ratio (SNR) and higher spatial resolution. However, contrast agent 
relaxivities are field strength dependent. The r1 of Gd-containing agents strongly decreases 
at high field strength (8). In contrast, iron oxide nanoparticles may benefit from higher 
field strengths because of increasing r2 and r2/r1 ratio. 

Not all MRI applications require the use of a contrast agent, though. Figure 1.2 shows 
some examples of endogenous contrast MRI relevant to atherosclerosis imaging. Time-of-
flight (TOF) MRI exploits the inflow of blood for luminal imaging by saturating all static 
tissues and can thus be used to detect arterial stenosis (Figure 1.2A). Multi-contrast MRI 
protocols (TOF, T1-weighted, T2-weighted, proton density-weighted, diffusion-weighted) 
enable identification of various plaque features such as fibrous matrix, necrotic core, calci-
fication and hemorrhage or thrombus. Classification of these features is based on their 
hypo-, hyper- or isointense appearance on the various weighted images and allows for 
coarse plaque staging (Figure 1.2B) (10). Calcifications appear as regions of hypointense 
signal on these traditional weightings due to a low water content and low T2, and detection 
is thus based on the absence of signal making unambiguous detection of calcification 
difficult. Recent developments in ultra-short echo time (UTE) MRI allow for hyperintense 
imaging of tissue components with very low T2 values, enabling assessment of calcifi-
cation density and providing a valuable addition to the multi-contrast MRI protocols 
(12–14). Fresh thrombi and intra-plaque hemorrhage appear as hyperintense areas on 
T1-weighted images because they contain methemoglobin which shortens T1 (Figure 1.2 
C) (11,15). These are examples of clinical application of non-contrast-enhanced MRI, and 
preclinical use of such methods has also been explored (16). Another example of non- 
contrast-enhanced MRI is the use of flow-sensitive MRI techniques to distinguish areas 
with low shear stress (17), which is believed to be an early inducer of atherosclerosis (18). 
Furthermore, nontargeted dynamic contrast-enhanced (DCE) imaging approaches are 
used for evaluating endothelial permeability (19) or neovascularization (20). DCE-MRI 
comprises the measurement of T1-weighted images with a high temporal resolution during 
the intravenous injection of a low molecular weight Gd-based contrast agent. Microvessel 
density and permeability may be derived by pharmacokinetic modeling of dynamic signal 
enhancement. Low molecular weight Gd-based contrast agents are clinically available 
and DCE-MRI has therefore become an important method in clinical research. Typical 
doses of low molecular weight Gd-based contrast agents are in the order of 0.1 mmol per 
kilogram bodyweight.

Next, major biological characteristics of atherosclerotic plaques are discussed in relation 
to the relevant biomarkers and molecular imaging strategies. These characteristics include 
inflammation, the lipid core, the fibrous cap, thrombus formation, intra-plaque hemor-
rhage, apoptosis, and neovascularization. 
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Inflammation

Plaque inflammation plays an important role in the development and progression of 
atherosclerosis and active inflammation is believed to be one of the major hallmarks of 
high rupture risk (5). Inflammation is characterized by infiltration of macrophages and 
T-cells. Macrophages have the tendency to phagocytize foreign bodies – a trait which has 
been exploited for passive targeting of contrast materials. Furthermore, active targeting 
strategies have been developed for plaque inflammation imaging. 

Endothelium

VCAM-1
P-selectin
Other
adhesion
molecule

V-CAM1 &
P-selectin
targeted
MPIO

A

B C D

E

Figure 1.3 • (A) Targeted inflammation imaging, in which micron-sized particles of iron 
oxide (MPIO) conjugated with ligands for adhesion molecules VCAM-1 and P-selectin home 
rapidly to activated endothelium. (B) T2* weighted images of the aortic root of ApoE-/- mice 
after 14 weeks or regular chow diet show signal decrease at 30 and 60 minutes post-in-
jection compared to pre-injection. (C) T2* signal intensity maps show the distribution of 
MPIO indicated by false color-coded overlay. (D) Histology (Masson trichrome and elastin 
stain) confirms that MPIO adhesion is confined to atherosclerotic foam cell lesions. (E) 
Contrast-to-noise ratio (CNR) of atherosclerotic lesions was significantly increased after 
injection of dual-targeted MPIO with no significant difference between time-points. (B-D) 
Scale bars = 1 mm. Images (B-E) were adapted with permission from McAteer et al. (26).
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Active targeting

Active targeting can be defined by the use of a ligand to achieve selective binding of the 
contrast agent to a molecular target of interest. For imaging of plaque inflammation 
several targets are available. The first stage of inflammation is the recruitment of blood-
borne pro-inflammatory cells by the expression of adhesion molecules on endothelial cells. 
These cell-surface receptors can therefore be exploited for molecular imaging during the 
first stage of inflammation. Examples include VCAM-1 targeting with ultrasmall super-
paramagnetic iron oxide particles (USPIO) (21,22) and Gd-based contrast agents (23), 
ICAM-1 targeting with micron-sized particles of iron oxide (MPIO) and Gd-liposomes 
(24), as well as CD44-specific imaging with superparamagnetic iron oxide nanoparticles 
(SPION) (25). McAteer et al. showed that simultaneous targeting of MPIO to two types 
of adhesion molecules, VCAM-1 and P-selectin, yields greater binding affinity in vitro 
and more effective and more rapid homing to activated endothelium in vivo (Figure 1.3) 
(26). This latter aspect of targeting kinetics is important for clinical application, where 
injection of the agent and imaging should be feasible within a single clinical examination 
for reasons of efficiency.

The location of the target restricts or dictates the useable size of the targeted contrast 
agent. Large particles such as MPIO and Gd-liposomes have a high relaxivity per particle, 
making them ideal contrast agents for intravascular targets like adhesion molecules. Since 
larger particles have more difficulty to extravasate, smaller contrast agents, such as USPIO, 
Gd-micelles and low molecular weight Gd-based contrast agents, are more suitable for 
intra-plaque targeting. Apart from extravasation, retention of the agent in the plaque 
should be considered. Van Bochove et al. compared the passive accumulation of three 
differently sized Gd-based contrast agents, i.e. Gd-HP-DO3A, micelles, and liposomes, 
in mouse atherosclerotic carotid plaques (27). It was concluded that Gd-micelles of ~15 
nm are able to permeate the plaque abundantly, whereas Gd-liposomes with a diameter 
of ~125 nm remain mostly intravascular and therefore would be more suitable for intra-
vascular targets. 

Other strategies for plaque inflammation target the macrophages and foam cells directly. 
Proteins, such as scavenger receptors, expressed on the cell surface have been targeted 
using USPIO (28), Gd-micelles (29,30), and Gd-metallofullerene-containing liposomes 
(31). LOX-1, which is involved in oxLDL binding and expressed on macrophages and 
other cell types involved in inflammation, has been targeted with USPIO (32). The most 
common way to directly target plaque associated macrophages is however by passive 
targeting exploiting the natural phagocytic property of this inflammatory cell type.

Passive targeting

Macrophages readily phagocytize foreign bodies and this behavior is widely exploited for 
passive targeting of MRI contrast materials. Nontargeted USPIOs were shown to accu-
mulate in macrophage-rich plaques upon intravenous injection in rabbits (33) as well as 
in symptomatic patients (34). Experimental studies in ApoE-/- mice showed the ability of 
the technique to image both age-related plaque progression and the effects of treatment 
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with anti-inflammatory drugs (Figure 1.4) (35–37). 
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Figure 1.4 • (A) Passive targeting of plaque inflammation with ultrasmall superparamagnetic iron 
oxide (USPIO) nanoparticles. USPIO are taken up via phagocytosis by blood monocytes, plaque 
macrophages and foam cells. (B) In vivo imaging of plaque in the brachiocephalic artery of ApoE-/- 
mice on a 12 week high-fat diet 48 hours post USPIO injection: (B1) dark spots on T2* weighted image, 
(B2) bright signal on susceptibility gradient mapping (SGM), (B3) SGM overlay and (B4) Perls’ iron 
stain histology. (C) SGM values increased with plaque progression and decreased to control levels 
in the statin-treated group. Images (B-C) were adapted with permission from Makowski et al. (36).

Passive macrophage targeting using 
USPIOs has thus become a useful preclinical tool for readout of the plaque inflammatory 
status. We believe that standardization of the technique should be improved to allow more 
direct comparisons between studies performed in different research centers and on 
different MR systems. This will allow for better comparison of different therapies that aim 
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for reduction of atherosclerosis burden via reduction of inflammation. This requires 
standardization of the USPIO preparations, dose, animal models and acquisition method. 
With respect to the latter factor, standardization can be improved by the use of quantita-
tive imaging, specifically T2* mapping (35,37) or susceptibility gradient mapping (SGM) 
(36) for the evaluation of iron oxide accumulation. Such techniques in principle allow  for 
a quantification of iron content in the plaque, which should however be interpreted with 
care since, although predominantly macrophage associated, iron content is not a direct 
measure of the number of macrophages. Although the quantified imaging readout is a 
result of the cumulative effect of macrophage content, activity, plaque permeability and 
contrast material pharmacokinetics, collectively it may still provide a quantifiable readout 
of overall inflammatory status that correlates with plaque progression and treatment 
response. USPIO inflammation imaging shows clinical potential. Gillard et al. have 
demonstrated feasibility in long-term follow-up studies (38) and although USPIO-induced 
MR signal changes were not proven to be predictive for clinical events, this was most likely 
due to a lack of statistical power (39). USPIO-enhanced T2* quantification was demon-
strated for treatment monitoring in a clinical setting (40). It was shown that pre-injection 
MRI scans were not needed for assessing differences in USPIO uptake. Most of the early 
studies have been performed with Sinerem (ferumoxtran-10), a dextran coated USPIO of 
approximately 30 nm. However, currently Sinerem is not commercially available anymore, 
as production has been discontinued by the manufacturer. Ferumoxytol, a ~30 nm carbo-
hydrate coated USPIO, was found to induce larger signal changes than Sinerem in preclin-
ical studies (41,42). Ferumoxytol is an FDA approved supplement for treatment of iron 
deficiency, but also serves as an MRI contrast agent (43). Ferumoxytol is investigated for 
imaging the inflammatory response in patients with acute myocardial infarction (44) and 
is currently evaluated in a clinical trial for monitoring inflammation in carotid athero-
sclerosis (45).

Nontargeted perfluorocarbon (PFC) nanoparticles are also phagocytized by macrophages 
and thus can be exploited for molecular imaging of inflammation, with the additional 
advantage that PFC can be imaged by 19F MRI separately from the proton anatomical 
image. PFC inflammation imaging has been explored in various pathologies (46,47) and 
holds promise for plaque inflammation as well. 19F MRI of PFC-containing nanoparticles 
has several advantages over traditional (T1 and T2) proton-detected contrast agents. The 
19F MR signal is directly proportional to the PFC concentration and background fluorine 
signal is absent resulting in a high detection specificity. Furthermore, some PFC-con-
taining nanoparticles suitable for MRI purposes are FDA approved as blood substitutes 
(48). Nevertheless, detection of low numbers of macrophages using the fluorine approach 
may remain challenging because of sensitivity issues (49,50).

Lipids

Atherosclerotic plaques with a large core containing lipids and cellular debris are consid-
ered at risk of rupture. Plaque-borne lipids are involved in the early stages of plaque 
formation, when LDL enters the intima where it is oxidized and taken up by macrophages 
to form foam cells. This process continues throughout plaque progression and a large 
plaque core is a strong predictor of rupture. Improved visualization of the lipid-rich core 
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was achieved using lipophilic contrast agents such as Gd-based Gadofluorine M, which 
accumulates in lipid-rich areas of the plaque (51). USPIO (52,53) and Gd-micelles (54) were 
targeted to oxLDL. Alternatively, manganese (Mn(II)) containing micelles were used (54). 
While in the blood, these micelles have low relaxivity, once bound to oxLDL, however, 
the micelles become internalized by macrophages and release their manganese payload in 
the intracellular compartment, resulting in a strongly increased relaxivity. This renders 
the observed signal enhancement on T1-weighted MRI specific to macrophage and foam 
cell phagocytic activity. 
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Figure 1.5 • (A) High-density lipoprotein (HDL) homes to sites with high macrophage/ foam cell 
content and is involved in reverse cholesterol transport. HDL-like particles can be functionalized, 
e.g. with Gd-phospholipids in the phospholipid layer or USPIO particles in their core, and subse-
quently can individually be used for molecular MR of plaque inflammation. (B) In vivo T2*-weighted 
MRI of the aortic arch of ApoE-/- mice (B1) before and (B2) 24 hours after USPIO-HDL injection 
shows signal decrease upon USPIO-HDL uptake. (C1-2) Ex vivo T2*-weighted MRI shows a similar 
decrease in signal in the aortic root which was quantified with (D1-2) T2* mapping. (E) Prussian 
blue iron staining confirmed the uptake of iron particles in (E2) the plaque of injected mice but 
not (E1) in noninjected mice. Images (B-E) were adapted with permission from Jung et al. (59).

Native or synthetically produced LDL and HDL can be modified to include MRI contrast 
agent facilitating imaging of plaque uptake. Injection of Gd-containing LDL-like nanopar-
ticles led to increased signal intensity in atherosclerotic plaque by macrophage uptake 
(55). HDL is responsible for reverse cholesterol transport from macrophages and thus may 
serve both imaging as well as therapeutic purposes (56). For that purpose, several versions 
of HDL-like particles were designed for molecular imaging with various imaging 
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modalities (56). Recently, it was revealed that the effective plaque enhancement from 
Gd-containing HDL-like particles is mediated by transfer of Gd-phospholipids to LDL 
which in turn are taken up by macrophages (57). HDL can be designed to incorporate 
contrast-generating nanoparticles in the HDL core, including USPIO, for T2-weighted 
MRI, and gold nanoparticles, for CT (58). The delivery method of these particles is 
important. Intraperitoneal injection of USPIO-containing HDL-like particles yields a 
constant blood concentration over several hours allowing for higher uptake compared to 
intravenous injection (59). In vivo particle accumulation in the plaque was not sufficient 
to induce significant signal changes in T2*-weighted MRI. Nevertheless, ex vivo T2* 
mapping showed a significant difference between native and post-injection T2* relaxation 
times (Figure 1.5) (59). Advanced T2 or T2* mapping methods may facilitate more robust 
in vivo detection and quantification of nanoparticle uptake (60,61). 

Fibrous cap and ECM components

A thick fibrous cap is considered a feature of plaque stability. The fibrous cap contains 
SMC and ECM components such as collagen and elastin. Pro-inflammatory macrophages 
may excrete proteinases such as matrix metalloproteinases (MMP), breaking down the 
ECM components, destabilizing the plaque, and increasing the chance of rupture. Both 
the ECM and the presence of proteinases, such as MMP, therefore have been explored as 
molecular imaging targets. 

The most abundant component of the fibrous cap is collagen. In a mouse model of plaque 
regression Gd-containing HDL-like particles functionalized with a collagen binding 
peptide (EP3533) were used to image collagen content during the change from a phenotype 
with many macrophages and little collagen into a phenotype with few macrophages and 
increased collagen content (Figure 1.6) (62). Collagen-functionalized particles generated 
significant signal enhancement in the regressed phenotype with high collagen content, 
while their nonfunctionalized counterparts did this in the vulnerable, high macrophage 
content phenotype. Since both HDL-like particles are equipped with Gd for MRI detec-
tion, they provided positive and therefore easier detectable contrast. Because both agents 
provided similar contrast concurrent use of both particles, however, was not possible in 
a single subject. The choice for a nonfunctionalized or a functionalized particle is depen-
dent on the kind of target and application. For monitoring therapy aimed at increasing 
collagen content, collagen-binding HDL-like particles will likely be the preferred choice. 
Gd-micelles functionalized with the collagen-binding protein CNA35 are another 
promising contrast agent for imaging of collagen, as demonstrated in an ApoE-/- mouse 
model of relatively collagen-rich and collagen-poor carotid atherosclerosis (Figure 1.7) 
(63). Another important target of the ECM in atherosclerosis is elastin. A low molecular 
weight Gd-containing contrast agent, the elastin-specific MR contrast agent (ESMA), 
enabled assessment of plaque progression and statin-induced regression in a mouse model 
(Figure 1.8B-C) (64). ESMA was subsequently used in swine models for detection of 
vascular remodeling after coronary wall injury (65) and was shown to facilitate excellent 
three-dimensional aortic vessel wall imaging (Figure 1.8D1-2) (66).



20

1

ch
a
pt

er

Collagen

Elastin

Phospholipid/
cholesterol
Gd-phospholipid

EP3533-phospholipid

Targeted Gd-HDL

SMC

A

B

C D

Figure 1.6 • (A) Gd-HDL particles functionalized with the EP3533 peptide bind to collagen in 
the atherosclerotic plaque. (B) MR images before and 24 hours after injection of nontargeted 
HDL-like particles, collagen-targeted EP3533-HDL and EP3612-HDL as a nonfunctional control 
at day 0 and day 28 of plaque regression in the abdominal aorta in mice (arrows point to the 
aorta). (C) Normalized enhancement ratio (NERw) and (D) the difference between pre- and 
post-injection contrast-to-noise ratios (ΔCNRw) of the aortic wall show a significant increase 
for EP3533-HDL and significant decrease for HDL and EP3612-HDL between day 28 (green 
bars) and day 0 (yellow bars). Images (B-D) were adapted with permission from Chen et al. (62).
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Figure 1.7 • (A) Gd-micelles functionalized with CNA35 protein and protected from detec-
tion by the immune system with polyethylene glycol (PEG)-phospholipids bind to collagen 
in the atherosclerotic plaque. (B,C) In ApoE-/- mice a cast was placed in the right carotid 
artery, leading to induction of plaques with a difference in collagen content upstream and 
downstream (more collagen) from the cast. (B) T1-weighted imaging show enhancement of 
the plaque richer in collagen already 15 minutes after injection of CNA35 micelles. Arrow-
heads indicate the right carotid artery (I), trachea (II), left carotid artery (III), spinal cord 
(IV), external jugular vein (V), and internal jugular vein (VI). (C) The calculated percentage 
normalized signal enhancement (%NSE) upon CNA35-micelle injection shows significant 
enhancement (* = p < 0.05) in the downstream collagen-rich plaque at all time-points, yet 
only significantly different compared to mutant (dysfunctional) CNA35 micelles (# = p < 0.05) 
at 24 hours after injection. In the upstream plaque significant enhancement is only reached 
after 24 hours. Images (B-C) were adapted with permission from van Bochove et al. (63).

MMPs can be imaged by exploiting their proteolytic activity or by binding to a specific 
ligand (67). One recent and promising example is the Gd-based contrast agent P947 based 
on an MMP inhibiting peptide. P947 was shown to accumulate in vivo in ApoE-/- mouse 
plaques with high MMP content (68,69). In a rabbit model of atherosclerosis P947 was 
used to detect diet-induced differences in atherosclerotic MMP-related enzymatic activity 
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Figure 1.8 • (A) The elastin-specific MR contrast agent (ESMA) consists of a small peptide 
conjugated to a Gd-chelate and can bind to elastin in the atherosclerotic plaque. (B) Delayed-en-
hancement (DE) MRI and fusion images with DE-MRI overlaid on time-of-flight (TOF) images 
show that ESMA induced MRI signal increases with plaque progression in the brachiocephalic 
artery of ApoE-/- mice on a high fat diet, except for pravastatin-treated animals. Plaque progres-
sion and increased elastin content were confirmed with histology using hematoxylin & eosin 
(H&E) and Elastica van Gieson (EvG) staining. Scale bars 250 µm. (C) The MR images allow 
estimation of the percentage atheroma / media volume (PAMV) which increases with plaque 
progression, but significantly less in the pravastatin-treated group. (D) Excellent 3D vessel wall 
imaging with ESMA was demonstrated in the porcine aortic arch: (D1) maximum intensity 
projection and (D2) multi-planar reconstructed images 90-100 minutes after injection. aAo = 
ascending aorta; BCA = brachiocephalic artery; CA = proximal coronary artery; dAo = descending 
aorta; ECA = external carotid artery; ICA = internal carotid artery; PA = pulmonary artery; SA = 
subclavian artery. Images were adapted with permission from Makowski et al. (B-C) (64) (D) (66).

(Figure 1.9) (70). P947 not only enables visualization of MMP activity but also of other 
vulnerable plaque-related proteinases (71). Other enzymes have also served as molecular 
MRI target, such as myeloperoxidase (MPO), an inflammatory protein playing an 
important role in plaque destabilization partly mediated by MMP activation. A Gd-based 
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MPO sensor MPO(Gd) enabled detection of inflammatory activity in rabbit atheroscle-
rotic plaques in a manner that is less sensitive to macrophage numbers, but rather to 
macrophage subtype and activity (72).

Thrombus and intra-plaque hemorrhage

Thrombi are not only generated during plaque rupture, they can also develop by plaque 
erosion and inside the plaque by intra-plaque hemorrhage from leaky neovasculature. 
Often, such smaller thrombotic events precede plaque rupture and therefore they are 
considered an important risk factor.

Fibrin is one of the major constituents of thrombus and hence a favorable target for 
molecular MRI. The abundance of fibrin in thrombi allows for binding of large quan-
tities of contrast agent and this aids to overcome sensitivity issues. The most successful 
fibrin-targeting MR contrast agent known to date is EP-2104R, which consists of a fibrin-
binding peptide conjugated to four Gd-chelate complexes. EP-2104R is efficient at low dose 
due to its high relaxivity, especially when bound to fibrin. The compound has already 
been used successfully for thrombus imaging in patients in phase II clinical trials (73,74). 
Makowski et al. recently showed applicability of EP-2104R for nonluminal thrombus- 
associated fibrin in a mouse model of atherosclerosis with low doses of the contrast agent 
(10 µmol/kg compared to a typical dose of 0.1 mmol/kg for nontargeted Gd-based contrast 
agents) (75). This nonluminal thrombus-associated fibrin might enter the plaque via leaky 
neovasculature or form at locations of eroded endothelium and was hypothesized to 
mark the transition to a vulnerable plaque type (76). In their study, Makowski et al. 
obtained late gadolinium enhancement images with excellent contrast as well as pre- and 
post-injection T1 maps to generate data that can be quantitatively analyzed (Figure 1.10) 
(75). R1 was observed to be significantly higher in mice with more advanced plaques after 
3 months high-fat diet as opposed to statin-treated and shorter-time diet groups (75). In 
principle, the difference between pre- and post-injection R1 could be directly correlated 
to local contrast agent concentration. However, these values were not reported in this 
study. In another relevant fibrin targeting study PFC nanoparticles were functionalized 
with monoclonal antibodies for 19F MRI quantification of local fibrin content ex vivo in 
a human carotid endarterectomy sample (77).

There are other thrombus-related targets besides fibrin. Activated platelets can be targeted 
via the αIIbβ3-integrin. This has been done with a ligand-induced binding sites (LIBS) 
antibody coupled to MPIO, yielding significant signal decrease in induced atherothrom-
bosis in a mouse model (78). Since activated platelets are only involved in the developing 
thrombus, this method allows for detection of early thrombi and thereby can be used 
for thrombus staging. A potential pitfall for this technique could be nonspecific inclu-
sion of particles in the developing thrombus. The administration of nontargeted MPIO 
did however not lead to signal decrease, ruling out nonspecific inclusion as the main 
targeting mechanism. An alternative method for imaging of early thrombi is the Gd- 
labeled α2-antiplasmin-based peptide, as demonstrated in a model of induced thrombosis 
(79). During thrombus formation the α2-antiplasmin is covalently cross-linked to fibrin 
and this approach thus reports on active thrombus formation.
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Figure 1.9 • (A) Macrophages and foam cells can excrete matrix metalloproteinases 
(MMP), which degrade extracellular matrix (ECM) proteins such as collagen and elastin. 
P947 is a contrast agent based on an MMP-inhibitor conjugated to a Gd-chelate. (B) P947 
was used to image plaque burden in the abdominal aorta of rabbits induced by 4 months of 
high-fat diet and balloon injury (baseline) and (C) plaque regression after another 4 months 
of low-fat diet as compared to continued high-fat diet. Insets in (B) and (C) show enlarged 
images of the aorta. Images (B-C) were adapted with permission from Hyafil et al. (70).
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Figure 1.10 • (A) The fibrin-targeted contrast agent (FTCA) (EP-2104R) consists of a fibrin-
binding peptide conjugated to four Gd-chelates and is capable of binding fibrin in thrombi and 
atherosclerotic plaques. (B-E) FTCA was tested in the brachiocephalic artery of ApoE-/- mice on 
a high-fat diet (HFD) and compared to wildtype controls and statin-treated mice, to test affinity 
for intra-plaque and endothelial fibrin. (B1-2) Time-of-flight (TOF) images reveal the lumen of the 
aortic arch and branches and allow for accurate slice planning. (C2) FTCA yields signal enhance-
ment in late-gadolinium enhancement (LGE) images 90 minutes after injection in mice on 3 month 
HFD, but not (C1) in controls. Fusion of LGE-MRI over TOF images shows the localization of 
FTCA binding with anatomical reference in (C1-2) 2-dimensional and (C3) 3-dimensional images. 
(D) Additionally, T1 maps were acquired to quantify signal enhancement and (E) R1 significantly 
increased compared to control mice and at 3 months versus shorter diet and statin-treatment. aA 
= ascending aorta; dA = descending aorta; BC = brachiocephalic artery; SC = subclavian artery; 
CA = carotid artery. Images (B-E) were adapted with permission from Makowski et al. (75).
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Apoptosis

Nutrient-deprived hypoxic conditions in the intima of the progressing plaque, as well as 
endoplasmic reticulum stress are factors which can lead to foam cell death and formation 
of the necrotic core. During cell death by apoptosis phosphatidylserine, a phospholipid 
normally only present in the internal leaflet of the cell membrane, is exposed at the outer 
cell membrane. The phosphatidylserine can be targeted from the extracellular space with 
the annexin A5 protein. Functionalization of Gd-micelles by conjugation to annexin A5 
yielded enhanced contrast agent uptake in atherosclerotic plaques in the abdominal aorta 
of ApoE-/- mice (80). This was demonstrated with in vivo T1-weighted MRI and confirmed 
with ex vivo near-infrared fluorescence imaging. Alternatively a phosphatidylserine-tar-
geting peptide conjugated to a Gd-chelate may be used (81). 

Neovascularization

Angiogenesis can occur in more advanced plaques and leaky neovasculature may lead 
to intra-plaque hemorrhage. Neovascularization is therefore also considered a risk factor 
indicating plaque vulnerability. Molecular imaging of plaque neovascularization has 
focused on the ανβ3-integrin, which is abundantly expressed on the endothelium of newly 
formed blood vessels. The ανβ3-integrin can be targeted with the Arg-Gly-Asp (RGD) 
peptide or peptide mimetic, e.g. by direct conjugation to a Gd-chelate (82). Winter et al. 
conjugated a RGD-mimetic to PFC emulsion nanoparticles with gadolinium in the phos-
pholipid monolayer coating to image neovascularization in rabbit atherosclerotic plaques 
(83). In later studies, these nanoparticles were adapted by incorporation of fumagillin, an 
anti-angiogenic agent, allowing for simultaneous targeted therapy and imaging (Figure 
1.11) (84). The incorporation of a therapeutic agent and an imaging agent in the same 
targeted particle allows for direct monitoring of drug delivery, which is predictive of 
therapeutic effect. This makes it a valuable tool for preclinical drug development, which 
however requires adaptations for each new application and careful evaluation of the 
possible influence of the imaging agent on the treatment effect.

Conclusions and future perspectives

As the molecular and cellular pathways involved in the development, progression and 
clinical manifestation of atherosclerosis are being revealed, new molecular imaging strat-
egies are developed to visualize these processes in vivo. For molecular MR imaging this 
involves many different contrast agent types, most of which are based on iron oxides, low 
molecular weight Gd-compounds, lipid-based Gd-carriers and PFC emulsions, each with 
specific benefits and drawbacks as detailed in this chapter. Along with the development 
of novel contrast agents comes the need to develop effective MRI acquisition and analysis 
techniques to maximize detection sensitivity and specificity. In this chapter, several of 
these molecular MR imaging strategies were highlighted and discussed with respect to 
specific applications in molecular imaging of atherosclerosis.

Most molecular MR imaging strategies discussed here primarily have proven valuable in a 
preclinical setting. Preclinical research has tremendously improved our understanding of 
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the biological mechanisms of atherosclerosis at the molecular and cellular level. Moreover, 
molecular MRI can play a significant role in preclinical development of new drugs for 
treatment of atherosclerosis. Examples include studies on the effects of statin therapy, 
which has been shown to reduce fibrin (75) and elastin (64) content as well as the number 
and inflammatory activity of plaque macrophages (36). The latter was also demonstrated 
in the clinical setting (40). 

Leaky endothelium

Neovasculature

ανβ3 - integrin
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RGD-Gd-PFC emulsion

ανβ3 - Targeted
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Figure 1.11 • (A) The endothelium of intra-plaque neovasculature expresses ανβ3-integrins 
which can be targeted with RGD-peptides and RGD-mimics, e.g. with targeted paramagnetic 
perfluorocarbon (PFC) emulsions. (C-D) In the abdominal aorta of atherosclerotic rabbits 
reduction of angiogenesis was observed as decreased signal enhancement 1 week after 
treatment with (D2 vs. C2) fumagillin-containing ανβ3-targeted contrast agent and (D1 vs. C1) 
not after injection with ανβ3-targeted contrast agent without drug. False color maps of the 
enhancement were made within (B1-2) a segmented region of interest and a threshold of 10% 
enhancement was applied. Images (B-D) were adapted with permission from Winter et al. (84).

Molecular MRI provides us with a versatile toolkit for assessing atherosclerosis. Stan-
dardization of the tools to facilitate assessments of animal models and emerging therapies 
with comparable reproducibility and robustness between different sites however remains 
challenging. The development of quantitative MRI techniques, such as T1- and T2-map-
ping, are an important first step to improve standardization, alleviating some of the draw-
backs of image-intensity-based MRI methods. Also, 19F MRI for direct visualization of the 
molecular imaging probe improves quantification and furthermore eliminates the need 
for a pre- and post-contrast MRI scan, as the 19F signal can be detected independently 
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from the proton anatomical image. 19F MRI however requires dedicated hardware and 
pulse sequences, and is therefore not (yet) widely available.

At the time of writing of this thesis there are several ongoing clinical trials aimed at 
evaluating the value of specific molecular MRI methods for imaging atherosclerosis. 19F 
MRI is under investigation for imaging of carotid artery neovascularization with Gd- 
containing PFC-nanoparticles functionalized with the ανβ3-targeted RGD-peptide (85) 
and ferumoxytol is undergoing clinical testing as passive macrophage targeting MRI 
contrast agent for carotid atherosclerosis (45). Although these are promising develop-
ments, overall there has been little progress in translating molecular MR imaging into the 
clinic. This is in part due to the high costs involved in the transition from preclinical to 
clinical stage. Large-scale production according to good manufacturing practice (GMP) 
standards is expensive (86). There are few research sites with sufficient financial resources 
to take a diagnostic agent through the expensive process of phase I, II and III clinical 
testing. Furthermore, from an economical point of view, cost over potential benefit may 
be unfavorable for a screening diagnostic agent. The situation may be much better when 
the main application of the agent and molecular MRI is to serve as surrogate readout of 
therapeutic efficacy during drug development. 

We believe that the development of a molecular MR toolkit for evaluation of therapy 
should principally focus on the major plaque characteristics that are considered important 
for vulnerability, including inflammation, the thickness of the fibrous cap, the size of 
the necrotic core, and presence of plaque erosion, in order to obtain early readouts of 
therapeutic efficacy (5). For some of these features, molecular imaging methods were 
already successfully evaluated in humans, including inflammation imaging by passive 
targeting macrophages with USPIO (38–40) and fibrin imaging with Gd-conjugated 
peptides (73,74).

Aim and outline of this thesis

The work described in this thesis was aimed at exploring several quantitative MR imaging 
methods for the assessment of atherosclerosis in mouse models of the disease. The focus 
was on major measures of plaque vulnerability, specifically macrophages as an indicator 
for inflammation and fibrin as an indicator for thrombus formation.

In the first part, various strategies for quantitative imaging of plaque inflammation via 
passive targeting of macrophages were explored. The disease model involved atheroscle-
rotic plaque in the brachiocephalic artery (BCA) of the ApoE-/- mouse on a high-fat/ 
high-cholesterol diet. Imaging of the BCA is challenging because of its small size and its 
vicinity to the heart, requiring appropriate sequences to cope with blood flow and cardiac 
and respiratory motion. 

Chapter 2 describes the optimization and evaluation of MLEV-prepared T2-mapping for 
imaging USPIO uptake by macrophages in the BCA. The development of a comprehensive 
planning protocol, which enabled repeatable acquisitions of an imaging slice with a large 
transectional plaque area is also described in this chapter. 
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In chapter 3 and 4 T1ρ-mapping by spin-lock MR was studied as an alternative method 
for quantitative imaging of USPIO uptake in plaque. This method was thoroughly char-
acterized and compared to T2-mapping with a combination of in vitro (Chapter 3) and 
in vivo studies (Chapter 4).

As an alternative method to USPIO imaging, the use of 19F MRI of PFC emulsion for 
passive targeting of plaque macrophages was addressed in chapter 5. A spectral imaging 
and a spectrally selective imaging sequence were compared in phantom studies and in 
vivo.

The second part of this thesis involved the development of targeted molecular imaging 
tools for visualizing fibrin, a major constituent of plaque thrombosis. Fibrin-targeted iron 
oxide micelles developed for quantitative MRI and magnetic particle imaging (MPI) were 
evaluated in a mouse model of induced thrombosis (Chapter 6).

To conclude, chapter 7 provides an overview of the most important findings of this thesis 
and presents an outlook.
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Purpose Robust quantitative T2 imaging as a tool for monitoring uptake of iron oxide contrast 
agent in mouse brachiocephalic artery (BCA) atherosclerotic plaque in vivo.

Methods Female ApoE-/- mice (n = 32) on a 15 week Western-type diet developed advanced 
plaques in the BCA and were injected with ultrasmall superparamagnetic iron oxides (USPIOs). 
Quantitative imaging was performed with an MLEV-prepared T2-mapping MRI sequence to 
monitor the nanoparticle uptake in the atherosclerotic plaque. Ex vivo histology and particle 
electron paramagnetic resonance (pEPR) were used for validation.

Results High resolution T2 maps were repeatedly acquired with consistent quality. Average T2 
values in the plaque decreased from a baseline value of 34.5 ± 0.6 ms to 24.0 ± 0.4 ms one 
day after injection and partially recovered to an average T2 of 27.0 ± 0.5 ms after two days. R2 
values were linearly related to iron levels in the plaque as determined by ex vivo pEPR.

Conclusion The T2-mapping protocol presented in this study provides a robust quantitative 
readout for USPIO uptake in atherosclerotic plaques in blood vessels near the mouse heart.

Atherosclerosis is a disease that progresses silently over many years. Often a first 
sign of its presence is a potentially lethal event such as a myocardial infarction 
or stroke, caused by rupture of an atherosclerotic plaque and exposure of throm-

bogenic material to the blood stream. Risk of plaque rupture, however, is difficult to 
predict. It is likely a multifactorial combination of different plaque features, including the 
thickness of the fibrous cap and the presence of a large lipid core, as well as hemodynamic 
features, such as a high blood pressure and high wall shear stress, which contribute to the 
overall risk of rupture (1–5). Plaque inflammation is considered one of the hallmarks of 
plaque rupture risk as inflammatory cells excrete enzymes that break down the extracel-
lular matrix leading to plaque destabilization (6,7). Tools for in vivo imaging of plaque 
inflammation are therefore highly desired, for diagnostic purposes as well as for moni-
toring response to medication.

For this reason, MRI inflammation imaging facilitated by iron oxide contrast agent has 
been extensively studied. Intravenously injected ultrasmall superparamagnetic iron oxide 
particles (USPIO) have been shown to accumulate in macrophage-rich plaques in rabbits 
(8) and symptomatic patients (9). The same technique was successfully applied in ApoE-/- 
mice to noninvasively monitor age-related plaque progression and anti-inflammatory 
drug treatments (10–12). Clinical potential has been demonstrated by showing feasibility 
of long-term follow-up studies (13) and treatment monitoring (14). In another study an 
association between plaque inflammation detected by USPIO MRI and subsequent clin-
ical events was observed. However, the study design lacked the statistical power to prove 
this predictive value (15). 

The technique of USPIO-enhanced MRI of plaque inflammation would highly benefit 
from standardized quantitative readout methods. Standardization will allow for better 
comparison of results among different research centers and MRI systems and ultimately 
also a better comparison of therapeutic procedures aimed at reducing atherosclerotic 
plaque inflammation. Quantitative imaging, in principle, allows for quantification of iron 
concentration. Previous efforts to do quantitative imaging of USPIO in atherosclerosis 
focused on T2* mapping (10,11) and susceptibility gradient mapping (12).
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The aim of the current study was to develop a new quantitative imaging method for 
monitoring USPIO uptake in atherosclerotic plaques in close proximity to the heart. 
Quantitative imaging in the heart region is demanding because of a combination of 
cardiac and respiratory motion and therefore robust acquisition strategies are required. 
In future studies this method can be applied to investigate, e.g., therapy response. The 
ApoE-/- mouse is a well-established model for atherosclerosis. The brachiocephalic artery 
(BCA) plaque, which is one of the first advanced atherosclerotic plaques to form in this 
model (16), was selected because of its close proximity to the heart. The segmented 
MLEV-prepared T2-mapping sequence was previously developed for use in mouse cardiac 
imaging and proved very robust to quantify T2 of myocardial tissue (17). The suitability 
of this T2-mapping method for repeated quantitative imaging of the BCA plaque before 
and after USPIO injection was evaluated in the present study. The experiments were vali-
dated against iron concentration determined by ex vivo particle electron paramagnetic 
resonance (pEPR).

Materials and methods

Animal experiments

All procedures regarding animals were approved by the ethical review committee of 
Maastricht University and were performed according to the Dutch national law and the 
guidelines set by the institutional animal care committee, accredited by the national 
department of health. Thirty-two female C57bl/6 ApoE-/- mice (Charles River Laborato-
ries) were placed on a Western-type diet with 0.25% cholesterol (4012.6 Purified diet W, 
ABdiets) at 7 weeks of age. The ApoE-knockout is the most used atherosclerotic mouse 
model and it develops atherosclerotic plaques throughout the major arteries, a process 
which is accelerated by the Western-type diet (18). The first MRI session was performed 
15 weeks after the start of the diet. 

The mice were anesthetized with isoflurane (1-2%) in medical air (0.4 L/min) and a cath-
eter was inserted into the tail vein for contrast agent injection. Subsequently, they were 
placed in prone position in a cradle equipped with an anesthesia mask and fixed gold-
plated ECG-electrodes connected to an ECG triggering system (Small Animal Instru-
ments). ECG paste was applied to the front paws, which were taped to the electrodes. 
Body temperature was monitored with a rectal probe and maintained at approximately 
37 °C with a warm water pad. Respiratory rate was kept at 50-60 bpm and monitored 
with a pressure balloon. At the end of the first MRI session, a 150 µL bolus containing 
1.0 mmol/kg Sinerem (ferumoxtran, Guerbet) was injected via the catheter. MRI sessions 
were repeated at day 1 (n = 5) or at both days 1 and 2 (n = 27) after injection.

Directly after the last MRI session, a subcutaneous injection of buprenorphine hydrochlo-
ride (Schering-Plough, 0.1 mg/kg) for analgesia was administered. After 15 min the mice 
were euthanized by incision of the diaphragm and the vena cava was transected. Tissue 
perfusion was performed with 5 ml 0.9% NaCl followed by 5 ml 1% paraformaldehyde 
(Sigma-Aldrich) injected directly into the left ventricle. Subsequently, the aortic arch was 
excised and fixed for 24 h in 1% PFA before storage in 70% ethanol.
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MRI protocol

Measurements were performed with a 9.4T animal scanner equipped with a 72-mm- 
diameter volume transmit coil and a four-element mouse cardiac phased-array surface 
receiver coil (Bruker BioSpin). For planning purposes, a 3D fast low-angle shot time-of-
flight (3D-FLASH-TOF; echo time TE = 2.5 ms, repetition time TR = 17 ms, field of view 
FOV = 20 × 20 × 10 mm3, matrix = 200 × 200 × 100, number of averages NA = 2, flip angle 
FA = 20°) was acquired of the chest region. Axial and longitudinal cross-sectional slices 
of the BCA were reconstructed from the 3D-dataset (Figure 2.1A-B). These were used for 
planning of a slice containing the aortic arch with its bifurcations (Figure 2.1C), which 
was subsequently used for planning of the brachiocephalic artery view (Figure 2.1D). The 
BCA view is a longitudinal slice of the ascending aorta, right carotid artery and right 
subclavian artery, resulting in a slice through the thick center part of the advanced plaque 
which is present in the inner curvature of the brachiocephalic-/ subclavian-artery bifur-
cation of these mice (Figure 2.1D). Both the aortic arch view and BCA view images were 
acquired with a respiratory gated, ECG-triggered T1-weighted FLASH sequence (TE = 3.2 
ms, FOV = 20 × 20 mm2, matrix 400 × 400, slice thickness 0.5 mm, NA = 6 and FA = 40°). 
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Figure 2.1 • Slice planning. (A) Axial oblique and (B) sagittal oblique 
slices reconstructed from 3D-TOF-FLASH are used for planning 
T1-weighted anatomical reference images with (C) aortic arch view 
and (D) brachiocephalic artery (BCA) view. ao = ascending aorta; bca 
= BCA; rca = right carotid artery; rsa = right subclavian artery; p = 
atherosclerotic plaque (arrowheads).
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Additionally for three mice, two sets of black-blood images were acquired axial to the 
BCA. These sets contained respectively two and three slices which were interleaved to 
span the full length of the plaque and served to validate the plaque region-of-interest 
(ROI) drawn on the BCA view. Black-blood imaging was achieved with inversion recovery 
(IR)-FLASH with the same settings as for the BCA view FLASH protocol and a mean 
inversion time of 69.6 ± 6.3 ms, adjusted to the heart rate of the individual mice. 

T2-mapping of the BCA view was performed with a T2-prepared segmented gradient 
echo sequence as previously published (17). In short, the T2-preparation consists of 
excitation with a composite 90° pulse followed by a series of composite 180° refocusing 
pulses with alternating phase (+ or -) following an MLEV scheme. The combination of 
composite pulses and an MLEV scheme diminishes sensitivity to B0 and B1 inhomoge-
neities. Multiple TEs were obtained by varying the number of refocusing pulses in sets of 
four, following an MLEV16 scheme. Resulting effective echo times were TEeff = 0.9, 8.8, 
14.7, 21.3, 28.5 and 34.9 ms. Since pulse durations and echo spacing were set as short as 
considered possible given the hardware restrictions, minor deviations from these TEeff 
values were caused by differences in pulse calibration, which are inherent to variable coil 
loading. These deviations were accounted for during data analysis. 

The brachiocephalic artery is located close to the heart (±2.5 mm) and imaging was chal-
lenging due to cardiac and respiratory motion, as well as high blood flow rates. Therefore, 
the T2-mapping sequence was respiratory-gated and ECG-triggered with the acquisition 
during the end-diastolic phase of the cardiac cycle. Acquisition was maintained at the 
same point in the cardiac cycle, regardless of the duration of the preceding T2-prepara-
tion. Therefore, the T2-preparation was performed in a global fashion to avoid adverse 
effects of motion. In order to confine the acquisition to the end-diastolic time window, 
the acquisition was split into 40 segments of 5 echoes each. The other parameters of the 
gradient echo readout were TE = 2.1 ms, TR = 4.1 ms, segment TR = 2000 ms, FOV = 20 
× 20 mm2, acquisition matrix 200 × 200, reconstructed matrix 400 × 400, slice thickness 
0.5 mm, NA = 4, and FA = 30°.

MRI data analysis

Image analysis was performed using a custom-built algorithm in Mathematica 8.0 
(Wolfram Research). T2 maps were generated by pixel-wise fitting of the signal intensity as 
function of TEeff with a mono-exponential decay function. An ROI was manually drawn 
around the plaque on the image with shortest TEeff for each of the three time points. To 
validate this plaque ROI drawn on the BCA view, ROIs encompassing the plaque were 
also drawn on the axial black-blood images. From the relative 3D orientation of these 
slices the intersections of axial ROIs with the BCA view were determined and agreement 
with these perpendicular ROIs was inspected visually. A filter was applied to select all 
pixels in the plaque ROI with an R2 of fit larger than 0.7. Subsequently, the mean plaque 
T2 was determined by averaging of R2 = T2

-1 over all remaining pixels. Additionally, ΔR2, 
the difference between pre- and post-injection R2, was calculated because this parameter 
is directly proportional to the difference in iron oxide concentration. The plaque area on 
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MRI was determined by multiplying the total pixel count in the plaque ROI with the in 
plane pixel area (0.05 × 0.05 = 0.0025 mm2).

Histology and immunohistochemistry

Histological analysis was performed on aortas of 21 mice sacrificed at day 2 after injec-
tion. After paraffin embedding, 40-80 consecutive longitudinal sections of 4 µm thick 
were cut to cover the full width of the brachiocephalic artery. After overnight drying 
at 56 °C, every 5th section was stained with hematoxylin and eosin (HE), for nuclei and 
cytoplasm, respectively. Four consecutive HE stained sections in the center of each plaque 
were selected to determine the mean histology plaque area. Adjacent sections from the 
center region of the plaque were stained for macrophages with MAC3. After heat-induced  
antigen-retrieval (Target retrieval, DAKO) and blocking with 10% rabbit serum, the 
sections were incubated overnight at room temperature with rat anti-MAC3 (Becton 
Dickenson). They were then subsequently incubated with rabbit anti-rat-biotin (DAKO) 
and alkaline phosphatase coupled avidin-biotin-complex reagent (Vector), developed 
with vector red substrate and counterstained with hematoxylin. Sections were imaged 
with bright-field microscopy at 10× magnification. All histological image processing was 
performed using a custom-built algorithm in Mathematica 8.0.

pEPR

The iron content in the aortic arch of two other groups of mice euthanized at day 1 (n 
= 5) and day 2 (n = 6) after injection was assessed with pEPR. Aortas of mice which 
received the same diet but were not injected with Sinerem served as control (n = 3). The 
fixed aortic arches were dissected in the same way as those taken for histology and were 
placed in 250 µl vials with 70% ethanol. Measurements were performed with a Pepric 
Particle Spectrometer 3-V2 (Pepric NV, Leuven, Belgium). During the measurements 
a radiofrequency (RF) field of 300 MHz and a magnetic field of 10 mT were employed. 
The measured voltage is proportional to the amount of particles (19). A calibration with 
a series of samples with a known concentration of Sinerem was performed to obtain the 
conversion factor between voltage and iron quantity.

Statistics

Statistical analysis was performed with SPSS version 22.0 (IBM). The Shapiro-Wilk test 
was applied to test the normality of each group. Correlations were tested using Pearson’s 
correlation coefficient. Linear regression through the origin was applied to determine 
the relation between the plaque areas on MRI and histology. Two cases were excluded 
from area analysis; one because of folded histological slices and one because of a wrong 
slicing angle. T2 values for different pre- and post-injection time points were compared 
with one-way ANOVA for repeated measures and post hoc Bonferroni. ΔR2 values were 
compared with a two-sided paired-samples t-test. Amount of Fe as determined by pEPR 
was compared between groups with two-sided independent samples t-tests. The differ-
ences of pEPR Fe and ΔR2 between time points were tested with multivariate ANOVA. 
Unless stated otherwise, all values are reported as mean ± standard error (SE), in case of 
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repeated measures SE is corrected for between-subject variations. The significance level 
for all statistical tests was set at α = 0.05.

Figure 2.2 • 
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T2-weighted images and T2 map. (A) T2-weighted images at 6 different effective 
echo times (TEeff) and (B) false-color T2 parameter map of BCA view pre-injection. (C) T1-weighted 
anatomical reference image. ao = ascending aorta; bca = BCA; rca = right carotid artery; rsa = 
right subclavian artery; p = atherosclerotic plaque (arrowheads).

Results 

A convenient planning protocol was developed to attain a reproducible slice orientation 
(Figure 2.1). High resolution T1-weighted anatomical images with a high quality were 
routinely acquired (Figure 2.1D). Figure 2.2A shows T2-weighted BCA view images of a 
mouse before Sinerem injection at six different TEeff. No motion artifacts were observed 
and  anatomical registration of images with different TEeff was excellent, allowing pixel-
wise fitting to generate a T2 map (Figure 2.2B). T1-weighted images such as presented 
in figure 2.2C offer a higher blood-plaque and blood-tissue contrast and were used as 
anatomical reference. Examples of T1-weighted anatomical reference images and corre-
sponding T2 maps at different pre- and post-injection time points are presented in figure 
2.3. The slice planning proved reproducible and this facilitated monitoring of T2 values in 
the plaque over a prolonged period of time. In the post-injection T1-weighted images the 
iron oxide contrast agent appears as dark spots, which can be observed inside the plaque 
as well as in the ascending aorta vessel wall (Figure 2.3). 

In order to determine the mean plaque T2, an ROI was drawn around the plaque, as shown 
on a T1-weighted reference image in figure 2.4A. These ROIs were validated in three mice. 
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Figure 2.3 • T1-weighted anatomical reference images and T2 maps 
from the same animal before and at days 1 and 2 after injection of 
Sinerem. Arrowheads point to locations of contrast agent uptake.

Plaque ROIs were drawn on five T1-weighted black-blood images oriented axial to the 
BCA (Figure 2.4B). Using the 3D position and orientation of the imaging planes, the 
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intersections of the axial ROIs with the BCA view could be determined and were super-
imposed onto the longitudinal ROI (Figure 2.4C). These ROIs showed good correspon-
dence as assessed by visual inspection. 

A B

C

100 µm

Figure 2.4 • Validation of plaque ROI. (A) Example of plaque ROI 
drawn on BCA view as used for analysis. (B) Example of plaque ROI 
on axial view black-blood image of the same mouse. (C) Intersections 
of axial ROIs with the BCA view image plane (red ) superimposed on 
the longitudinal plaque ROI (green).

Figure 2.5 shows a comparison of the BCA plaque observed by MRI and histology. In both 
the T1-weighted image of the plaque (Figure 2.5B) and the HE stained slice (Figure 2.5C) 
the plaque extends from the caudal end of the BCA along its entire length into the left 
subclavian artery. The scatterplot presented in figure 2.5D shows the correlation of ROI 
area to the plaque area as determined from histology (r = 0.446, P = 0.028). A linear fit 
through the origin yielded a slope of 1.47 (R2 = 0.87). The smaller area on histology is 
probably due to the well-known shrinkage of the tissue during fixation. An example of 
two consecutive sections with respectively HE and MAC3 macrophage staining is shown 
in figure 2.6. 

Mean T2 and ΔR2 values averaged over the plaque ROI are presented in figure 2.7A and 
2.7B, respectively. T2 values significantly decreased from a pre-injection value of 34.5 ± 
0.6 ms to 24.0 ± 0.4 ms after 1 day, and partially recovered to an average T2 value of 27.0 
± 0.5 ms at 2 days post-injection (n = 27). T2 values at the two time points after injection 
correlated with each other (r = 0.464, P = 0.022), indicating both are related to the total 
amount of iron oxide uptake. As a quantitative parameter directly proportional to the 
amount of iron oxide, ΔR2 was determined to be 12.9 ± 0.5 s-1 on day 1 and decreased to 
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8.4 ± 0.5 s-1 on day 2. ΔR2 values at both days were strongly correlated to the T2 values 
at the corresponding time point (respectively r = -0.778 and r = -0.772, P < 0.001) and to 
each other (r = 0.522, P = 0.009), but not to the pre-injection T2 value (r = 0.388, P = 0.061 
and r = 0.371, P = 0.074, respectively). This confirms that the increase of R2 is independent 
of the native plaque T2, and the effect can be fully attributed to the uptake of iron oxide.
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Figure 2.5 • Comparison of MRI and histology. (A) T1-weighted anatomical reference image of 
BCA view and (B) enlarged view with enhanced contrast of plaque region with ROI (dashed red 
line). (C) Plaque region of the same mouse as observed on HE stained histology. ao = aortic arch; 
bca = BCA; rca = right carotid artery; rsa = right subclavian artery; p = atherosclerotic plaque 
(extends between arrows). (D) Scatterplot of plaque area on MRI versus plaque area on HE stained 
histology. The solid line represents the linear fit of the data (R2 = 0.87).
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Figure 2.6 • (A) Representative HE stained slice of the aortic arch with the BCA and the left 
carotid artery. (B) and (C) Magnifications of the BCA plaque region (box) with (B) HE and (C) 
MAC3 stains performed on adjacent slices. HE: pink = cytoplasm; blue = nuclei; MAC3: red = 
macrophages; blue = nuclei & cytoplasm. aao = ascending aortic; dao = descending aorta; bca 
= BCA; lca/rca = left/right carotid artery; lsa/rsa = left/right subclavian artery; solid arrowheads = 
BCA plaque; open arrowheads = other plaques.
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The bar graph in figure 2.7C displays the amount of iron detected ex vivo in the aortic 
arch by pEPR. The control group (n = 3) yielded a level of 3.5 ± 1.6 ng, which is below the 
detection limit. The aortas of the group sacrificed one day after injection (n = 5) had an 
Fe content of 43.2 ± 9.8 ng, which was significantly higher than 20.5 ± 1.9 ng measured 
for the group at day 2 (n = 6). The correlation of Fe content with ΔR2 values of individual 
aortas, as tested by multivariate ANOVA of the combined post-injection groups (n = 11), 
was nonsignificant (P = 0.098). However, group averaged Fe content was clearly linearly 
(R2 = 0.86) related to R2 as shown in figure 2.7D. 
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Figure 2.7 • Bar graphs representing mean values ± standard error (SE). (A) Mean T2 values of 
plaque ROI at three time points (n = 27). (B) Average ΔR2 values of plaque ROI at day 1 and 2 (n = 
27). (C) Mean amount of iron (Fe) in the aortic arch determined by pEPR for three groups sacrificed 
at different time points. Significant differences with pre-injection or control values are marked 
with * (P < 0.05) or ** (P < 0.001). Significant differences with day 1 values are marked with # 
(P < 0.05) or ## (P < 0.001). (D) Mean R2 values versus iron content. The solid line represents a 
linear fit (R2 = 0.86).

Discussion

In this study, the feasibility of quantitative imaging of iron oxide uptake in the athero-
sclerotic plaque by T2-mapping MRI was assessed. Consistent and robust quantitative T2 
imaging of the brachiocephalic artery plaque during the course of iron oxide uptake was 
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demonstrated with the MLEV-prepared T2-mapping sequence. One day after injection of 
USPIO, a significant decrease in plaque T2 was observed, which partially recovered after 2 
days. USPIO are taken up by macrophages residing in the plaque or in blood monocytes 
which infiltrate the atherosclerotic plaque (20), and cause this T2 effect.

The MLEV-prepared sequence was successfully applied for high resolution imaging of 
the BCA plaque. The triggered approach allowed excellent anatomical registration of 
images acquired during a single scan session, and the robust slice planning procedure 
ensured consistency over multiple sessions. The accuracy of in vivo plaque delineation 
was confirmed by the strong correlation of plaque area on MRI and histology.

Plaque iron content was measured using pEPR and tested for correlation with R2 and 
ΔR2 values. In pEPR measurements all iron oxide nanoparticles in the sample contribute 
to the signal, thereby providing a good validation for the MRI data. However, pEPR was 
performed on the whole sample containing the aortic arch and some of its bifurcations 
and was therefore less specific for the BCA plaque. Nevertheless, a clear relation between 
iron content and changes in BCA plaque R2 values was observed (Figure 2.7). 

This study demonstrates that MLEV-prepared T2-mapping is a robust method for quan-
titative imaging of atherosclerotic plaques near the heart that correlates with iron levels. 
It remains to be tested whether T2-mapping correlates with plaque progression and treat-
ment response like others have shown for different parametric methods of USPIO uptake 
(10–12,14). As a next step, post-injection T2 and ΔR2 values should therefore be related to 
plaque inflammation and macrophages in studies incorporating age-related progression 
or therapeutic effects. For these studies, there are several important factors to keep in 
mind when interpreting T2 changes as a measure for USPIO uptake and plaque inflam-
mation. For one, R2 = T2

-1 is linearly related to the concentration of superparamagnetic 
particles when dispersed in a solution, however, upon uptake into cells the particles may 
become clustered and their relaxivity could change (21–23). This would make straightfor-
ward quantification of local iron concentration in tissue difficult. Furthermore, although 
the USPIO are predominantly macrophage associated, local iron concentration is not a 
direct measure of macrophage number. Yet, it is the result of the cumulative effect of 
macrophage-content, -subtype, and -activity, as well as plaque permeability and contrast 
agent pharmacokinetics. 

The sequence design with a global T2-preparation module and signal acquisition during 
end-diastole is suitable for translation to patients and can be expected to enable similarly 
stable quantitative imaging in the highly dynamic region around the human heart (24) 
as demonstrated in the mouse. The longer end-diastolic phase of humans is beneficial for 
translation and might be used to compensate for the lower inherent resolution of clinical 
scanners. Another important aspect to be considered during clinical translation is the 
contrast agent. Sinerem is no longer available as its production has been discontinued by 
the manufacturer. A promising USPIO of similar size is ferumoxytol, an FDA approved 
supplement for treatment of iron deficiency that can also be used as an MRI contrast agent 
(25). Preclinical studies showed that it induces larger signal changes in the plaque than 
Sinerem (26,27). Ferumoxytol was already used to image the inflammatory response in 
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patients with acute myocardial infarction (28) and is currently being evaluated in a clinical 
trial for monitoring inflammation in carotid atherosclerosis (29). 

In conclusion, the T2-mapping protocol presented in this study provides robust quan-
titative imaging of atherosclerotic plaques in blood vessels near the heart. The method 
enabled sensitive monitoring of T2 changes in the plaque following intravenous injection 
of USPIO. Future studies should assess the sensitivity of this quantitative T2 imaging 
method for monitoring of plaque progression and treatment response. 
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Purpose To evaluate spin-lock MR for detecting superparamagnetic iron oxides and compare 
the detection sensitivity of quantitative T1ρ with T2 imaging.

Methods In vitro experiments were performed to investigate the influence of iron oxide particle 
size and composition on T1ρ. These comprise T1ρ and T2 measurements (B0 = 1.41T) of agar 
(2%) with concentration ranges of three different iron oxide nanoparticles (Sinerem, Resovist 
and ION-Micelle) and microparticles of iron oxide (MPIO). T1ρ dispersion was measured for a 
range of spin-lock amplitudes (γB1 = 6.5-91kHz). Under relevant in vivo conditions (B0 = 9.4T; 
γB1 = 100-1500Hz), T1ρ and T2-mapping of the liver was performed in seven mice pre- and 24h 
post-injection of Sinerem.

Results Addition of iron oxide nanoparticles decreased T1ρ as well as the native T1ρ dispersion 
of agar, leading to increased contrast at high spin-lock amplitudes. Changes of T1ρ were highly 
linear with iron concentration and much larger than T2 changes. MPIO did not show this effect. 
In vivo, a decrease of T1ρ was observed with no clear influence on T1ρ dispersion.

Conclusion By suppression of T1ρ dispersion, iron oxide nanoparticles cause enhanced T1ρ 

contrast compared to T2. The underlying mechanism appears to be loss-of-lock. Spin-lock 
MR is therefore a promising technique for sensitive detection of iron oxide contrast agents.

Superparamagnetic iron oxide particles find application as contrast agents for molec-
ular and cellular magnetic resonance imaging (MRI) and are used to facilitate in 
vivo cell tracking and amongst others, inflammation imaging (1–4). The presence 

of superparamagnetic iron oxide particles in tissue can be visualized by lowered signal 
intensity or signal voids in T2- or T2*-weighted imaging. This negative contrast poses 
challenges to the quantitative assessment of iron concentration and moreover inter-
pretation is conspicuous since signal voids are often difficult to distinguish from image 
artifacts. Therefore, considerable effort is put in the development of MRI methods that 
provide a quantitative readout of the presence of iron oxides. Furthermore, quantitative 
MR imaging enables standardized comparisons of results between different sites and 
systems. A common approach to quantitative imaging of iron oxides is by mapping the 
transversal relaxation time T2(*) (5–10).

In this study we investigated quantitative T1ρ measurements for imaging of iron oxide-
based contrast agents. We hypothesized that T1ρ provides a more sensitive readout of the 
presence of iron oxides than T2. T1ρ is the longitudinal relaxation in the rotating frame 
of reference during the application of a radiofrequency (RF) pulse parallel to the magne-
tization vector. T1ρ-weighted imaging is commonly accomplished using spin-lock MR, 
where magnetization is first excited by a 90° pulse and subsequently subjected to a long 
continuous wave B1 spin-lock pulse. Since the B1 field is low as compared to the B0 field, the 
tissue T1ρ relaxation is mediated by processes with long correlation times, such as proton 
diffusion, proton exchange and macromolecular tumbling. These processes can be probed 
by varying the B1 spin-lock field strength and show up as tissue T1ρ dispersion as function 
of B1 (11–16). The T1ρ relaxation is also influenced by the proton off-resonance frequency 
(Δω) which introduces a T1 component that depends on the ratio of B1 and Δω (17–20). 

From T2 and T2* relaxation models it is known that iron oxides enhance the proton 
relaxation rate via their local magnetic susceptibility in a particle size-, coating- and 
diffusion-dependent manner (21–23). These effects are categorized into several relaxation 
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regimes. Similar mechanisms will influence T1ρ relaxation in the presence of iron oxides. 
We expected that protons in the static regime will experience off-resonance spin-lock in 
the vicinity of a particle. Protons that diffuse through the magnetic field gradients on the 
timescale of the spin-lock pulse duration, however, were predicted to lose their spin-lock 
because of the fluctuating magnetic field they experience. We therefore hypothesize that 
in the latter diffusion regime, the presence of iron oxides could lead to changes in the 
tissue T1ρ dispersion that are larger than T2 changes, potentially providing a more sensitive 
readout for the detection of iron oxides.

To evaluate this hypothesis, T1ρ dispersion curves of agarose gels with various concen-
trations of superparamagnetic iron oxide micro- and nanoparticles were measured and 
compared to T2 data. Particles with different iron oxide core size, overall particle size, 
coating thickness and composition were selected such that different relaxation regimes 
could be probed (24). Additionally, mice were injected with an iron oxide contrast agent 
and quantitative T1ρ and T2 values of the liver containing contrast agent were evaluated.

Methods

Contrast agents, characterization and properties

Four different superparamagnetic iron oxide contrast agents were chosen for their varia-
tion in size and composition: Sinerem (ferumoxtran, Guerbet), Resovist (ferucarbotran, 
Bayer Schering Pharma), iron oxide nanoparticle (ION)-Micelles (homemade (25)) 
and microparticles of iron oxide (MPIO, Bangs Labs). Table 3.1 summarizes relevant 
characteristics of the particles. Sinerem and Resovist have a similar iron oxide core size 
(4-6 nm) and coating composition (dextran) but different hydrodynamic diameter, and 
were therefore chosen to investigate the effect of the coating thickness on T1ρ relaxation. 
ION-micelles have a much larger core size (25 nm), while their hydrodynamic diameter 
(61 nm) is comparable to that of Resovist (62 nm), yielding data on the effect of iron oxide 
core size. MPIO (860 nm) is much larger than the other three particles and were selected 
to evaluate T1ρ dispersion in the static dephasing regime. In this chapter Sinerem, Resovist 
and ION-Micelles will be referred to as nanoparticles and MPIO as microparticles.

Table 3.1 • Relevant properties of the iron oxide contrast agents.

Sinerem Resovist ION-Micelle MPIO

coating dextran (42) carboxydextran (42) PEG-lipid
polystyrene/

divinylbenzene

iron oxide core
diameter [nm]

4-6 (43) 4-6 (29,44) 25 (25) 4-13a

hydrodynamic
diameter [nm]

32 (25) 62 (25) 61 (25) 860b

magnetization
[Am2 kg-1 Fe]

71 89 93 105

a MPIO core diameter determined by TEM analysis.
b MPIO particle diameter provided by manufacturer.
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Transmission electron microscopy (TEM) images were acquired with a TECNAI F30ST 
TEM with field emitter gun operated at 300kV. Cryo-TEM was performed using a cryo-
holder at -170°C. Saturation magnetization values were determined using a vibrating 
sample magnetometer (ADE Technologies) at room temperature, sample iron concen-
trations were obtained with inductively coupled plasma atomic emission spectrometry 
(ICP-AES). 

Sample preparation 

The dilution series for the in vitro NMR measurements were made in 2% agar gel because 
of its tissue-like T1 and T2 properties. Agarose (Sigma-Aldrich) was dissolved in demi 
water by heating it to 80°C, thoroughly mixed with the iron oxide contrast agent solution 
and then poured into 5 mm NMR tubes (Bruker). During the pouring the tubes were 
placed in a water bath at 80°C to prevent the agar gel from solidifying against the walls 
of the tubes. Subsequently the tubes were placed at room temperature to allow the gel to 
solidify on the bottom of the tube. The iron concentrations (0, 50, 125, 250 and 500 µM) 
were chosen to be identical for the different contrast agents, since it is common practice 
to assess relaxation enhancement as a function of iron concentration. This procedure 
consequently results in varying particle concentrations. All samples were made as one 
single batch, i.e. from the same agarose solution.

In vitro NMR 

All experiments were performed with a tabletop NMR spectrometer operating at 
60 MHz/1.41 T (Minispec60, Bruker) with a solenoid RF coil and the sample temperature 
was maintained at 20°C. The T1ρ sequence consisted of a 90° excitation pulse directly 
followed by a continuous wave spin-lock pulse and FID acquisition. In order to assess the 
T1ρ dispersion the spin-lock amplitude was varied between 6.5 and 91 kHz. The spin-lock 
amplitude could not be set directly and was adjusted by changing the RF attenuation. 
Using a sample of 2% agar gel without contrast agent, for each setting of the RF attenuation 
the 90° pulse duration was therefore calibrated and the spin-lock amplitude γB1 at the set 
RF attenuation was calculated. 

T1ρ was determined from exponential fitting of peak signal intensities from 10 different 
spin-lock durations. Spin-lock durations were logarithmically distributed between a 
minimum of 1 and a maximum of 10 to 50 ms, with the maximum depending on B1 and 
hardware restrictions. For comparison with T1ρ, T2 was acquired using the Carr-Purcell-
Meiboom-Gill (CPMG) sequence with 1024 echoes, 4.6 µs 180° pulse duration and a 
90°-180° pulse separation of 40 to 500 µs resulting in a longest echo time ranging between 
81.92 and 1024 ms. For all in vitro NMR experiments the repetition time (TR) was set to 
five times the sample T1 as determined by an inversion recovery experiment.

NMR data analysis 

The dispersion data were fitted with an exchange model in order to extrapolate the T1ρ 
curves to a spin-lock amplitude of 0 kHz for direct comparison with T2 acquired with 
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the CPMG sequence. Relaxation behavior in agar gels can be approximated by a two-pool 
exchange model with a free water and a bound water pool. The equation describing a 
two-pool exchange model assuming negligible dipolar relaxation effects and on or near 
resonance conditions is (11)

 R R R A r
r

b

b
1 1

2
2 0 2

1
2

2
ρ θ

ω
θ= + +

+
cos ( )sin,

   (3.1)

with R1ρ the longitudinal relaxation rate in the rotating frame (T1ρ
-1), R2,0 the trans-

verse relaxation rate without exchange, θ the tilt angle of the effective spin-lock field, 
A = pf pb Δω2 the product of the fractions of free and bound water multiplied by the square 
of their frequency difference, rb the exchange rate and ω1 the spin-lock amplitude in rad/s. 
Assuming on-resonance spin lock (θ = ½π) and substituting rb with τex

-1, equation 3.1 is 
rewritten as 
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with τex the exchange time. The dispersion data was fitted to this equation and R1ρ(ω1 = 
0) was compared to R2 measured by the CPMG sequence. 

To assess the effect on contrast, the normalized change in R1ρ,  

N R
R R

R
CA∆ ρ
ρ ρ0

ρ0
1

1 1

1

=
−      (3.3)

was determined for each spin-lock amplitude. Here R1ρCA is R1ρ of the sample with contrast 
agent and R1ρ0 is R1ρ of the plain agar sample. Similarly we define the normalized change 
in R2, 

N R
R R

R
CA∆ 2

2 2 0

2 0

=
− ,

,

     (3.4)

for a quantitative comparison of the change in R1ρ and R2 values in the presence of iron 
oxide contrast materials.

In vivo MRI 

Animal experiments were approved by the animal experiment committee of Maastricht 
University (The Netherlands). Seven female C57bl/6 mice (Charles River) with 20.5 to 
22.3 g bodyweight (BW) were anesthetized with 1-2% isoflurane. A catheter containing 
0.9% NaCl with heparin and a 150 µl bolus of 50 µmol Fe/kg BW Sinerem was inserted 
into the tail vein. Sinerem was chosen for the in vivo experiments because it was one of 
the three nanoparticles, which yielded enhanced contrast in the in vitro experiments. 
The mice were placed in supine position on an animal bed with anesthesia mask and 
monitored with electrocardiogram (ECG) electrodes attached to the front paws, a balloon 
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respiration sensor and a rectal temperature probe. The body temperature was maintained 
at approximately 37°C with a warm water pad.

In vivo MRI experiments were performed with a 9.4T small animal scanner equipped with 
a 35-mm-diameter quadrature birdcage RF coil (Bruker BioSpin). An axial slice (field of 
view = 22 × 22 mm2, matrix = 220 × 220 and thickness = 1 mm) was planned just under 
the diaphragm to encompass a large section of the liver. The liver was chosen because 
Sinerem is excreted via the hepatobiliary pathway and will thus accumulate in liver and 
spleen. All acquisitions were respiratory gated and ECG-triggered with the acquisition 
window positioned in the end-diastolic phase of the cardiac cycle in order to minimize 
motion artifacts caused by cardiac and respiratory motion. A fast low-angle shot (FLASH; 
TR = 1 cardiac cycle (95 – 135 ms), echo time TE = 3.2 ms, flip angle FA = 40° and number 
of averages NA = 3) image was acquired to serve as anatomical reference. 

The T1ρ sequence consisted of a B1 and B0 field inhomogeneity compensating spin-lock 
preparation (26) followed by a fast imaging with steady state precession (FISP) read-out. 
The imaging acquisition window of approximately 11 ms, preceded by the global spin-
lock preparation, was kept at a constant position in the cardiac cycle to prevent motion 
artifacts and guarantee accurate registration between images recorded with different spin-
lock times. The FISP readout was performed in 22 segments of 5 echoes. Other sequence 
parameters were: TE = 1.33 ms, TR = 2.67 ms, segment TR = 2000 ms, NA = 3, acquisition 
matrix = 110 × 110, reconstruction matrix = 220 × 220, FA = 30°. The acquisitions were 
performed for five different spin-lock amplitudes (γB1 = 100, 250, 500, 1000 and 1500 Hz) 
and with five different spin-lock times (TSL = 3, 6, 12, 24 and 48 ms). Additionally, an 
experiment with a spin-lock amplitude of 0 Hz was performed to serve as T2 measurement, 
because under this condition the preparation is T2-weighted. 

After acquisition of the last pre-injection image the contrast agent bolus was injected 
manually. Subsequently, a second FLASH image was acquired to confirm successful 
intravenous injection after which the mouse was removed from the scanner and allowed 
to recover. Twenty-four hours later the mouse was anesthetized again and post-injection 
images were acquired. While still under anesthesia, the mice were euthanized directly 
after the last MRI scan. 

MRI data analysis 

Image analysis was performed in Mathematica 9.0 (Wolfram Research). Pixel-wise 
mono-exponential fitting of the signal intensities at different TSL was performed for 
each spin-lock amplitude to generate T1ρ- and T2-maps. Regions of interest (ROIs) were 
drawn manually around the liver and muscles on the FLASH anatomical reference images 
and copied to the T1ρ and T2 maps to determine the mean liver and muscle T1ρ and T2, 
respectively. The main blood vessels of the liver and, when visible in the slice, also the gall 
bladder were excluded from the liver ROI. Pixels with an R2 of fit of <0.7 were excluded 
from further analysis. Histograms of T1ρ and T2 in the liver were generated for each mouse 
with the following settings: 20 bins, bin width 5 ms, and a range of 0 to 100 ms. A spline 
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function was fitted through the averaged histograms to visualize the changes in T1ρ and 
T2 distributions that were induced by Sinerem injection.

Statistics 

Statistical analysis was performed in SPSS Statistics 22 (IBM). In vivo data on pre- and 
post-injection T1ρ and T2 values were compared with a two-sided t-test for each spin-
lock amplitude. The effect of spin-lock amplitude on both the pre- and post-injection T1ρ 
datasets was tested for significance using an Analysis of Variance (ANOVA) for repeated 
measures with the spin-lock amplitude as the within-subject factor. In case a significant 
effect of spin-lock amplitude was found with ANOVA, the individual T1ρ levels were 
compared with a one-sided paired t-test. The level of significance was set to α = 0.05 for 
all tests.

Figure 3.1 • 

A B C 100 nm100 nm100 nm

Cryo-transmission electron microscopy (cryo-TEM) images show the spatial disper-
sion and aggregation of the iron oxide cores of the three nanoparticles: (A) Sinerem, (B) Resovist 
and (C) ION-Micelles. The particle coatings could not be observed with cryo-TEM. The back-
ground structure in (B) is part of the carbon film onto which the sample was mounted.

Results

Figure 3.1 shows the cryo-TEM images of the three types of nanoparticle. Only the iron 
oxide cores (black dots and discs) and not the coatings are visible in the images. Sinerem 
seemed evenly dispersed with little or no aggregation of cores (Figure 3.1A), which indi-
cates that most particles contain a single core. For Resovist the dispersion is also relatively 
uniform (Figure 3.1B). However, next to single cores also aggregates of 2-3 cores and 
occasionally even larger aggregates were observed for Resovist. This suggests that a subset 
of Resovist particles contains more than one iron oxide core. ION-micelles also displayed 
a few small aggregates (Figure 3.1C). The limited spacing between clustered cores however 
indicated aggregation of coated particles rather than single particles containing multiple 
cores. Higher magnification TEM images in figure 3.2 show the core-shell structure of 
Sinerem and MPIO. Sinerem consists of spherical particles with a single core of iron oxide 
(Figure 3.2A). MPIO are polymer beads with a broad size distribution and they contain 
multiple iron oxide cores per particle, which can be well distinguished in the inset of 
figure 3.2B. The saturation magnetization values for each of the contrast agents can be 
found in Table 3.1.
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Figure 3.2 • TEM images of (A) Sinerem and 
(B) MPIO display the core-shell structure of the 
particles. The insets show details at a higher 
magnification.

In figure 3.3, T1ρ dispersion curves are shown for the in vitro experiments with different 
types and concentrations of iron oxides. Agar without contrast agent displayed the  
strongest dispersion. Over the full range of spin-lock amplitude γB1, T1ρ increased from 
91.7 ms (at 6.5 kHz) to 479.4 ms (at 91 kHz). The data was fitted to the exchange model for 
dispersion in agar gels described by equation 3.2. The average exchange rate 1/τex observed 
in plain agar was 143 ± 1 kHz, which is in the range of values reported for the dominant 
exchanging water class in agar gels (27).

For all contrast agents, T1ρ decreased with increasing iron concentration. T1ρ at the highest 
iron concentration (500 μM) and maximum spin-lock amplitude (91 kHz) was 24.2 ms for 
Sinerem (Figure 3.3A), 15.6 ms for Resovist (Figure 3.3B), 4.1 ms for ION-Micelle (Figure 
3.3C) and 233.2 ms for MPIO (Figure 3.3D). Furthermore, in the presence of Sinerem, 
Resovist and ION-Micelles the T1ρ dispersion curves were notably flatter. Solid lines in 
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figure 3.3 are exchange model fits using equation 3.2. Extrapolated values for T2 = T1ρ(0 
kHz) agreed with the T2 values as measured with the CPMG sequence (Figure 3.3A-C), 
with the exception of MPIO for which T1ρ(0 kHz) was higher than CPMG T2 (Figure 3.3D). 
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Figure 3.3 • In vitro T1ρ dispersion curves. T1ρ as function of γB1 for different concentrations of 
(A) Sinerem, (B) Resovist, (C) ION-Micelle and (D) MPIO in 2% agar gel. Solid lines represent fits 
to the exchange model which represents the native T1ρ dispersion of agar. Both T1ρ values and 
T1ρ dispersion decreased with increasing iron concentration. The data points to the left of the 
horizontal axis break (solid symbols) are T2 values measured by CPMG.

The strong reduction in T1ρ dispersion at higher iron oxide concentrations resulted in 
strong T1ρ differences compared to 0 µM iron oxide at the higher spin-lock amplitudes. In 
other words, a higher T1ρ contrast is generated by the iron oxides for the higher spin-lock 
amplitudes. To quantify this contrast, the normalized difference in the T1ρ relaxation 
rate (NΔR1ρ, equation 3.3) as function of iron concentration for the different iron oxides 
and varying spin-lock amplitude is shown in Figure 3.4. NΔR1ρ was highly linear with 
iron concentration (R2 > 0.96). With the exception of MPIO, all contrast agents yielded 
enhanced NΔR1ρ for increased spin-lock amplitude. NΔR1ρ was enhanced up to 5.1 fold 
(Sinerem), 5.9 fold (Resovist) and 4.7 fold (ION-Micelle) compared to NΔR2. Notably, 
for the three nanoparticles NΔR1ρ was larger than NΔR2 even for the smallest spin-lock 
amplitude. For MPIO the absolute T1ρ decrease was small (Figure 3.3D) and a significant 
decrease in dispersion was not observed. This was also reflected in the very low NΔR1ρ 
and NΔR2 values (Figure 3.4D), indicating that only minor changes in T1ρ and T2 contrast 
were achieved by the addition of microparticles of iron oxide.
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Figure 3.4 • T1ρ contrast. NΔR1ρ as function of iron concentration [Fe] for varying spin-lock ampli-
tudes for (A) Sinerem, (B) Resovist, (C) ION-Micelle and (D) MPIO. The solid symbols are NΔR2. 
Solid lines are linear fits of the data (R2 > 0.96). For all iron oxides NΔR1ρ increased linearly with 
iron concentration. NΔR1ρ was higher than NΔR2 for all preparations with the exception of MPIO. 
Note that the vertical axes have different scaling.

Figure 3.5A and C show cross-sectional in vivo liver T1ρ-weighted images of mice pre- and 
24h post-injection of Sinerem. In Figure 3.5B and D corresponding T1ρ maps for a spin-
lock amplitude of 500 Hz are presented. Twenty-four hours after contrast agent injection, 
T1ρ-weighted signal intensity in the liver had markedly dropped and quantitative T1ρ 
values were substantially lower. Quantitative T1ρ values from ROIs in the liver and muscle 
as function of spin-lock amplitude are displayed in Figure 3.6A and B, respectively. Both 
pre- and post-injection mean liver T1ρ displayed a dispersion with increasing T1ρ (P < 
0.001) towards higher spin-lock. Differences between pre and post T1ρ-values were signif-
icant (P < 0.05) for all spin-lock amplitudes except for 100 Hz (P = 0.194) and 1500 Hz (P 
= 0.059). Mean muscle T1ρ showed no significant dispersion with spin-lock amplitude (P 
= 0.357) and no significant differences were found between pre- and post-injection time 
points. All T2 values were significantly lower than the T1ρ values and in the liver pre and 
post T2 values were significantly different. Figure 3.6C and D show typical T1ρ and T2 
signal decay curves in respectively liver and muscle. Apparently independently from T1ρ 
and T2 decay, large differences in pre- and post-injection signal intensities were observed 
for liver (figure 3.6C). In muscle T1ρ nor T2 values were influenced by injection of Sinerem. 
In Figure 3.7 average T1ρ and T2 distributions in the liver are shown. At 24 hours after 
injection a small but significant shift in the histograms towards lower relaxation values 
was observed for T1ρ at all spin-lock amplitudes and T2.
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Figure 3.5 • In vivo T1ρ imaging of mouse liver pre and post 
Sinerem injection. Examples from a single mouse of: (A) pre- and 
(C) post-injection T1ρ weighted images acquired with spin-lock ampli-
tude 500 Hz and TSL = 6 ms and (B) pre- and (D) post-injection T1ρ 
maps acquired by pixel-wise fitting of the signal intensities of all TSL 
images with spin-lock amplitude 500 Hz. In (A) solid red lines are 
ROIs in muscle, the dashed blue line the ROI in the liver.

Discussion

In vitro experiments

In this study we investigated the effect of four iron oxide contrast agents on T1ρ. In vitro 
experiments in agar phantoms demonstrated both a decrease in T1ρ values and a loss 
of T1ρ dispersion in the presence of iron oxide nanoparticles. For MPIO no significant 
changes in T1ρ dispersion were observed. Due to the loss of dispersion a higher contrast 
was generated at high spin-lock amplitudes. The normalized contrast (NΔR1ρ) proved 
linear with iron concentration. For all three nanoparticle contrast agents NΔR1ρ was 
higher than NΔR2 and was found to increase with spin-lock amplitude. The fact that 
the extrapolated values for T2 = T1ρ(0 Hz) matched T2 values measured by CPMG is in 
accordance with T1ρ relaxation theory (15).

Iron oxide T1ρ contrast mechanism

We believe that the mechanism underlying enhanced iron oxide T1ρ contrast is loss of 
spin-lock leading to reduction of native tissue T1ρ dispersion. The effect of iron oxides 
on T2/T2* relaxation has been extensively studied and the effects of particle size and 
coating composition are well-understood (21–24). Important factors for the R2* and R2 
relaxation rates are the strength and spatial extent of local field gradients, proton diffusion 
during the time of the NMR experiment and the relative proportion of these factors. 
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Several relaxation regimes can be distinguished but the discussion here will focus on those 
regimes relevant for the present experiments; for a full discussion of all R2/R2* regimes 
we refer to refs. (22) and (23). 
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Figure 3.6 • In vivo T1ρ contrast. Top row: mean quantitative T1ρ and T2 of (A) mouse liver and 
(B) muscle pre- and post-injection of Sinerem. Symbols indicate pre- and post-injection T1ρ (open 
symbols) and T2 (solid symbols) values versus spin-lock amplitude averaged over all mice (n 
= 7). Error bars are standard deviations, * indicates significant differences between pre- and 
post-injection (P < 0.05). Bottom row: typical pre- and post-injection signal decay curves of (C) 
liver and (D) muscle of one mouse. T1ρ weighted signal intensity at 500 Hz (open symbols) and 
T2-weighted signal intensity (solid symbols) are plotted as a function of TSL.

The first regime that is of importance for the iron oxide T1ρ contrast mechanism is the 
static dephasing regime (SDR). In this regime, which is generally applicable for large 
particles, proton displacement by diffusion is small relative to the spatial scale of field 
gradients. Hence, protons near the particle essentially experience a static field offset. For 
R2* relaxation this means rapid dephasing and R2* approaches a maximum. R2 is low 
because the static field offset can be effectively compensated through a refocusing pulse. 
In the case of R1ρ during spin-locking, a static field offset will cause off-resonance spin-
lock along an effective magnetic field Beff with relaxation along this field (17). This off- 
resonance relaxation rate R1ρoff becomes a combination of R1 and R1ρ in a ratio dependent 
on the ratio of B1 and Δω (20). Off-resonance spin-lock is often applied to decrease SAR, 
because a similar Beff can be reached with a lower B1 (19). In this case however, the source 
of off-resonance is the contrast agent, not the RF pulse. Because B1 remains unchanged, 
a higher Beff is achieved in the vicinity of the particle. Since the field offset is static, no loss 
of spin-lock and hence no effect on the native T1ρ dispersion of a tissue is to be expected 
in the SDR.
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Figure 3.7 • Average T2 and T1ρ distributions in the mouse liver before and 24 h after Sinerem 
injection. The average pre- and post-injection (A) T2 and (B-F) T1ρ distributions at all spin-lock 
amplitudes were constructed by spline fitting of averaged histograms.

The other regime considered important for the experiments in this study is the so-called 
visit limited regime (VLR) which marks the transition between the SDR and the motional 
averaging regime which will not be discussed here (22). Iron oxide nanoparticles in the 
VLR are surrounded by a full dephasing zone, in which the proton spins are fully dephased 
upon entry. According to our hypothesis, the gradients and diffusional motion will lead to 
a loss of spin-lock in the full dephasing zone. Experimental observations (Figures 3.3 and 
3.4) are in agreement with this hypothesis. First, strong dephasing in the full dephasing 
zone in the presence of the iron oxide nanoparticles, leads to a rapid decrease in signal 
intensity as function of TSL resulting in a lower measured T1ρ value. Furthermore, because 
of loss of spin-lock during TSL, signal decay and thus T1ρ becomes essentially independent 
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from the spin-lock amplitude, resulting in a loss of the exchange-mediated dispersion 
with γB1 of native agar. Moreover, NΔR1ρ was linear with concentration, which can be 
explained by a linear increase of the total volume occupied by the full dephasing zones 
surrounding the particles with increasing concentration.

The VLR is applicable to particles at the transition between the motional averaging regime 
and the SDR. This transition is defined by

         r
D
p

r

2 15
4

≈
π
∆ω

     (3.5)

with rp the radius of a nanoparticle in the VLR, D the diffusion coefficient and Δωr the 
root-mean-squared frequency shift at the particle surface (28).

The diffusion coefficient in a 2% agar gel is of the same order of magnitude as that of free 
water (~2.5 ∙ 10-9 m2/s) and the frequency shift at the particle surface caused by its magne-
tization is on the order of that of magnetite (3.0 ∙ 107 rad/s). This means that relaxation of 
water in the proximity of particles with a diameter of around 30 nm occurs in the visited 
limiting regime (22,28). With its much larger diameter of 860 nm, MPIO is therefore in 
the SDR. With hydrodynamic diameters between approximately 30 and 60 nm (Table 
3.1), the VLR applies to Sinerem, Resovist and ION-micelles (23).

Comparison of the four contrast agents

Comparing different nanoparticles, NΔR1ρ was higher for Resovist than for Sinerem 
(Figure 3.4). Differences in the observed T1ρ contrast between the different iron oxide 
formulations can be related to their different physicochemical properties (Table 3.1). 
Sinerem and Resovist have comparable iron oxide core sizes and both have similar 
dextran-based coatings. However, the coating of Resovist is twice as thick as the one 
of Sinerem. The full dephasing zone of Resovist may therefore occupy a larger volume, 
leading to a stronger T1ρ decrease and more pronounced loss of dispersion as compared 
to Sinerem (23). Also, the saturation magnetization for Resovist is higher (89 versus 71 
Am2 kg-1 Fe). Additionally, Resovist has a broader size distribution than Sinerem and 
contains a small fraction (~3%) of particles with a larger iron core up to 30 nm (29,30). 
Also, multiple cores per particle (Figure 3.1B) are found, leading to an effectively higher 
magnetic moment per particle and therefore stronger T1ρ decrease with concentration. 

ION-micelles displayed the highest NΔR1ρ of the 4 iron oxide formulations. The main 
reason can be found in the larger size of the particle’s core and the higher magnetic 
moment per particle. The monocrystalline core of ION-micelles is approximately 5 times 
larger in diameter (25 nm) than those of Sinerem and Resovist (both 4-6 nm). A larger 
core combined with a higher saturation magnetization (93 Am2 kg-1 Fe) results in a much 
larger magnetic moment per particle, with larger local field gradients and a larger affected 
volume for each individual particle. The amphiphilic phospholipid coating with hydro-
philic polyethylene-glycol (PEG) tails constitute a region of restricted diffusion similar 
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to the dextran for Sinerem and Resovist (31). However, this coating is thinner than the 
dextran coatings and therefore the main reason for the larger NΔR1ρ is probably the much 
larger magnetic moment of ION-micelles.

For MPIO a minor NΔR1ρ and no significant change in T1ρ dispersion were observed. 
MPIO consists of multiple small iron oxide cores incorporated in a polymer mesh with 
an outer layer of pure polymer (Figure 3.2B). The particles can be regarded as having one 
very large (860 µm) superparamagnetic core (28), producing an equally large magnetic 
moment. The polymer mesh is not water permeable and water protons are thus restricted 
to the outer regions of the gradient field where the magnetic moment is lower and with 
less spatial fluctuation than close to the center. These particles are in the static dephasing 
regime and rather than inducing a loss of spin-lock, will preserve off-resonance spin-
lock and T1ρ dispersion. Also, because of their lower surface-area-to-volume ratio (circa 
0.007 compared to 0.1-0.2 for the nanoparticles) a much smaller effective volume and 
thus a smaller portion of protons in the sample are affected. Additionally, since the iron 
concentration was kept constant for different contrast agents and the MPIOs have a larger 
iron load, the particle concentration was much lower, which further adds to a smaller T1ρ 
change. 

In vivo iron oxide T1ρ contrast

The in vivo experiments revealed minor T1ρ dispersion in the mouse liver both before and 
24 hours after intravenous injection of a bolus of Sinerem (Figure 3.6A). The T1ρ distri-
bution in the liver shifted toward lower values after injection for all spin-lock amplitudes 
(Figure 3.7), yielding a significantly decreased mean liver T1ρ at spin-lock amplitudes of 
250, 500 and 1000 Hz. These changes of in vivo T1ρ values were only small and were not 
significantly different from the reduction of in vivo T2 values. The in vitro advantage of 
T1ρ over T2 was thus not observed in vivo for Sinerem accumulation in the liver.

In vivo T1ρ dispersion in the liver did not appear to be influenced by the presence of 
Sinerem in a similar fashion as for the agar experiments. One explanation for this may 
be found in the in vivo fate of the particles. Sinerem is mainly taken up by Kupffer cells 
in the liver, resulting in a clustered distribution rather than the even dispersion in agar 
gels in vitro (32). Similar to the clustering of iron oxide cores inside the MPIO particles, 
these clusters might behave as larger particles with a SDR relaxation mechanism (28). 
Indeed, it is known that such in vivo clustering results in reduced changes in R1 and R2 
values (32,33). Another cause may be found in the low pre-contrast dispersion, which 
makes it difficult to detect significant dispersion changes. Additionally, due to hardware 
restrictions, only a low spin-lock amplitude (1500 Hz) could be applied in vivo, limiting 
the range over which dispersion could be studied.

The liver contrast between pre- and post-injection in the T1ρ-weighted images appeared 
larger than what could be expected on the basis of quantitative T1ρ differences (Figure 
3.5). The reason is a T2* effect in the FISP imaging readout, which leads to a shift of the 
whole T1ρ and T2 relaxation curves towards lower signal intensity values (Figure 3.6C), 
independently of changes in the quantitative T1ρ and T2 values.
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The fact that no loss of T1ρ dispersion was observed in the liver does not preclude in vivo 
application of T1ρ imaging of iron oxide contrast agents in other tissues such as articular 
cartilage (34,35), myocardial tissue (36), breast tissue (37) and certain tumors (38) which 
display larger endogenous T1ρ dispersions. Furthermore, techniques such as adiabatic 
T1ρ and relaxation along a fictitious field (RAFF) (35,39–41) may enable higher effective 
spin-lock amplitudes to allow probing of higher frequency dispersion regimes without 
violating hardware restrictions. These techniques also have the advantage that they lower 
the specific absorption ratio (SAR), which hampers clinical application of conventional 
T1ρ imaging. However, the effects of iron oxides on T1ρ behavior using these sequences 
remain to be investigated. 

Conclusions

In the in vitro experiments it was proven that iron oxide nanoparticles cause loss of 
spin-lock resulting in suppression of T1ρ dispersion. Thereby, T1ρ contrast is enhanced 
compared to T2. Spin-lock MR is therefore a promising technique for sensitive detection 
of iron oxide contrast agents. However, evaluation in the mouse liver did not reveal an 
improvement in T1ρ sensitivity above T2 for iron oxide in vivo, which was probably due 
to a lack of initial T1ρ dispersion in the liver and limitations in available spin-lock power. 
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Purpose To evaluate T1ρ-mapping by spin-lock MRI for quantitative imaging of ultrasmall super-
paramagnetic iron oxide (USPIO) uptake in the mouse brachiocephalic artery plaque in vivo 
and compare it with T2-mapping.

Methods Nine plaque-bearing ApoE-/- mice were scanned before and one day after intravenous 
injection of USPIO. Using a B0- and B1-compensated spin-lock preparation sequence, T1ρ maps 
were acquired at spin-lock amplitudes (γB1) of 500 and 2000 Hz, while γB1 = 0 Hz was used 
for T2-mapping. Ex vivo particle electron paramagnetic resonance was performed on the aortic 
arches to determine the iron content. Spin-lock MRI results were additionally compared to 
MLEV-prepared T2 data from a previous study, which was performed under identical conditions.

Results Robust T1ρ and T2 maps were acquired from the brachiocephalic artery (BCA) plaque. 
Both T1ρ and T2 values in the plaque significantly decreased upon USPIO injection, while there 
was only a minimal change in muscle parameters. ΔR1ρ values at both spin-lock amplitudes 
were significantly larger than ΔR2 values.

Conclusion Quantitative T1ρ imaging with spin-lock MRI was proven to have a higher sensitivity 
for USPIO uptake in the plaque in vivo compared to spin-echo prepared T2. However, compared 
to MLEV-prepared T2-mapping performed in a previous study, no significant advantage of 
spin-lock MRI was found.

The clinical manifestation of atherosclerosis often involves life endangering conse-
quences such as stroke and myocardial infarction. These are the direct result of 
artery-occluding thrombosis triggered by atherosclerotic plaque rupture. Plaque 

inflammation, characterized by macrophage infiltration, is an important risk factor 
for rupture (1,2). Imaging of plaque macrophages is therefore valuable for determining 
the plaque phenotype as well as monitoring of disease progression and effects of thera-
peutic interventions (3). A considerable amount of research has focused on magnetic 
resonance imaging (MRI) of iron oxide contrast agent uptake, and has demonstrated its 
capability to noninvasively visualize plaque progression and drug-induced reduction in 
animal studies (4–6), as well as in patients (7–10). This method exploits the macrophages’ 
natural tendency to phagocytize foreign materials by intravenous injection of ultrasmall 
superparamagnetic iron oxide particles (USPIOs). The application benefits from quanti-
tative imaging methods such as T2*-mapping (4,5,9), susceptibility gradient mapping (6), 
and T2-mapping. In this respect, a robust T2-mapping method was developed by us as 
described in an earlier study (Chapter 2). 

In a previous in vitro study quantitative T1ρ measurements were demonstrated to be more 
sensitive to iron oxide contrast agents than quantitative T2 measurements (Chapter 3). T1ρ 
is the longitudinal relaxation in the rotating frame, which occurs during a radiofrequency 
(RF) pulse when applied parallel to the magnetization vector. T1ρ is typically assessed with 
spin-lock MRI, in which a long continuous wave B1 pulse is applied directly after initial 
excitation of the magnetization. An experiment with variable spin-lock amplitude (γB1) 
yields T1ρ dispersion data, which provide information on molecular processes in tissue 
with long correlation times on the order of γB1 (11–16). In chapter 3, it was shown that 
the presence of iron oxide nanoparticles results in a loss of spin-lock and a suppression 
of the T1ρ dispersion, leading to a higher contrast as compared to T2. 
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In this study we have evaluated this T1ρ-mapping technique for quantitative imaging of 
USPIO uptake in the mouse brachiocephalic artery plaque in vivo and compared it to 
T2-mapping.

Methods

Animal experiments

All procedures regarding animals were approved by the ethical review committee of 
Maastricht University and were performed according to the Dutch national law and the 
guidelines set by the institutional animal care committee, accredited by the national 
department of health. The experiment design was similar to that reported earlier in 
chapter 2. Nine 7 weeks old female C57bl/6 ApoE-/- mice (Charles River Laboratories) 
were put on a Western-type diet containing 0.25% cholesterol (4021.6 Purified diet W, 
ABdiets) to induce accelerated plaque formation (17). The first MRI scan session was 
performed 15 weeks after the start of the diet.

Anesthesia was induced outside the scanner (1-2% isoflurane in 0.4 L/min medical air; 
induction at 2-3% isoflurane) and a catheter for contrast agent injection was inserted into 
the tail vein. Next, the mice were placed in supine position on an animal bed equipped 
with an anesthesia mask, an integrated heating pad (warm water) and fixed gold-plated 
ECG-electrodes connected to an ECG triggering system (Small Animal Instruments). 
The electrodes were attached to the front paws with ECG paste and tape. A rectal probe 
was inserted for monitoring the body temperature which was kept at approximately 37°C 
by adjusting the water temperature of the heating pad. A pressure balloon was placed 
against the chest to monitor the respiratory rate, which was maintained at 50-60 bpm by 
adjustment of the isoflurane level. Directly after the first MRI session, a 150 µL bolus of 
saline containing 1.0 mmol/kg Sinerem (ferumoxtran, Guerbet) was injected via the tail 
vein catheter. The MRI session was repeated 1 day post-injection. 

Directly after the second MRI session analgesia was administered (0.1 mg/kg buprenor-
phine hydrochloride, Schering-Plough), and 15 min later the mice were euthanized 
by incision of the diaphragm. Subsequently, the vena cava was transected and tissue 
perfusion was performed by injection of 5 ml 0.9% NaCl and 5 ml 1% paraformaldehyde 
(Sigma-Aldrich) directly into the left ventricle. The heart was excised together with the 
aortic arch, the carotids and the subclavian arteries. The tissues were fixed for 24 h in 1% 
paraformaldehyde, and stored in 70% ethanol.

MRI protocol

MRI scans were performed with a 9.4 T small-animal scanner equipped with a 35-mm- 
diameter volume transceiver coil (Bruker BioSpin). Slice planning was performed 
the same way as described in Chapter 2. First, a 3D fast low-angle shot time-of-flight 
(3D-FLASH-TOF; echo time TE = 2.5 ms, repetition time TR = 17 ms, field of view FOV 
= 20 × 20 × 10 mm3, matrix = 200 × 200 × 100, number of averages NA = 2, flip angle 
FA = 20°) was acquired of the chest region. Axial and longitudinal cross-sectional slices 
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of the brachiocephalic artery (BCA) were reconstructed from the 3D-dataset and used 
for planning the BCA view shown in figure 4.1A. This T1-weighted anatomical reference 
image was acquired with an ECG-triggered, respiratory gated fast low-angle shot (FLASH) 
sequence (TE = 3.2 ms, FOV = 20 × 20 mm2, matrix 400 × 400, slice thickness 0.5 mm, 
NA = 6 and FA = 40°).

For T1ρ-mapping a spin-lock preparation with a gradient echo readout similar to the one 
described previously in Chapter 3 for T1ρ-mapping of the liver was used. The protocol 
consisted of a spin-lock preparation phase with a B0 and B1 inhomogeneity compensation 
scheme (18), which was applied in a global fashion to avoid adverse effects of motion. For 
the gradient echo readout, ECG-triggering and respiratory gating were applied to cope 
with cardiac and respiratory motion, and to prevent imaging artefacts from high blood 
flow in the BCA. The imaging acquisition window was maintained at a constant cardiac 
phase to prevent motion artefacts and guarantee accurate registration between images, 
regardless of the spin-lock duration. To reduce the acquisition window, the gradient echo 
readout (TE = 2.06 ms, TR = 4.12 ms, segment TR = 2000 ms, NA = 8, acquisition matrix 
= 200 × 200, reconstruction matrix = 400 × 400, FA = 30°) was applied in 40 segments of 
5 echoes. The acquisitions were performed at three different spin-lock amplitudes: 0 Hz, 
the amplitude at which the spin-lock preparation becomes a spin-echo preparation and 
T1ρ is equal to T2; 500 Hz, because this is frequently applied on clinical systems (19); and 
2000 Hz, which was the maximum for the RF-coil and hence the condition for which the 
highest contrast was expected based on the results in chapter 3. Five different spin-lock 
times (TSL = 3, 6, 12, 24 and 48 ms) were applied per spin-lock amplitude.

MRI data analysis

Image analysis was performed using a custom-built algorithm in Mathematica 9.0 
(Wolfram Research). T1ρ and T2 maps were generated by pixel-wise mono-exponential 
fitting of the signal intensities at different TSL. Two regions of interest (ROIs), one enclosing 
the BCA atherosclerotic plaque and one in the muscle in the forepaw, were manually 
drawn on the T1-weighted image. These ROIs were subsequently used to determine the 
mean plaque and muscle T1ρ and T2 values from the maps. For averaging over animals 
and calculation of the plaque mean, R1ρ = T1ρ

-1 values were used. A filter was applied to 
select only those pixels in the ROI with an R2 of fit of at least 0.7. Average histograms 
of T1ρ and T2 in the atherosclerotic plaques of all mice were created with the following 
settings: 20 bins, bin width 5 ms, and a range of 0 to 100 ms. A spline function was fitted 
through the average histograms to visualize the changes in T1ρ and T2 distribution after 
Sinerem injection. For each plaque, the mean R1ρ change, ΔR1ρ (and R2 change, ΔR2), was 
calculated because, under in vitro conditions, this parameter has a linear relation with 
iron oxide concentration.

pEPR

The pEPR measurements were performed in the same way as described in chapter 2. The 
fixed aortic arches of all nine mice were dissected from the heart and placed in 250 µl vials 
with 70% ethanol. Measurements were performed with a Pepric Particle Spectrometer 
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3-V2 (Pepric NV, Leuven, Belgium). During the measurements an RF field of 300 MHz 
and a magnetic field of 10 mT were employed. The measured voltage is proportional to 
the amount of particles (20). A calibration with a series of samples with a known concen-
tration of Sinerem was performed to obtain the conversion factor between voltage and 
iron quantity. 
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Figure 4.1 • Overview of imaging protocol with representative data from one mouse. (A) Full 
field-of-view (FOV) T1-weighted image pre-injection with muscle ROI (dashed white line). The 
rectangular box represents the brachiocephalic artery (BCA) plaque region enlarged in (B) with 
plaque ROI (p; dashed white line). (C) The same region one day after Sinerem injection, demon-
strating the reproducibility of the planning procedure. (D) Pre-injection T1ρ- (and T2-)weighted 
images at various spin-lock amplitudes (γB1) and durations (TSL). (E) Pre-injection and (F) post- 
injection T1ρ and T2 maps, pixels with an R2 of fit below 0.7 were filtered out (white pixels). The 
solid line is a visual aid and represents the outer contour of the blood vessels including the plaque. 
ao = ascending aorta; bca = BCA; p = plaque; rca = right carotid artery; rsa = right subclavian 
artery.
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Statistics

Statistical analysis was performed in SPSS Statistics 22 (IBM). Pairwise comparisons 
of T1ρ, T2, ΔR1ρ and ΔR2 values were performed with a two-sided paired-samples t-test. 
Pearson’s correlation coefficient was used to test the correlation between iron concentra-
tion determined by pEPR with T1ρ and ΔR1ρ values. Unless noted otherwise, all values are 
reported as mean ± standard deviation (SD), in case of repeated measures SD is corrected 
for between-subject variations. The significance level for all statistical tests was set at α 
= 0.05.

Results

Figure 4.1 shows an overview of the imaging protocol with an example of the results 
obtained from one mouse. High-resolution T1-weighted images were acquired as anatom-
ical reference and both muscle ROI (Figure 4.1A) and BCA plaque ROI (Figure 4.1B) were 
drawn on those images. The repeatability of the slice planning was demonstrated by the 
good registration of pre- and post-contrast images (Figures 4.1B & 4.1C). The T2-weighted 
images (γB1 = 0 Hz) and T1ρ-weighted images (γB1 = 500 and 2000 Hz) acquired at five 
different pulse durations (TSL = 3, 6, 12, 24, and 48 ms) are shown in figure 4.1D and 
demonstrated excellent anatomical registration, providing evidence of the robustness of 
the sequence. From these serial images the decrease of signal intensity with incrementing 
TSL was apparent, as well as the reduction of this effect at higher spin-lock γB1. Pixel-wise 
fits of the T1ρ- and T2-weighted images resulted in parametric T1ρ and T2 maps (Figures 
4.1E & 4.1F). A decrease of T1ρ and T2 in the plaque, as well as an over-all contrast agent 
induced lowering of T1ρ and T2 were observed in these maps.

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
0.0

0.1

0.2

0.3

P
ix

el
 f

ra
ct

io
n 

[-]

T2 [ms]

γB1 = 500 Hz

T1ρ [ms]

γB1= 2000 Hz
 
 24h       post-

injection

pre-injection

T1ρ [ms]

T2 

Figure 4.2 • Average T1ρ and T2 distributions in the BCA plaque (n = 9) before and one day after 
Sinerem injection. These distributions were constructed by spline fitting of averaged histograms.

The average T1ρ and T2 distributions are shown in figure 4.2, they appear to be close 
to normal distributions. For higher γB1 the T1ρ values increased and the distributions 
broadened. At all three spin-lock amplitudes the distributions appear to be shifted to 
lower values at day one after contrast agent injection. Figure 4.3A and B show the pre- and 
post-injection T1ρ and T2 values in the plaque and muscle, respectively. In the plaque both 
T1ρ and T2 values were significantly lowered post-injection (P < 0.01). And, although the 
USPIO-induced contrast was much smaller in the muscle, the changes between pre and 
post were still significant for T2 and T1ρ(2000 Hz) (P = 0.024 and P = 0.033, respectively). 
The plaque ΔR1ρ values at 500 Hz (13.2 ± 4.4 ms) and at 2000 Hz (10.9 ± 5.4 ms) were much 
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larger than ΔR2 (3.1 ± 3.8 ms; P = 0.002 and P = 0.028, respectively). Going to an amplitude 
of 2000 Hz did not yield an advantage over 500 Hz, as ΔR1ρ values at these two amplitudes 
were not statistically different (P = 0.505). No significant differences between ΔR2 and 
ΔR1ρ values were observed in the muscle. In figure 4.3C and D typical T1ρ signal decay 
curves as a function of TSL are shown. In the plaque there is a large difference between 
pre- and post-injection signal intensities which is absent in the muscle.

After the in vivo experiments the aortas were excised and their iron content was deter-
mined with pEPR. This yielded a mean value ± standard error (SE) of 39.1 ± 3.2 ng iron 
per aortic arch.
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Figure 4.3 • In vivo T1ρ and T2 contrast. (A-B) Mean T1ρ values (open symbols) and T2 values (solid 
symbols) in (A) BCA plaque and (B) muscle before and one day after injection of Sinerem (n = 9). 
Error bars represent standard deviations, significant differences between pre- and post-injection 
values are denoted with * (P < 0.05), ** (P < 0.01) or *** (P < 0.001). (C-D) Typical T1ρ weighted 
signal decay for a single mouse at γB1 = 500 Hz in (C) BCA plaque and (D) muscle as function of 
TSL, for pre- and post-injection measurements.

Discussion & Conclusion

In this study, T1ρ-mapping by spin-lock MRI was evaluated as a quantitative imaging tool 
for monitoring USPIO uptake in the mouse brachiocephalic artery plaque and compared 
to T2-mapping. T1ρ-weighted images were acquired with a consistent quality for variable 
spin-lock amplitude and duration, allowing for robust mapping. A significant decrease in 
plaque T1ρ and T2 values was observed one day after injection of the USPIO contrast agent. 
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The muscle was used as a control tissue, which should show minimal uptake of iron oxides. 
In the muscle only a very small change in T1ρ and T2 values was indeed observed after 
USPIO injection, much smaller than changes in the plaque. This supports the fact that 
the effects observed in the plaque are due to the USPIO uptake, and not due to residual 
USPIO circulating in the blood stream.

In the atherosclerotic plaque, no large difference between T1ρ values at 500 Hz and 
2000 Hz were observed. Both T1ρ values were however higher than T2 values, indicating 
that an endogenous T1ρ dispersion in the plaque may be present between 0 and 500 Hz. 
The fact that ΔR1ρ is up to 4 times larger than ΔR2 is in line with the in vitro results from 
chapter 3, and suggests there is also an USPIO-induced suppression of T1ρ dispersion 
in the plaque in vivo. In short, the theory derived from those in vitro experiments is 
that for iron oxide particles in the visit limited regime, such as Sinerem, there is a full 
dephasing zone surrounding the particle where the proton spins are fully dephased upon 
entry and therefore unable to maintain spin-lock. Due to this disruption of spin-lock T1ρ 
becomes less dependent on γB1 and T1ρ dispersion is lost. The current results support the 
hypothesis that for a tissue with endogenous T1ρ dispersion, iron oxide contrast agents 
can yield enhanced contrast at higher spin-lock amplitudes, which therefore is beneficial 
compared to T2-based contrast.

The T1ρ and T2 results can be compared to the T2 effects found in a previous study (Chapter 
2), where we used an MLEV-prepared sequence for T2-mapping. Notably, the ΔR2MLEV 
values in the plaque one day after Sinerem injection (12.9 ± 2.8 ms; n = 27) were signifi-
cantly larger than the ΔR2 values observed in this study (P < 0.001). ΔR1ρ at 500 and 
2000 Hz were however not statistically different from ΔR2MLEV (P = 0.887 and P = 0.418, 
respectively). The pEPR determined iron level in this study (39.1 ± 3.2 ng) was not signifi-
cantly different from 43.2 ± 9.8 ng (n = 5) found for the equivalent group in the previous 
study, which means direct comparison of these groups is justified. We can thus conclude 
that the sensitivities of T1ρ-mapping and MLEV-prepared T2-mapping for USPIO in the 
plaque are comparable. The explanation for this unexpected result is probably in the 
design of the MLEV T2-preparation sequence. In this sequence, the RF pulses make up 
a relatively large part, up to 20%, of the effective echo time, much more than in case of 
regular spin-echo and the 0 Hz spin-lock preparation. Relaxation during these pulses 
therefore has a relatively large influence. Since in this sequence B1 is always orthogonal 
to the magnetization the relaxation is governed by T2ρ (21). The MLEV T2-prep is thus 
contaminated by a transversal spin-lock contribution, which could be a source for the 
larger iron oxide-induced contrast difference compared to regular T2 methods. Addition-
ally, the ‘spin-lock’ amplitude of these pulses was rather high, up to 6 kHz.

One noteworthy observation is the large difference in T1ρ-weighted pre- and post-injection 
signal intensities observed in the plaque, which is absent in the muscle (Figure 4.3C-D). 
This was also observed in the previous experiments in the liver in vivo (Chapter 3), and is 
thought to be due to the USPIO-induced T2* effect influencing the gradient echo readout. 
The absence of this effect in the muscle proves that it is caused by the iron oxides.
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In conclusion, quantitative T1ρ imaging was demonstrated as a viable method for moni-
toring USPIO uptake in the brachiocephalic artery plaque in vivo that yields enhanced 
contrast compared to spin-echo prepared T2-mapping. 
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Purpose The goal of this study was to compare and optimize two MRI sequences, i.e. multiple 
chemical shift selective rapid acquisition with relaxation enhancement (MCSS-RARE) and 
fluorine ultra-fast turbo spectroscopic imaging (FuTSI), for frequency selective imaging of 19F 
containing contrast materials. Additionally, the sequences were evaluated for in vivo imaging 
of plaque inflammation in atherosclerotic mice.

Methods The two sequences were tested using phantoms containing lipid emulsions of perflu-
orooctyl bromide (PFOB) and perfluoro-15-crown-5 ether (PFCE). In vivo 19F measurements 
were performed with atherosclerotic plaque-bearing ApoE-/- mice injected with a PFOB emul-
sion. Ex vivo MCSS-RARE of the aortic arch was subsequently acquired overnight with 16.7× 
more averages than in vivo. 1H MRI was used as anatomic reference.

Results Restrictions imposed by hardware limitations led to different parameter settings (i.e. 
echo time and bandwidth), which limited a straightforward comparison of the two sequences. 
Nonetheless, under these circumstances, the MCSS-RARE sequence was found to be superior 
in terms of SNR, acquisition speed and spatial resolution. In phantom experiments a 4.6× higher 
SNR than FuTSI was obtained in less than 1/25

th of total scan time. A 2.8× difference in liver 
SNR was found in vivo in half the scan time. Neither sequence was able to detect 19F signal 
in the plaques in vivo. However, ex vivo the 19F signal was detected at the major plaque sites 
throughout the excised aortic arch.

Conclusion In this study, MCSS–RARE was superior to FuTSI for in vivo 19F MRI following 
injection of PFOB emulsion, when analyzing the 19F signal from the liver. Ex vivo experiments 
confirmed uptake of the emulsion in the atherosclerotic plaques. However, the amount of 19F 
was apparently too low for in vivo detection within reasonable scan time.

Fluorine magnetic resonance imaging (19F MRI) using fluorinated compounds is a 
promising technique for molecular imaging (1–3). It benefits from several advanta-
geous properties over traditional Gd- and iron oxide-based contrast agents. The 19F 

isotope has a 100% natural abundance, the nucleus has spin ½, its gyromagnetic ratio is 
40.05 MHz/T and its MR sensitivity 83% of that of 1H (1). Contrary to T1 and T2 contrast 
agents like gadolinium and iron oxide particles, which rely on changing the relaxation 
behavior of nearby water protons, 19F contrast agents are detected directly by 19F MRI (2). 
There are no significant amounts of 19F present in the body and therefore no background 
signal, giving rise to high specificity and ‘hot spot’-like imaging characteristics. However, 
the challenge to 19F MRI is that, while 1H MRI can rely on a 70-80 M concentration of 
1H in tissue, all 19F nuclei contributing to the signal must be introduced via the contrast 
agent. Most fluorine contrast agents consist of perfluorocarbon (PFC) compounds. These 
biochemically inert molecules are insoluble in water and are therefore commonly admin-
istered in the form of lipid emulsions or encapsulated in polymer shells (4). Either form of 
nanoparticle packaging ensures a large per-particle payload of 19F atoms. 

Most PFC compounds have multiple resonance peaks, which necessitates the use of spec-
tral imaging approaches to separate the resonances. An exception is perfluoro-15-crown-5 
ether (PFCE) which has 20 chemically identical 19F groups that all contribute to form a 
single, large resonance peak (Figure 5.1). For PFCE conventional sequences can be used 
that yield a high signal-to-noise ratio (SNR), and it is therefore a popular compound in 
preclinical research. On the downside, PFCE has a long biological half-life of more than 
250 days, precluding clinical application (5). Perfluorooctyl bromide (PFOB) emulsions 
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have already been approved for use in patients as blood substitute (6), making them ideally 
suited for clinical translation of PFOB based 19F MRI. PFOB has 5 resonance peaks (Figure 
5.1) and thus requires a spectrally resolved imaging sequence. 

Figure 5.1 • Chemical structures and MR spectra of perfluoro-15-crown ether (PFCE; top) and 
perfluorooctyl bromide (PFOB; bottom). The resonance frequency of PFCE is set to 0 ppm. 
Reproduced with permission from Jacoby et al. (5).

Standard spectral imaging methods like chemical shift imaging (CSI) acquire a full spec-
trum in every voxel. For spatial encoding they rely entirely on phase encoding, which leads 
to very lengthy acquisition times. 19F MRI could therefore benefit greatly from accelera-
tion techniques. In this study we compared two such approaches: fluorine ultrafast turbo 
spectroscopic imaging (FuTSI) (7) and multi chemical shift selective rapid acquisition 
with relaxation enhancement (MCSS-RARE) (8). FuTSI is a true spectral imaging method 
– essentially a spin-echo CSI accelerated by application of turbo spin-echo. MCSS-RARE 
on the other hand is a spectrally selective imaging method, acquiring signal from a single 
resonance peak by frequency selective excitation. Compared to other spectrally selective 
methods MCSS-RARE benefits from acceleration by interleaved excitation and acquisition 
of signals from multiple resonance peaks. In this way, information from the full spectrum 
can still be obtained without an acquisition time penalty. 

In this study FuTSI and MCSS-RARE were compared in phantom measurements. 
Additionally, in vivo and ex vivo imaging of atherosclerotic plaques in ApoE-/- mice 
was performed after i.v. injection of macrophage homing PFOB emulsion. PFC based 
nanoparticles have been applied for passive macrophage labelling to detect inflammation 
in various other diseases, including myocardial infarction (9), myocarditis (10), cerebral 
ischemia (9), graft rejection (11) and pneumonia (12). For more information we refer to 
some excellent reviews written on this topic (2,13,14).
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The goal of this study was twofold: (1) To optimize and compare the performance of 
MCSS-RARE and FuTSI in terms of spatial resolution and SNR per unit time and (2) to 
test whether we could use one of these methods for in vivo 19F MRI inflammation imaging 
in mouse atherosclerosis.

Methods

Sequences

MCSS-RARE, schematically drawn in figure 5.2 (top), is a chemical shift selective method 
which acquires signal from one resonance peak at a time by applying a narrow bandwidth 
90° excitation pulses without any gradients. The signal readout consists of a train of 180° 
refocusing pulses, allowing multiple k-lines to be acquired after a single excitation like 
in standard RARE. In the case of 2D imaging, frequency selective refocusing pulses are 
used in combination with a slice selection gradient. Instead of waiting a full repetition 
time (TR) before repeating the echo train, in MCSS-RARE additional resonance peaks 
are excited during one TR in an interleaved way. In this way signal can be acquired from 
N resonances with time TR/N between acquisitions. Depending on the echo time (TE), 
the number of echoes per train, the number of acquired resonances and the minimum 
TR, acquisition of additional resonances results in limited or no increase of total scan 
time compared to single resonance imaging. 

The FuTSI sequence (Figure 5.2 bottom) is a spectral imaging method. Therefore, no gradi-
ents are applied during the readout phase and spatial localization of the signal is achieved 
entirely by phase encoding. For 2D imaging this results in phase encoding in two spatial 
directions. Slice selection in the third dimension is achieved by slice selection gradients 
during excitation and refocusing. Like in MCSS-RARE, an echo train is applied to acquire 
multiple k-lines following one excitation. A pseudo-radial k-space sampling scheme was 
applied projected on a Cartesian grid (7). Echo train length and radial spoke length were 
kept equal. In this way T2 signal weighting during the echo train was equally distributed 
from the center of k-space towards the edges, which minimized T2 related artifacts.

PFC emulsion preparation

The PFOB emulsion was prepared from purified egg lecithin (E-80, Lipoid) mixed in a 
1000:1 molar ratio with PE-rhodamine (Avanti) which was dissolved in a 7:3 (v/v) chlo-
roform: methanol mixture. The PFCE emulsion was made from a 1:0.16:0.54 molar ratio 
DSPC (Genzyme): DSPE-PEG2000 (Avanti): cholesterol (Avanti) and dissolved in a ratio 
of 4:1 chloroform to methanol. For both solutions the solvent was removed by a rotary 
evaporator to create a lipid film, which was subsequently stored for up to 2 days under a 
steady flow of N2. Hydration was performed with a pH 7.4 tris-hydroxymethyl-amino-
methane (THAM) buffer at 60 °C for 30 min. Next, the suspensions were processed in a 
microfluidizer at 60 °C for 4 minutes and either PFOB or PFCE were added during the first 
15 s. This yielded emulsions of respectively 55% w/v PFOB and 34.4% w/v PFCE. Average 
particle hydrodynamic diameters as determined by dynamic light scattering were 221.6 
nm and 235.8 nm, respectively.
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Figure 5.2 • Sequence diagrams of (top) 2D multi chemical shift selective RARE (MCSS-RARE) 
and (bottom) 2D fluorine ultrafast turbo spectroscopic imaging (FuTSI). (top) F1 indicates the exci-
tation at the first resonance frequency, with corresponding echoes F1.1, F1.2, etc. The different 
resonance peaks are acquired in an interleaved fashion, i.e. excitation F2 is applied at TR/N after 
F1, with TR the repetition time and N the total number of resonances. During the excitation pulses 
all gradients are off. (bottom) FuTSI relies on phase encoding in two directions and no gradients 
are applied during readout of the echoes. RF = radiofrequency; R = readout gradient; P = phase 
encoding gradient; S = slice selection gradient; TE = echo time.
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Phantom measurements

All phantom experiments were performed on a 7 T preclinical MRI scanner (Bruker 
BioSpin) equipped with a 35-mm-diameter 1H/19F dual-tunable volume transceiver 
radiofrequency (RF) coil. Four vials were prepared: one with the PFCE emulsion, two 
with the PFOB emulsion and one with a 1:1 mixture of both emulsions. The vials were 
placed in a water-filled holder. First, the RF coil was tuned to the 1H frequency and a scout 
scan was acquired with multiple orthogonal planes. A slice containing all 4 vials was 
planned through the center of the vials and a 1H reference image was acquired with a fast 
low-angle shot (FLASH) sequence (field-of-view FOV = 30 × 30 mm2, matrix = 128 × 128, 
reconstruction matrix = 256 × 256, slice thickness ST = 2 mm, TR = 8 ms, TE = 3 ms, 
number of averages NA = 100). Subsequently, the coil was tuned to the 19F frequency. A 
single pulse experiment was run in repetitive mode and the 90° pulse attenuation was 
manually calibrated. One single 90° pulse experiment was used to acquire the spectrum 
(spectral bandwidth BW = 25 kHz, spectral points = 2048) from which the relative reso-
nance peak positions were determined. Relaxometric measurements were performed with 
a Carr-Purcell-Meiboom-Gill (CPMG) sequence (32 echoes, TE = 26.7 ms, BW = 5 kHz, 
spectral points = 64) for T2 determination and a saturation recovery experiment with 
variable TR (10 dummy scans, TR = 100, 250, 500, 750, 1000, 1500, 2000, 2500, 3000 ms, 
BW = 25 kHz, spectral points = 2048) for T1 measurements. The refocusing bandwidth 
of the CPMG sequence was restrained by hardware limitations to 5 kHz or 17.7 ppm and 
the spectral window included the PFOB CF3 and PFCE peaks.

From the measured T1 the optimal TR was determined to obtain the highest SNR per unit 
time. Assuming a fixed scanning time the number of averages is inversely related to the 
repetition time (NA ~ TR-1). An optimum TR can therefore be determined by finding the 
maximum of    

SNR TR
TR
T∼ −

−

−1 1 1( )e      (5.1)

with SNR the signal-to-noise ratio. For T1 = 1319 ms (PFOB CF3) this yields an optimal 
TR of 1657 ms, which we subsequently applied in all further experiments. 

19F images of the 4-vial phantom were acquired from the same slice as the 1H reference 
image with both MCSS-RARE (resonance peaks = PFOB CF3 and PFCE, matrix = 64 × 64, 
reconstruction matrix = 128 × 128, RARE factor = 64, TE = 8.9 ms, BW = 10 kHz, NA = 
5, scan time = 9.9 s) and FuTSI (matrix = 31 × 31, reconstruction matrix = 64 × 64, RARE 
factor = 16, TE = 26.7 ms, BW = 5 kHz, spectral points = 64, NA = 5, number of spokes 
NSp = 64, scan time = 8 min 50 s) with the PFOB CF3 and PFCE peaks in the spectrum. 
Due to hardware limitations the bandwidth for FuTSI was restricted to 5 kHz, which led 
to a longer TE in comparison to MCSS-RARE.

In a second phantom experiment a dilution series of the PFOB emulsion (1.1, 2.75, 5.5, 11, 
16.5, 27.5, 41.3, and 55% w/v PFOB) was scanned. Similar to the first phantom experiment 
a 1H reference image was acquired followed by MCSS-RARE (BW = 5 kHz, NA = 30, scan 
time = 59 s) and FuTSI (NA =15, scan time = 26 min 30 s) 19F images.
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Animal experiments

All procedures regarding animals were approved by the ethical review committee of 
Maastricht University and were performed according to the Dutch national law and the 
guidelines set by the institutional animal care committee, accredited by the national 
department of health. The experiment design was similar to the one introduced in chap-
ters 2 and 4. Three 7 week old female C57bl/6 ApoE-/- mice (Charles River Laboratories) 
were put on a Western-type diet containing 0.25% cholesterol (4021.6 Purified diet W, 
ABdiets) to induce accelerated plaque formation (15). 15 weeks after the start of the diet 
the mice were injected with the PFOB emulsion. Anesthesia was induced (1-2% isoflurane 
in 0.4 L/min medical air) and a catheter was inserted into the tail vein. The emulsion was 
filtered (sterile 0.45 µm cut-off filter) and a bolus of 250 µl PFOB emulsion was slowly 
injected manually (in circa 1 min). The mice were then allowed to recover and at one 
day after the injection anesthesia was again induced and the mice were placed in prone 
position on an animal bed equipped with an anesthesia mask and heating pad (circulated 
with warm water). A rectal probe was inserted for monitoring the body temperature which 
was maintained at approximately 37°C by adjusting the water temperature of the heating 
pad. A pressure balloon was fixed against the chest to monitor the respiratory rate, which 
was maintained around 50-60 bpm by adjustment of the isoflurane level. 

Directly after the MRI session analgesia was administered (0.1 mg/kg buprenorphine 
hydrochloride, Schering-Plough), and 15 min later the mice were euthanized by incision 
of the diaphragm. Subsequently, the vena cava was transected and tissue perfusion was 
performed by injection of 10 ml 0.9% NaCl directly into the left ventricle. The aortic arch, 
the carotids and the subclavian arteries were excised as a whole and transferred to a vial 
with 0.9% NaCl for ex vivo MRI. 

In vivo MRI

Like the phantom experiments, the in vivo measurements were performed with a 7 T 
preclinical MRI scanner equipped with a 35-mm-diameter 1H/19F dual-tunable volume 
transceiver RF coil. A 1H 3D fast low-angle shot time-of-flight dataset (3D-FLASH-TOF; 
TE = 2.5 ms, TR = 17 ms, FOV = 20 × 20 × 10 mm3, matrix = 200 × 200 × 100, NA = 2, 
flip angle FA = 20°) was acquired of the chest region for the purpose of slice planning as 
described in detail in chapter 2. A 2 mm thick axial slice with a FOV of 35 × 35 mm2 was 
planned to encompass the heart, liver, aortic arch and brachiocephalic artery (BCA). A 1H 
reference image of this slice was acquired with a retrospectively cardiac/respiratory gated 
FLASH sequence (TR = 8 ms, TE = 3, matrix = 128 × 128, reconstruction matrix = 256 × 
256, number of repetitions NR = 100). A single pulse 19F experiment was performed for 
acquisition of the full resonance spectrum. 19F images were subsequently acquired of the 
PFOB CF3 and BrCF2 peaks with MCSS-RARE (matrix = 64 × 64, reconstruction matrix 
= 128 × 128, RARE factor = 64, TE = 8.9 ms, BW = 10 kHz, spectral points = 64, NA = 
1500, scan time = 41 min 25 s) and FuTSI (matrix = 31 × 31, reconstruction matrix = 64 × 
64, RARE factor = 16, TE = 26.7 ms, BW = 5 kHz, spectral points = 64, NA = 50, number 
of spokes NSp = 64, scan time = 88 min 22 s). 



84

5

ch
a
pt

er

Ex vivo MRI

Ex vivo MRI was performed with a 7 T and a 9.4 T preclinical scanner (Bruker BioSpin) 
with a loop-gap coil and a solenoid coil, respectively. Both were 10-mm-diameter 1H/19F 
dual-tunable coils. 1H images were acquired with FLASH in the same way as for the 
phantom measurements. The slice was planned to include the aortic arch and the branches. 
19F imaging was performed overnight with MCSS-RARE (resonance peaks PFOB CF3 and 
BrCF2, matrix = 64 × 64, reconstruction matrix 128 × 128, RARE factor = 64, TE = 8.9 
ms, BW = 10 kHz, spectral points = 64, NA = 25,000, scan time = 10 h 25 min).

Data analysis

Image reconstruction of the FuTSI data was done offline using a custom-made algorithm 
in Matlab 2013b (Mathworks). A spectral window was defined for each resonance peak and 
the signal intensity in each voxel was determined by integration over that window. Data 
analysis was performed using a custom-made algorithm in Mathematica 9.0 (Wolfram) 
and involved drawing regions-of-interest (ROIs) around the vials (phantom) or in the 
liver (in vivo) in the 1H images, as well as drawing background ROIs. These ROIs were 
then used to extract the mean 19F signal and the SNR.

Results

Figure 5.3 shows the images of the 4-vial PFOB/PFCE phantom. Both MCSS-RARE and 
FuTSI were capable of separately imaging PFOB (CF3 peak) and PFCE in a single acquisi-
tion. T1 and T2 of the PFOB CF3 peak were 1319 ms and 652 ms, respectively, and 955 ms 
and 248 ms for the PFCE peak, respectively. The SNR values of the PFOB dilution series 
shown in figure 5.4 were found to be linearly dependent on the relative PFOB concentra-
tion (R2 > 0.98). As one would expect from their relative intensity in the PFOB spectrum, 
the BrCF2 peak yielded a lower SNR than the CF3 in the MCSS-RARE acquisition. Adding 
the signal from the two peaks yielded an intermediate SNR. Comparison of MCSS-RARE 
versus FuTSI yielded a 4.6× higher SNR for the CF3 peak at the highest concentration. This 
is a remarkable difference in performance, since the scan time of MCSS-RARE was >25× 
shorter (59 s versus 1590 s, respectively) and the resolution was twice as high (matrix = 
64 × 64 versus 31 × 31, respectively). 

The in vivo results displayed a large uptake of the PFOB emulsion in both the liver and 
the spleen (Figure 5.5B-C). The SNRs obtained from the CF3 peak by MCSS-RARE and 
FuTSI were determined for a ROI encompassing the entire liver and yielded values of 15 
and 5.4, respectively. This 2.8× difference for the MCSS-RARE sequence was achieved 
with less than half the scan time (41 min 25 s versus 88 min 22 s, respectively) and again 
twice the resolution in each direction (matrix = 64 × 64 versus 31 × 31, respectively). 
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Figure 5.3 •  

19F images of the 4-vial PFOB/PFCE phantom 
(color) overlaid on 1H reference image (grayscale). (A) 1H 
reference image with the contents of each vial labeled. (B) 
Two separate MCSS-RARE images acquired from the PFOB 
CF3 and PFCE resonance peaks. (C) Two separate FuTSI 
images reconstructed from integration over the PFOB CF3 
and PFCE peaks of the resonance spectrum. (B) and (C) were 
reconstructed from a single MCSS-RARE and FuTSI scan, 
respectively.

Although the maximum available in vivo scan time was optimally used for averaging in 
the two sequences in order to maximize the SNR, neither approach detected any 19F signal 
from the aortic arch region where the advanced atherosclerotic plaques are located. As 
anticipated, both sequences did detect large quantities of 19F in the liver and spleen. Liver 
and spleen are part of the reticuloendothelial system responsible for clearance of the PFOB 
emulsion (16). The MCSS-RARE also detected two smaller hot-spots in the neck of some 
of the animals, which was likely due to uptake in lymph nodes.
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with 25,000 averages revealed presence of 19F at the major plaque sites (aortic root, aortic 
arch, BCA, carotid bifurcations; Figure 5.6). These results indicate that, while there was 
uptake of the PFOB emulsion in the plaque, the in vivo sensitivity was apparently too low 
to enable detection under the present conditions. 
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Figure 5.4 • SNR values for a dilution series of PFOB. MCSS-
RARE SNR values (open symbols) were calculated for the 
CF3 and BrCF2 peaks separately and from the sum of the two 
(combi). FuTSI SNR (solid symbols) was determined for the CF3 
peak only. The solid lines represent linear fits (R2 > 0.98).
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Figure 5.5 • Representative in vivo images one day post PFOB injection. 19F images (color) were 
overlaid on 1H reference images (grayscale). (A) 1H reference image. (B) MCSS-RARE and (C) 
FuTSI images of the PFOB CF3 resonance peak show uptake of the emulsion in the liver and the 
spleen. a = ascending aorta; b = BCA; c = right carotid artery; H = heart; L = liver; sp = spleen; 
st = stomach.
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Figure 5.6 • Ex vivo images of the aortic arch and branches 
acquired at 9.4T. (A) 1H reference image with a schematic 
drawing of the center lines of the arteries. (B) 1H reference 
image. (C) 19F MCSS-RARE image of the PFOB CF3 reso-
nance peak overlaid on 1H reference image. a = aorta; b = 
BCA; lc/rc = left/right carotid artery; bf = carotid bifurcation; 
ls/rs = left/right subclavian artery; r = aortic root.

Discussion

In this study two goals were pursued: (1) optimizing and comparing two accelerated spec-
tral imaging and spectrally selective imaging sequenced for in vivo 19F MRI and (2) trying 
to image mouse plaque inflammation in vivo using the optimal protocol. In terms of SNR, 
acquisition speed and resolution, MCSS-RARE was found to be the superior sequence. 
However, even with this optimized sequence, under the current experimental conditions 
no 19F was detected in the plaques in vivo, although ex vivo experiments provided prove 
that there indeed had been uptake of the PFOB emulsion in the plaque.

In the phantom experiments it was shown that both sequences are capable of imaging two 
different PFC compounds in one acquisition, also when the emulsions are mixed together. 
This is in line with previous results of Jacoby et al. (8) and Yildirim et al. (17) for MCSS-
RARE and FuTSI, respectively. Additionally, both of those previous studies demonstrated 
simultaneous imaging of PFOB and PFCE in mice in vivo. Our phantom experiments 
further demonstrated high signal linearity with 19F concentration (R2 > 0.98) for both 
sequences. Summation of the PFOB CF3 and BrCF2 MCSS-RARE images unexpectedly 
yielded an SNR between that of both individual images, possibly due to residual signal in 
the background ROI. In contrast, for summation of all 5 resonance peaks of PFOB Jacoby 
et al. observed an amplified SNR.

In both the phantom and the in vivo experiments the MCSS-RARE sequence was found 
to be far superior to the FuTSI sequence when SNR, speed and resolution are compared. 
However, one may expect a similar performance in terms of SNR per unit time. Both 
methods are based on a turbo spin-echo sequence and while for spectral imaging more 
phase encoding steps are needed to acquire the same number of voxels as in regular 
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imaging, the full echo contributes to the signal from each voxel instead of being divided 
over all voxels in the read direction. In theory, this should compensate for the lost time 
and consequential lower number of averages. However, due to practical considerations, 
acquisition parameters of FuTSI and MCSS-RARE were not fully matched. First of all, 
for FuTSI hardware limitations restricted the bandwidth of the refocusing pulse to 5 kHz 
and with a corresponding readout bandwidth of 5 kHz this resulted in an echo spacing 
of 26.7 ms, which was considerably longer than 8.9 ms for MCSS-RARE. This increased 
the effect of T2 relaxation in the FuTSI echo train and limited the length of the echo train. 
Based on this consideration the SNR of FuTSI is lower than that of MCSS-RARE. On the 
other hand, the voxel size of MCSS-RARE was a factor 4 smaller and in vivo the readout 
bandwidth was a factor 2 higher, which decreases the SNR of MCSS-RARE in comparison 
to FuTSI. Taken together, the theoretical SNR differences of FuTSI and MCSS-RARE 
matched the observations reasonably well.

PFOB emulsion accumulation in the plaques could not be visualized in vivo. Since ex 
vivo measurements with overnight averaging did prove the presence of 19F at all major 
plaque sites, the conclusion is that the uptake was too low and fell below the detection 
threshold. In an effort to determine the in vivo detection threshold we attempted to 
quantify the amount of PFOB from the ex vivo data. To this end, we scanned a dilution 
series of PFOB emulsion with the exact same protocol as the ex vivo measurements. The 
maximum signal intensity measured in the ex vivo sample was however still a full order of 
magnitude smaller than that of the lowest PFOB concentration (1.1% w/v) in our reference 
series and quantification was therefore not possible. To enable detection of PFOB emulsion 
uptake in the plaque in vivo requires either a larger amount of 19F uptake or a more sensi-
tive measurement method. Strategies could involve increasing the payload of PFOB per 
particle (emulsions of 70% w/v have been previously reported (5)), using a larger animal 
model with larger plaque volumes or administrating emulsion via multiple injections (9). 
Repeated injection could ensure a high blood plasma level over a longer period of time 
and hence allow more time for blood monocytes to phagocytize the particles and migrate 
into the plaque. From a technical point of view, the detection threshold could be lowered 
by cardiac triggering and respiratory gating to avoid ‘smearing’ of the signal over a larger 
area (18) and by the use of surface coils to increase local detection sensitivity.

Conclusions

Under the condition of limited excitation bandwidth, the MCSS-RARE sequence was 
superior in terms of SNR, speed and resolution for 19F MRI. Ex vivo validation demon-
strated uptake of PFOB emulsion in the atherosclerotic plaques in the aortic arch area. In 
vivo 19F MRI of mouse plaque inflammation was unsuccessful and requires increased MRI 
detection sensitivity or a different approach to emulsion preparation and administration.
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Purpose The significant role of fibrin deposition in cardiovascular and oncologic disease 
processes motivates efforts in the development of imaging probes that allow noninvasive 
visualization of pathological fibrin deposition in vivo. 

Methods To allow fibrin-specific molecular MRI and magnetic particle imaging (MPI), we 
developed a fibrin-binding peptide functionalized iron oxide nanoparticle micelle (FibPep-ION-
Micelle) nanoplatform. In this study, we investigated the potential of FibPep-ION-Micelles 
for MRI and MPI-based detection of thrombi in mice with induced carotid artery thrombosis. 

Results FibPep-ION-Micelles showed a high transversal relaxivity (>200 mM-1s-1) and a strong 
magnetic particle spectrometry (MPS) signal (up to 750-fold increased signal with respect to 
Resovist), and displayed fibrin-specific and stable binding to blood clots in vitro. However, accu-
mulation of FibPep-ION-Micelles in carotid artery thrombi in vivo was nonspecific for fibrin. The 
negative control NCFibPep-ION-Micelles accumulated to similar amounts in the thrombi. The 
lack of fibrin specificity is likely due to nonspecific entrapment of nanoparticles in the mesh-like 
thrombi in vivo. This entrapment of the ION-Micelles significantly decreased T2 values in the 
thrombi with respect to pre-injection T2 values (P < 0.01) and significantly increased ex vivo 
MPS thrombus signal with respect to the noninjured, contralateral carotid (P < 0.01). 

Conclusion (Nontargeted) ION-Micelles might be of value for noninvasive MPI/MRI-based 
diagnosis, characterization and treatment monitoring of thrombosis. 

 Fibrin is a protein which plays an important role in blood coagulation and wound 
healing (1). The protein is formed after cleavage of fibrinopeptide A from the 
fibrinogen Aα-chains by thrombin, which induces fibrin polymerization (2,3). 

Deposition of fibrin is a key process in a variety of pathologies. Fibrin is a main building 
block of thrombi (4), which play a significant role in a variety of cardiovascular diseases, 
such as myocardial infarction, ischemic stroke, pulmonary embolism and deep venous 
thrombosis. Furthermore, fibrin deposition in atherosclerotic lesions has been shown to 
correlate to plaque progression and has been linked to plaque erosion and the presence of 
intraplaque vasa vasorum (5–8). In addition to cardiovascular diseases, fibrin deposition 
occurs in a variety of malignant tumors (9). Fibrin deposition induces formation of mature 
tumor stroma and provides a scaffold that facilitates tumor angiogenesis and storage 
of growth factors within the tumor (9,10). Fibrin is also known to protect cancer cells 
against the immune system by impeding their elimination by natural killer cells (11). The 
significant role of fibrin in these cardiovascular and oncologic disease processes motivates 
efforts in the development of imaging probes that allow noninvasive visualization of 
pathological fibrin deposition in vivo.

Recently, we have developed an iron oxide nanoparticle micelle (ION-Micelle) platform 
that allows sensitive magnetic resonance imaging (MRI) and magnetic particle imaging 
(MPI) (12). The ION-Micelle nanoplatform consists of hydrophobic, 25 nm-sized iron 
oxide nanoparticles, which are encapsulated into pegylated phospholipid micelles. MPI 
is a relatively new diagnostic imaging modality that is able to directly visualize magnetic 
nanoparticles (13). This represents a fundamentally different approach than iron oxide 
nanoparticle-enhanced MRI, which detects magnetic particles indirectly by measuring 
their effect on proton relaxation rates. MPI yields hotspot-like images similar to nuclear 
imaging techniques and should provide a more quantitative and sensitive alternative 
for molecular and cellular MRI (14). For optimal sensitivity in MPI, the nanocrystal 
size of the iron oxide nanoparticles should be around 20-30 nm (14), whereas currently 
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employed commercially available iron oxide formulations for MPI have a core size around 
4-6 nm (15,16). This size is too small to induce a strong signal for MPI. Magnetic particle 
spectrometry (MPS) (17), which essentially is zero-dimensional MPI, showed that ION- 
Micelles induced up to 200-fold higher signal compared to Resovist (12), which is 
considered to be the most potent commercially available iron oxide formulation for MPI 
purposes. Thus, the ION-Micelle nanoplatform allows significantly more sensitive MPI 
than current commercially available iron oxide formulations.

To allow noninvasive visualization of pathological fibrin deposition in vivo using molec-
ular MRI and MPI, we have functionalized the ION-Micelle nanoplatform with fibrin-
binding peptides (FibPep), yielding FibPep-ION-Micelles (Figure 6.1A). FibPep contains 
the cyclic fibrin-binding amino acid sequence RWQPCPAESWT-Cha-CWDP and binds 
to human and mouse fibrin with an affinity (Kd) of approximately 700 nM (18). Previous 
preliminary in vitro fibrin-binding experiments showed that FibPep-ION-Micelles bound 
specifically to human plasma clots and allowed visualization and quantification of this 
specific binding using MRI and MPS, respectively (12). In this study, we report on a more 
detailed analytical and in vitro characterization of the FibPep-ION-Micelle nanoplatform. 
Furthermore, we investigated the potential of the FibPep-ION-Micelle nanoplatform for 
MRI and MPI-based detection of fibrin deposition in mice with induced carotid artery 
thrombosis in vivo.

Methods

Materials 

Materials were obtained from Sigma-Aldrich unless otherwise specified. Succinim-
idyl acetylthioacetate (SATA) was acquired from Invitrogen and Rink amide resin 
and 9-fluorenylmethyloxycarbonyl (Fmoc) protected amino acids were obtained from 
either Bachem or Novabiochem (Merck). 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[maleimide(polyethyleneglycol)-2000] (Mal-PEG200-DSPE) was purchased 
from Avanti Polar Lipids, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 
[methoxy(polyethyleneglycol)-2000] (PEG200-DSPE) was acquired from Lipoid and 
near-infrared664-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (NIR664-DSPE) 
was obtained from SyMO-Chem B.V. (28). Citrated human plasma was purchased from 
Sanquin, human tissue factor was obtained from Dade Behring and Resovist was acquired 
from Bayer Schering Pharma. 

Peptide synthesis

SATA-modified fibrin-binding peptide FibPep (Ac-RWQPCPAESWT-Cha-CWDPG-
GGK[SATA]-NH2) and a scrambled negative control peptide with C-A substitutions 
(NCFibPep, Ac-WPTAD-Cha-RAWPSQEWPAGGGK[SATA]-NH2) were synthesized 
according to a previously published protocol (12). In short, the amino acid sequences 
were synthesized on a 4-methylbenzhydrylamine hydrochloride salt rink amide resin by 
Fmoc solid-phase peptide synthesis and subsequently cleaved from the resin by trifluoro-
acetic acid: triisopropylsilane: H2O: ethanedithiol (90.5:5:2.5:2 v/v%) for 3 h. The obtained 
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amino acid sequences were purified by reversed-phase high-pressure liquid chromatog-
raphy (RP-HPLC) on an Agilent 1200 apparatus equipped with a C18 Zorbax column. The 
FibPep amino acid sequence was then cyclisized (formation of a disulfide bond between 
the two cysteine residues) by dimethylsulfoxide:H2O (9:1 v/v%), with pH set to 8 using 
n-methyl-d-glucamine, for 5 days and subsequently purified by RP-HPLC. Next, both 
peptides were functionalized with a SATA moiety at the lysine ε-amino group by mixing 
the synthesized amino acid sequences and a tenfold excess of SATA in dimethylforma-
mide containing 3.6 v/v% triethylamine at room-temperature (RT) overnight, yielding 
FibPep and negative control NCFibPep. The obtained peptides were purified by RP-HPLC 
and analyzed using liquid chromatography-mass spectrometry (LC-MS) on an Agilent 
1200 apparatus equipped with a C8 Eclipse plus column and an Agilent 6210 electrospray 
mass spectrometer.

Nanoparticle synthesis

Fibrin-binding FibPep-ION-Micelles and negative control NCFibPep-ION-Micelles 
were synthesized according to a previously published protocol (12). In short, a mixture 
of FeO(OH) (0.11 g, 1.18 mmol, grounded), oleic acid (3.81 g, 13.5 mmol) and eicosane 
(0.61 g, 2.17 mmol) was heated to 360 °C (ramping rate: 3.3 °C/min) and subsequently kept 
at this temperature for 2 h, yielding iron oxide nanoparticles (IONs). Next, the mixture 
was cooled down and 10 mL of hexane was added. Subsequently, IONs were then precip-
itated by adding 20 mL of acetone and subsequent centrifugation (4671 g, RT, 30 min). 
IONs were redispersed with 10 mL of hexane and 20 µL oleic acid. This precipitation-re-
dispersion procedure was repeated twice. 

IONs were subsequently encapsulated into lipidic micelles using a procedure similar to 
a protocol previously employed to phase-transfer quantum dots (22,29). PEG2000-DSPE 
(448 mg, 160 µmol), MAL-PEG2000-DSPE (52 mg, 18 µmol) and NIR-lipid (2.4 mg, 1.8 
µmol) were dissolved in 3 ml chloroform, and IONs in hexane (2 mL, 12 mg Fe) were 
added. This suspension was injected into stirred, deionized water (40 mL, 80 °C) at a 
speed of 5 mL/h, creating iron oxide nanoparticle-micelles (ION-Micelles). Next, large 
aggregates were removed by centrifugation (1500 g, RT, 5 min) and, subsequently, phos-
pholipid micelles without iron oxide core were removed by ultracentrifugation (27440 g, 
RT; 15 min) using a Optima™ L-90K ultracentrifuge equipped with a type 70.1 TI rotor 
(Beckman Coulter). The pellet containing the ION-Micelles was redispersed using HBS 
pH 6.7 and the ultracentrifugation procedure was repeated once more. 

In parallel to the micelle coating procedure, the SATA-moiety on (NC)FibPep peptides 
was deacetylated using a hydroxylamine containing buffer at RT for 1 h. Immediately 
after deacetylation and phase-transfer procedure, fibrin targeted FibPep-ION-Micelles 
were prepared by mixing half of the obtained ION-Micelle suspension with 250 nmol 
of deacetylated FibPep at 4 °C overnight. Nonbinding NCFibPep-ION-Micelles were 
formed in similar fashion using the remaining half of the ION-Micelle suspension and 
deacetylated NCFibPep (250 nmol). Finally, (NC)FibPep-ION-Micelles were prepared for 
characterization and in vivo application by removing any large aggregates using centrifu-
gation (500 g, 5 min) and changing the buffer to HBS pH 7.4 using centrifugation-filtration 
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(Vivaspin 50k MWCO, 6 ml, Sartorius Stedim Biotech). The final volume of the obtained 
(NC)FibPep-ION-Micelle solution was ca. 1 mL.

Nanoparticle characterization

The hydrodynamic diameter of the nanoparticles was measured by DLS on a Zetasizer 
Nano-S (Malvern). In addition, dispersion of the particles in the HBS buffer solution was 
studied using cryo-TEM on a FEI Tecnai F30ST (300 kV) using a cryo-holder at approx-
imately -170 °C. Sample vitrification was performed with an automated FEI Vitrobot.

Longitudinal and transversal proton relaxivities were determined using a Minispec 
MQ60 NMR spectrometer (Bruker, 1.41 T, 37 °C). MPS was performed using a dedicated 
magnetic particle spectrometer (Philips, 10 mT, 25 kHz, 30 s measurements, RT) (17). 
Iron concentrations were measured using inductively coupled plasma atomic emission 
spectrometry (ICP-AES).

To confirm the fibrin-binding capabilities of FibPep-ION-Micelles, an in vitro blood clot 
assay was performed. Human clots were prepared by addition of 1.3 µL human tissue 
factor and 1.5 µL of 1M CaCl2 in ultrapure water to 100 µL of citrated human plasma 
and subsequent incubation of this mixture at 37 °C for 30 min (12). Blood clots were 
subsequently washed 3× with HBS pH 7.4. Next, 20 µL of the FibPep-ION-Micelles or 
NCFibPep-ION-Micelles solution (35 µg Fe per sample, n = 2 per group) and 20 µl HBS 
pH 7.4 were added to the clots and incubated at RT for 1 h. After the incubation period, 
the solution was removed and the clots were washed 3× with HBS pH 7.4. The clots were 
then subjected to MPS (10 mT, 25 kHz, 30 s, RT) and subsequently stored at 4 °C for more 
than 1.5 years. Next, clots were washed 3× with HBS pH 7.4, photographed and subjected 
to MPS.

Animal model

All procedures regarding to animals were approved by the ethical review committee of 
Maastricht University and were performed according to the Dutch national law and the 
guidelines set by the institutional animal care committee, accredited by the national 
department of health. 

A well-established AlCl3-induced carotid artery thrombosis mouse model was chosen to 
study in vivo fibrin-binding of the nanoparticles (20). Thirteen C57BL/6 mice (Charles 
River Laboratories, 24.5 ± 1.6 g bodyweight) were housed under standard conditions with 
water and food freely available and acclimatized for at least one week before the start of the 
experimental procedures. Prior to thrombus inducing surgery, mice were subcutaneously 
injected with buprenorphine hydrochloride (Schering-Plough, 0.1 mg/kg). The mice were 
anesthetized using isoflurane, and a segment of the right carotid artery was surgically 
exposed. Wall-adherent thrombus formation was subsequently induced by applying a 
small piece of cleaning cloth soaked in 10% AlCl3 on the carotid for 5 min. Next, the cloth 
was removed, the carotid was washed with saline and the surgical wound was closed by 
a suture. Finally, a cannula filled with ca. 100 µL saline containing 50 U heparin mL-1 
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was connected to the tail vein to allow nanoparticle injection subsequent to the pre- 
injection MR scans without requiring repositioning of the mice. The nanoparticle bolus 
was contained in a second cannula which was attached to the first at the time of injection.

In vivo MRI and ex vivo MPS of carotid thrombosis using (NC)FibPep-ION-Micelles

Mice were positioned in supine position into a 9.4 T MRI scanner equipped with a 
35-mm-diameter volume transceiver coil (Bruker BioSpin GmbH) and were kept under 
continuous anesthesia using isoflurane (1-2%). Respiration frequency was monitored 
with a pressure balloon and temperature was maintained at 37 °C with a heating pad 
and a rectal temperature probe for feedback. ECG signal was acquired by application of 
ECG paste on the front paws of the mice, which were subsequently positioned onto gold-
plated ECG electrodes that were connected to an ECG triggering system (Small Animal 
Instruments Inc.). 

The MRI protocol consisted of a scan of the chest and neck region with a 3D-FLASH-TOF 
acquisition (echo time TE = 2.5 ms, repetition time TR = 17 ms, field of view FOV = 20 
× 20 × 25.6 mm3, matrix = 200 × 200 × 256, number of averages NA = 2, flip angle FA = 
20°). This 3D dataset was used to plan 13 parallel slices (thickness = 0.5 mm, slice sepa-
ration 0.1 mm, FOV = 25.6 × 25.6 mm2, matrix = 256 × 256) perpendicular to the right 
carotid artery, such that the last slice was positioned distal to the bifurcation (Figure 6.4B). 
Subsequently, T1- and T2-weighted multi slice spin echo (NA = 2, T1: TE/TR = 7.5/800 ms, 
T2: TE/TR = 20/2000 ms) images were acquired in this slice geometry. The center slice in 
the thrombus was chosen for T2-mapping which was performed with an ECG-triggered, 
respiratory gated, segmented, MLEV-prepared scan with gradient echo readout (Chapter 
2, 30) (40 segments of 5 echoes, TE = 2.1 ms, TR = 4.1 ms, segment TR = 2000 ms, NA 
= 4, FA = 30°, FOV 20 × 20 mm2, matrix 400 × 400, zero-filling 2 × 2). Images with six 
effective echo times (TEeff = 0.2, 7.0, 14.6, 21.0, 29.0 and 35.4 ms) were acquired.

The full MRI protocol was performed twice in the same scan session. In between, at ca. 
2.5 h post thrombus formation, FibPep-ION-Micelles or NCFibPep-ION-Micelles (100 µL, 
175 µg Fe, n = 5 per group) were injected together with the saline already present in the 
cannula. To this end, the cradle containing the mouse had to temporarily be removed out 
of the bore of the MRI scanner. By leaving the mouse fixed in the cradle its orientation 
was largely preserved. However, to prevent repositioning errors the MRI slice planning 
was repeated. The T1- and T2-weighted images and the T2 map were acquired at approx-
imately 49, 62 and 94 min post-injection, respectively. After the final MR scans (ca. 2 h 
post nanoparticle injection), mice were euthanized. The injured and contralateral carotids 
were subsequently harvested and subjected to MPS measurements (10 mT, 25 kHz, 30 s, 
RT). Additionally, the injured and contralateral carotids of three mice, which did undergo 
thrombus inducing surgery but no nanoparticle injection, were excised and measured 
with MPS. 
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MRI data analysis

Image analysis was performed using a custom-built algorithm in Mathematica 9.0 
(Wolfram Research). A region of interest (ROI) was manually drawn around the right 
carotid artery with thrombus on one of the T2-weighted images of the pre-injection T2 
map. The center of the artery was marked and used as a landmark to register pre- and 
post-injection images. The registration was visually inspected and corrected manually 
if necessary. The validity of the ROIs was additionally assessed by registration to the 
multi-slice T1- and T2-weighted images and visual inspection. Subsequently, pixel-wise 
mono-exponential fitting of the signal intensities at different TEeff was performed. Next, 
the mean T2 value of the ROI was determined, and pixels with an R2 of fit < 0.7 were 
excluded from further analysis. 

Histology

After the MPS measurements, the injured and contralateral carotid arteries were 
embedded in Tissue-Tek matrix (Sakura) and subsequently snap-frozen in isopentane 
and stored at -80 °C. The arteries were cut in cross-sections of 5 µm and covered with 
Fluoromount and a cover glass. Confocal fluorescence images were recorded at RT on a 
Leica TCS SP5 system (Leica Microsystems). Autofluorescence was measured using a 488 
nm argon laser and an emission window of 530-580 nm. 

Statistical analysis

All data represent the mean value ± standard deviation (SD). For differences between more 
than two groups, a 1-way ANOVA with Bonferroni’s multiple comparison procedure was 
employed. Comparison of FibPep- and NCFibPep-ION-Micelles MRI data was done using 
a two-sided independent t-test and pre- and post-injection data were compared with a 
two-sided paired t-test. For all statistical analysis, values of P < 0.05 were considered to 
be significant. 

Results

Nanoparticle synthesis and characterization

Fibrin-targeted FibPep-ION-Micelles (Figure 6.1A) and negative control NCFib-
Pep-ION-Micelles were synthesized according to a previously published protocol (12). In 
short, hydrophobic iron oxide nanoparticles with a core size of ca. 25 nm were synthe-
sized using a thermal decomposition method, and, subsequently, iron oxide nanoparti-
cles were phase-transferred by encapsulation into lipidic micelles. Finally, the iron oxide 
nanoparticle-micelles were functionalized by conjugation of the fibrin-binding peptide 
FibPep (18,19) or the negative control peptide NCFibPep onto the lipidic coating of the 
nanoparticles. 
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Figure 6.1 • (A) Schematic representation of the FibPep-ION-Micelle nanoplatform. Reproduced 
from Starmans and coworkers (12). (B) Volume-weighted size-distribution profiles of the FibPep-
ION-Micelles and NCFibPep-ION-Micelles at the day of synthesis (day 0) and at the final day of the 
in vivo experiments (day 13). (C, D) Representative cryo-TEM images of (C) FibPep-ION-Micelles 
and (D) NCFibPep-ION-Micelles.

The dispersion state of the synthesized nanoparticles in HEPES buffered saline (HBS, 
pH 7.4) was investigated using dynamic light scattering (DLS) and cryogenic transmission 
electron microscopy (cryo-TEM) measurements. Figure 6.1B shows the volume-weighted 
size-distribution profiles of the FibPep-ION-Micelles and NCFibPep-ION-Micelles. 
Immediately after synthesis of the nanoparticles, one peak was observed with a maximum 
intensity at a hydrodynamic diameter of 40 nm. At the conclusion of the in vivo experi-
ments (13 days post synthesis), DLS was performed once more, and showed identical 
results for both FibPep-ION-Micelles and NCFibPep-ION-Micelles (Figure 6.1B), indi-
cating excellent intrinsic stability of the particles over the time course of the study. 
Cryo-TEM analysis showed that FibPep-ION-Micelles and NCFibPep-ION-Micelles were 
dispersed in HBS as single particles or as small aggregates of nanoparticles (Figure 
6.1C-D). The cryo-TEM observations correspond well to the DLS results, as a single iron 
oxide nanoparticle (25 nm) coated with a lipid monolayer (ca. 5-10 nm in thickness) would 
be expected to yield a hydrodynamic diameter of approximately 40 nm. 
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as magnetic moment (normalized for iron content) 
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Immediately after synthesis of the nanoparticles, one peak was observed with a maximum 
intensity at a hydrodynamic diameter of 40 nm. At the conclusion of the in vivo experi-
ments (13 days post synthesis), DLS was performed once more, and showed identical 
results for both FibPep-ION-Micelles and NCFibPep-ION-Micelles (Figure 6.1B), indi-
cating excellent intrinsic stability of the particles over the time course of the study. 
Cryo-TEM analysis showed that FibPep-ION-Micelles and NCFibPep-ION-Micelles were 
dispersed in HBS as single particles or as small aggregates of nanoparticles (Figure 
6.1C-D). The cryo-TEM observations correspond well to the DLS results, as a single iron 
oxide nanoparticle (25 nm) coated with a lipid monolayer (ca. 5-10 nm in thickness) would 
be expected to yield a hydrodynamic diameter of approximately 40 nm. 
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The potential of the ION-Micelles to generate MRI contrast was studied using proton 
relaxometry (1.4 T, 37 °C). FibPep-ION-Micelles and NCFibPep-ION-Micelles displayed 
a longitudinal relaxivity of 5.6 and 5.4 mM-1s-1 and a transversal relaxivity of 207 and 
204 mM-1s-1, respectively. The high transversal relaxivity and high r2/r1 ratio indicate 
that the nanoparticles are well suited to allow sensitive detection by T2-weighted MR 
imaging. MPS was performed to assess the capacity of the FibPep-ION-Micelles and 
NCFibPep-ION-Micelles to induce a signal for MPI purposes. Resovist was measured 
as a reference. Figure 6.2 shows that FibPep-ION-Micelles induced similar MPS signal 
in comparison to NCFibPep-ION-Micelles. For lower frequencies (< 0.5 MHz), the (NC)
FibPep-ION-Micelles generated approximately a twofold higher signal per gram iron than 
Resovist, whereas in the higher frequency domain the signal of (NC)FibPep-ION-Micelles 
was up to 750 times increased with respect to Resovist, indicating that the (NC)FibPep-
ION-Micelles are potent contrast agents for MPI.

An in vitro human blood clot assay was performed to confirm the specific fibrin-binding 
capabilities of the synthesized batch of FibPep-ION-Micelles. Plasma clots were incubated 
with either FibPep-ION-Micelles or NCFibPep-ION-Micelles and extensively washed after 
incubation. Subsequently, clots were photographed and measured using MPS to deter-
mine iron oxide nanoparticle binding. The clots incubated with FibPep-ION-Micelles 
showed markedly increased uptake of the (brownish) colored ION-Micelles with respect 
to clots incubated with NCFibPep-ION-Micelles (Figure 6.3A). Specific analysis of the 
third MPS harmonic (72.6 kHz), which is the harmonic with the highest signal amplitude, 
showed that FibPep-ION-Micelles displayed a 3-fold higher signal in the clots compared 
to NCFibPep-ION-Micelles (25.7 ± 7.5 nAm2 and 9.9 ± 1.1 nAm2, respectively, Figure 
6.3B). Thus, FibPep-ION-Micelles bound in specific fashion to the human plasma clots. 
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Samples were stored at 4 °C and measured once more after more than 1.5 years of storage, 
yielding virtually identical results with respect to the initial measurements (Figure 
6.3B), indicating that the particles were bound to the clots in a stable fashion. Similar 
in vitro blood clot binding studies with the peptide-based SPECT-tracers 111In-FibPep 
and 111In-NCFibPep yielded a 6 to 8 fold difference between fibrin-binding 111In-FibPep 
and the negative control peptide (18,19). The observed lower difference in in vitro blood 
clot uptake between FibPep-ION-Micelles and NCFibPep-ION-Micelles may possibly 
be attributed to reduced clot penetration and an increased nonspecific entrapment in 
the mesh-like clot structure of the ION-Micelle nanoparticles with respect to the much 
smaller peptidic fibrin-binding SPECT tracers. 
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Figure 6.3 • (A) Photograph and (B) MPS of human plasma 
clots incubated with either FibPep-ION-Micelles (n = 2) or NCFib-
Pep-ION-Micelles (n = 2). MPS measurements were performed 
immediately after the incubation and washing procedure (day 
0) and after storage for more than 1.5 years (> 1.5 years). Data 
is expressed as mean magnetic moment of the third harmonic 
(76 kHz) ± SD.
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Figure 6.4 • In vivo MR images after thrombus induction. (A) Images of right and left carotid 
arteries (RCA & LCA) reconstructed from the 3D time of flight (TOF) image. The thrombus can 
be observed in the RCA just proximal of the bifurcation (arrowheads). (B) On the TOF image 13 
parallel slices were planned perpendicular to the RCA. T1-weighted images from three slices 
are shown: (1) distal from the bifurcation, (2) in the thrombus and (3) proximal to the thrombus 
(arrowheads: RCA). (C, D) Pre- and post-injection T1- and T2-weighted images and T2 maps of 
(C) FibPep-ION-Micelles and (D) NCFibPep-ION-Micelles (arrowheads = RCA). The insets show 
magnifications of the RCA.
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In vivo MRI

To study the potential of the ION-Micelles to allow visualization of fibrin deposition using 
MPI and contrast-enhanced MRI, an AlCl3-induced carotid artery thrombosis mouse 
model was employed (20). The AlCl3-model produces wall-adherent thrombi similar to 
the frequently employed FeCl3-injury method (18,19,21), but does not cause iron-based 
MR signal void artifacts which hamper MRI analysis of the produced thrombi using 
the FeCl3-model (20). Mice were subjected to baseline MR scans following thrombus 
inducing surgery, and, subsequently, FibPep-ION-Micelles or NCFibPep-ION-Micelles 
were injected and mice underwent post-injection MR scans (n = 5 per group). No adverse 
effects were noticed following injection of the nanoparticles. One mouse of the NCFib-
Pep-ION- Micelle group had to be excluded from MRI data analysis because of internal 
bleeding caused by the surgery, obscuring the carotid artery and thrombus in the MR 
images.
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Figure 6.5 • In vivo T2 (mean ± SD) of the thrombus pre- 
and post-injection with FibPep-ION-Micelles (n = 5), NCFib-
Pep-ION-Micelles (n = 4) and T2 for both contrast agents 
combined (n = 9). T2 values that were significantly decreased 
post-injection compared to pre-injection are marked with 
* (P < 0.05) or ** (P < 0.01).

3D fast low-angle shot time-of-flight (3D-FLASH-TOF) MRI images confirmed formation 
of thrombus in the right carotid artery, which was observed as interruption of the bright 
blood signal; the thrombus itself has a light gray appearance in the MR image (Figure 
6.4A). A 2D image of the right carotid artery (RCA) was reconstructed from the 3D dataset 
and was used for planning subsequent MRI scans (Figure 6.4B). T1- and T2-weighted 
images and T2 maps were successfully acquired repeatedly (Figure 6.4C-D). Quantifica-
tion of T2 was preferred over T2* because imaging in the carotid artery region requires a 
protocol that is robust for cardiac, respiratory and blood-flow motion. Region of interest 
(ROI) analysis revealed decreased mean T2 values in the thrombus area after injection 
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with both FibPep-ION-Micelles (22.7 ± 1.5 ms) and NCFibPep-ION-Micelles (22.0 ± 2.6 
ms) compared to pre-injection values (26.5 ± 2.6 and 25.0 ± 1.5 ms, respectively) (Figure 
6.5). Comparison of T2 values between mice injected with FibPep-ION-Micelles or NCFib-
Pep-ION-Micelles revealed no significant differences for pre- or post-injection values (P 
= 0.388 and P = 0.675, respectively). This indicates that the functionalization with FibPep 
did not specifically enhance in vivo uptake of ION-Micelles in the thrombus as compared 
to the negative control peptide functionalized nanoparticles. Statistically, the mice 
injected with FibPep-ION-Micelles or NCFibPep-ION-Micelles can thus be viewed as a 
single group. Comparison of the combined mean thrombus T2 values revealed a highly 
significant (P = 0.003) overall decrease of T2 from 25.8 ± 2.3 ms pre-injection to 22.4 ± 
2.1 ms post-injection of ION-Micelles (Figure 6.5). 
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Figure 6.6 • MPS of excised injured and contralateral, non- 
injured carotid arteries following injection with FibPep-ION-
Micelles (n = 5) and NCFibPep-ION-Micelles (n = 5) or without 
injection (n = 3). Data is expressed as mean magnetic moment 
of the third harmonic (76 kHz) ± SD. * P < 0.01 versus contralat-
eral carotid (all three groups) and injured carotid of mice which 
had not received an injection of ION-Micelles.

Ex vivo MPS and histological validation

Mice were euthanized upon completion of the MR scans (ca. 2 h post injection of ION- 
Micelles and 4.5 h post thrombus induction). Subsequently, the injured and noninjured, 
contralateral carotid arteries were excised and measured using MPS to probe ION-Micelle 
MPI signal. In addition, the injured and contralateral carotids of three mice that had not 
undergone nanoparticle injection were measured with MPS to quantify background MPS 
signal of the thrombosed and noninjured carotids. Specific analysis of the third MPS 
harmonic (Figure 6.6) showed significantly increased signal for the injured carotids of 
mice injected with FibPep-ION-Micelles or NCFibPep-ION-Micelles (26 ± 7 and 25 ± 8 
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pAm2, respectively) with respect to the contralateral carotids of these mice (9 ± 3 and 8 ± 
2 pAm2, respectively) and also with respect to both the injured and contralateral carotids 
of mice which did not receive nanoparticle injections (5 ± 2 and 6 ± 4 pAm2, respectively). 
Thus, both the fibrin-specific and fibrin-nonspecific nanoparticle formulations showed 
significant accumulation in thrombi. The MPS data indicate that there was no significant 
difference between iron oxide nanoparticle uptake in the injured carotids of mice injected 
with FibPep-ION-Micelles or NCFibPep-ION-Micelles, which is in line with the above 
MRI findings.

Histological sections studied using autofluorescence imaging confirmed (partial) occlu-
sion of the injured carotid arteries and absence of occlusion in the contralateral, non- 
injured carotid arteries (Figure 6.7).

A

B

Injured carotid

Contralateral carotid

Figure 6.7 • Representative autofluorescence confocal micros-
copy images of histological cross-sections of the (A) injured 
carotid and (B) noninjured, contralateral carotid artery.
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Discussion

In this study, we report on the characterization and the in vivo evaluation of FibPep-ION-
Micelles for MRI- and MPI-based detection of fibrin deposition in thrombosis. FibPep-
ION-Micelles and negative control peptide (NCFibPep) functionalized ION-Micelles had 
a volume-weighted hydrodynamic diameter of 40 nm and displayed excellent stability 
over time. The nanoparticles showed high transversal relaxivity (> 200 mM-1s-1) and high 
signal in magnetic particle spectroscopy (MPS) experiments (up to 750 fold increased 
signal compared to Resovist), indicating that the FibPep-ION-Micelles are potent contrast 
agents for MRI and MPI purposes. In addition, FibPep-ION-Micelles displayed signifi-
cantly more binding towards blood clots in vitro with respect to negative control peptide 
(NCFibPep) functionalized ION-Micelles. FibPep-ION-Micelles did not dissociate in a 
significant fashion from the blood clots after more than one year of incubation in buffer 
solution, indicating highly stable bonding between the nanoparticles and fibrin deposited 
in the blood clots in vitro.

To evaluate the potential of the FibPep-ION-Micelle nanoplatform for in vivo MRI- 
and ex vivo MPI-based detection of fibrin deposition, an AlCl3-induced carotid artery 
thrombosis mouse model was employed. MR images of the carotids were acquired 
pre- and post-nanoparticle injection. Pre-injection 3D-TOF images confirmed carotid 
artery thrombosis, whereas no signal void artifacts were observed, indicating that the 
AlCl3-injury method induced carotid artery thrombosis without inducing metal-based 
signal loss. However, in contrast to the in vitro experiments, no significant difference 
in thrombus binding was observed between FibPep-ION-Micelles and negative control 
NCFibPep-ION-Micelles. Both FibPep-ION-Micelles and NCFibPep-ION Micelles 
decreased the T2 values in the thrombus region, but there were no significant differences 
for pre- or post-injection values between the FibPep-ION-Micelle group and the group 
which received NCFibPep-ION-Micelles. Previous in vitro MRI evaluation demonstrated 
that particle binding occurs only on the outside of the blood clots (12). For reasons of 
resolution, in vivo ROIs encompass the whole thrombus, the vessel wall and potentially 
some blood, and local changes are thus averaged out over a larger area at the cost of 
sensitivity. After the final MR scans, mice were euthanized and the carotids were excised 
and measured ex vivo with a magnetic particle spectrometer. FibPep-ION-Micelles and 
NCFibPep-ION-Micelles both displayed increased MPS signal in the injured carotid 
with respect to the noninjured, contralateral carotid artery. However, in line with the 
MRI results, no significant difference between FibPep-ION-Micelles and negative control 
NCFibPep-ION-Micelles was observed. Thus, the measured in vivo uptake of the FibPep-
ION-Micelles in carotid artery thrombosis seems nonspecific for fibrin deposition.

Similar in vivo thrombus uptake of FibPep- and NCFibPep-ION-Micelles may have 
various potential causes. First, previous studies investigating 111In-labeled FibPep showed 
that the FibPep peptide was stable in serum, but prone to degradation in kidney and 
liver homogenates (18). FibPep-ION-Micelles are, unlike the small 111In-labeled FibPep 
peptides, not expected to extravasate, encounter liver and kidney proteolytic enzymes and 
subsequently reenter the circulation. In addition, even though the 111In-labeled FibPep 
peptides were susceptible to degradation by liver and kidney homogenates, 111In-FibPep 
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accumulated significantly more in carotid artery thrombi with respect to negative control 
peptide 111In-NCFibPep (18). Therefore, instability of the targeting peptides on the FibPep-
ION-Micelles is likely not a main factor for the identical level of uptake in vivo for the 
FibPep- and NCFibPep-ION-Micelles. Second, the lipidic micellular nanoparticle coating 
has a dynamic nature (22–24), possibly enabling fibrin-bound FibPep-ION-Micelles to 
dissociate from the fibrin target by shedding the fibrin-bound FibPep-lipid construct 
from the nanoparticle. However, in vitro blood clot binding experiments showed that the 
nanoparticles were bound to the clots in a stable fashion for more than one year. Third, 
nanoparticles are known to accumulate nonspecifically in thrombi in vivo (25,26), likely 
by entrapment in the mesh-like clot structure. Consequently, nonspecific accumulation 
of FibPep-ION-Micelles and NCFibPep-ION-Micelles in the carotid artery thrombi most 
likely obscures fibrin-specific uptake effects of the fibrin-binding FibPep-ION-Micelles.

Even though the in vivo accumulation of FibPep-ION-Micelles in carotid artery thrombi 
was nonspecific for fibrin deposition, the ION-Micelles significantly decreased thrombus 
T2 values and significantly increased MPS signal of the thrombi and thus were success-
fully able to detect thrombosis using MRI and MPS. This is most likely due to non- 
specific entrapment of the nanoparticles in the thrombi in vivo. Such an entrapment-based 
strategy (25,26) using (nontargeted) ION-Micelles might be valuable for noninvasive 
MPI-based diagnosis, characterization and treatment monitoring of thrombosis. With 
respect to MRI, suitable non-contrast-enhanced alternatives for detection of thrombus 
such as T1-weighted imaging are available (27). Additional research is required to explore 
the potential of nontargeted ION-Micelles for MPI-based thrombosis diagnostics. 
Furthermore, since the FibPep-ION-Micelles did show specificity for fibrin in vitro, the 
FibPep-ION-Micelles might still find value for visualization of fibrin deposition in other 
pathologies, such as atherosclerosis, which do not involve large intraluminar mesh-like 
structures such as thrombi that may lead to high levels of nonspecific nanoparticle entrap-
ment. Finally, the ION-Micelle platform shows high transversal relaxivity and strong 
MPS signal and allows conjugation to targeting ligands other than FibPep via facile 
maleimide-thiol chemistry, and is therefore a promising multi-purpose nanoplatform 
for molecular MRI and MPI strategies.

Conclusions

FibPep-ION-Micelles showed high transversal relaxivity and MPS signal, and displayed 
fibrin-specific and stable binding to blood clots in vitro. However, accumulation of 
FibPep-ION-Micelles in carotid artery thrombi in vivo was nonspecific for fibrin, as 
negative control NCFibPep-ION-Micelles showed similar levels of thrombus uptake. The 
lack of fibrin specificity is likely due to nonspecific entrapment of nanoparticles in the 
mesh-like thrombi in vivo. This nonspecific entrapment of the ION-Micelles significantly 
decreased T2 values in the thrombi and significantly increased MPS thrombus signal, 
and therefore, (nontargeted) ION-Micelles might be of value for noninvasive MPI- and 
MRI-based diagnosis, characterization and treatment monitoring of thrombosis. In addi-
tion, the ION-Micelles have potential as an multi-purpose nanoplatform which allows 
conjugation of other ligands to tailor it for detection of a variety of other disease markers 
with molecular MRI and MPI.
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Quantitative molecular MRI of atherosclerosis

Atherosclerosis is a disease which often manifests itself with life-threatening 
events like myocardial infarction or stroke. Accurate diagnosis is therefore vitally 
important and mere detection of plaques is not good enough. In recent years 

an extensive amount of research has been focused on identifying better indicators of 
impending plaque rupture and on the development of techniques to assess those indica-
tors in vivo. Major plaque characteristics considered important for vulnerability include 
inflammation, the thickness of the fibrous cap, the size of the necrotic core and throm-
bosis. The availability of tools to image these plaque characteristics can be considered 
indispensable for diagnosis, fundamental research, the development of new drugs, and 
for the evaluation of therapy response.

Molecular MRI has proven to be a particularly promising modality for atherosclerotic 
plaque imaging, and there were multiple examples of successful targeting strategies 
demonstrated in preclinical models of the disease (Chapter 1). One of the problems with 
molecular MRI is the lack of standardization and the difficulty to obtain quantitative 
measures of disease activity by molecular MRI. This problem could, at least partly, be 
resolved by the use of quantitative MRI readouts. Rather than assessing the presence of 
a contrast agent visually by changes in image signal intensity and contrast, quantitative 
MRI tries to give objective numbers to these changes, e.g. by measuring changes in the 
tissue relaxation time parameters. This enables standardization and facilitates compar-
isons of results between different centers and from different MR systems. The work in 
this thesis describes the development of several quantitative molecular MRI strategies for 
preclinical imaging of atherosclerosis. The focus is on two major characteristics of risk of 
plaque rupture: active inflammation and thrombus formation in the plaque. 

Inflammation, characterized by macrophage and T-cell infiltration, plays an important 
role throughout the development and progression of atherosclerosis. A particularly inter-
esting method for assessment of plaque inflammation is passive targeting of macrophages 
with MRI contrast agents. Macrophages phagocytize foreign bodies and this behavior is 
exploited in study designs that involve intravenous injection of nanoparticulate contrast 
agents. These particles are either taken up by blood monocytes, which then migrate into 
the plaque or by resident plaque macrophages. A lot of research has been dedicated to 
passive targeting of macrophages using ultrasmall superparamagnetic iron oxide (USPIO) 
particles, which are known as potent T2/T2* MRI contrast agents. In addition to pre- 
clinical research, USPIO have also been positively evaluated in small-scale patient studies 
as well as in clinical trials. Several methods for quantitative imaging of USPIO uptake 
in the atherosclerotic plaque were demonstrated in literature, e.g. susceptibility gradient 
mapping for preclinical imaging and T2*-mapping both in preclinical and clinical trial 
setting. Chapters 2-4 focus on new quantitative imaging methods for monitoring USPIO 
uptake in the atherosclerotic plaque that offer robustness for imaging near the heart and 
improved detection sensitivity. In chapter 5 an alternative approach to passive imaging of 
plaque macrophages using perfluorocarbon (PFC) emulsions and 19F MRI was explored. 
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MLEV-prepared T2-mapping was previously developed for robust quantitative imaging 
of the mouse heart. In chapter 2 we describe its optimization for imaging of the brachio-
cephalic artery (BCA) plaque in the ApoE-/- mouse, which is a widely used preclinical 
model of atherosclerosis. Atherosclerotic plaque formation was accelerated by a high-fat/ 
high-cholesterol diet. The BCA is one of the locations where advanced plaques are formed 
and it provides a challenging environment for MR imaging. Close to the heart, imaging is 
hampered by cardiac and respiratory motion as well as a high blood flow. With its global 
T2-preparation and triggered segmented acquisition design, the sequence proved robust 
and capable of repeated acquisition of high resolution T2 maps of consistent quality. Next 
to the T2-mapping itself, a comprehensive strategy was devised for slice planning of the 
BCA view, enabling reproducible imaging over multiple days and with coverage of a large 
transectional plaque area. T2 values were quantified in the plaque before and after USPIO 
injection and were found to decrease at one day after injection and partly recover after 
two days. Validation with ex vivo particle electron paramagnetic resonance (pEPR) iron 
determination revealed a linear relationship between in vivo R2 values and iron levels, 
an important prerequisite for quantification. Although determination of absolute local 
iron concentration is hampered by changes in T2/T2* relaxation times upon compart-
mentalization by cell uptake, the observed linearity of R2 data with iron concentration 
still allows for monitoring relative changes which is useful for, e.g., treatment evaluation. 

In chapters 3 and 4 T1ρ-mapping with spin-lock MRI was evaluated as an alternative 
method for quantitative imaging of iron oxide contrast agents. T1ρ is the longitudinal 
relaxation in the rotating frame during a radio-frequency (RF) pulse. It is dependent of 
the amplitude of the spin-lock pulse, γB1. By performing measurements with variable 
γB1 the T1ρ dispersion of a tissue can be measured. The fact that γB1 can be tuned for 
optimal contrast represents the key difference between spin-lock MRI and conventional 
MRI sequences. At the limit of γB1 = 0 Hz, T1ρ equals T2 and based on this notion we 
investigated the T1ρ contrast behavior of superparamagnetic iron oxide, a traditional T2/
T2* contrast agent. The data gathered from the in vitro experiments in chapter 3 showed 
that iron oxide nanoparticles generated enhanced contrast at higher spin-lock amplitudes 
in tissue with native T1ρ dispersion. The strength of this contrast-enhancing effect depends 
on the size and composition of the particle and the effect was completely absent in the 
case of microparticles of iron oxide. Building from what is known about the T2/T2* iron 
oxide relaxation mechanism we proposed that the diffusion regime, which depends on the 
particle size and composition, is decisive for its contrast behavior. The three nanoparticles 
investigated in this study fall into the visit-limited regime in which diffusion of a water 
proton spin into the direct vicinity of the particle results in effectively instant dephasing 
of the spin and thus a loss of spin-lock. Since spin-lock cannot be maintained near these 
particles, T1ρ dispersion will also be reduced. This results in an enhanced contrast at 
higher spin-lock amplitudes, and thus also improved contrast compared to T2. In vivo, 
in the liver of mice injected with one of the tested iron oxide nanoparticles, this property 
however could not be demonstrated, despite the massive particle uptake into this organ, 
and there was no significant added benefit of T1ρ-mapping compared to spin-echo prepared 
T2-mapping. The in vivo study in the BCA plaque described in chapter 4, however, did 
reveal a significantly larger ΔR1ρ compared to ΔR2 acquired with spin-echo prepared 
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T2-mapping. The most important difference with the liver is the higher endogenous T1ρ 
dispersion of atherosclerotic plaque at the evaluated spin-lock amplitudes. These findings 
are therefore in support of our hypothesis that the main contrast enhancing mechanism 
is the reduction of T1ρ dispersion because of iron oxide induced loss of spin-lock. 

The same animal model was used under similar experimental conditions for the in vivo 
experiments of chapters 2 and 4 and therefore a direct comparison can be made between the 
MLEV T2-preparation and spin-lock T1ρ-preparation methods for quantitative imaging of 
USPIO uptake. Direct comparison of the T2 and T1ρ data revealed no significant difference 
between ΔR2 and ΔR1ρ, which means that the two methods have a comparable sensitivity 
for USPIO in the plaque. The explanation probably can be found in the design of the 
MLEV T2-preparation sequence. The RF pulses make up a relatively large part, up to 
20%, of the effective echo time, much more than in a regular spin-echo or Carr-Purcell-
Meiboom-Gill (CPMG) sequence. Relaxation during these pulses therefore has a relatively 
large influence. Since in this sequence B1 is always orthogonal to the magnetization the 
relaxation is governed by T2ρ. Furthermore, the ‘spin-lock’ amplitude of these pulses was 
rather high, up to 6 kHz. The MLEV T2-preparation is thus contaminated by a transversal 
spin-lock contribution, which could be a source for the larger iron oxide-induced contrast 
difference for MLEV T2 compared to spin-echo T2 that puts MLEV T2 at the same level 
as T1ρ from spin-lock.

Chapter 5 describes the evaluation of an alternative method for atherosclerotic plaque 
inflammation imaging, 19F MRI with PFC emulsions. Like USPIO, PFC emulsion parti-
cles are phagocytized by blood monocytes and macrophages and can thus be used for 
imaging of inflammation as has previously been demonstrated for various pathologies. 
The advantage of 19F MRI is that it relies on direct detection of the contrast agent and 
yields ‘hot-spot’ images without background signal. In this study two accelerated MRI 
sequences were compared: spectral imaging with fluorine ultra-fast turbo spectroscopic 
imaging (FuTSI) and spectrally selective imaging with multiple chemical shift selective 
RARE (MCSS-RARE). Based on phantom and in vivo measurements it was concluded 
that, given the restrictions on excitation bandwidth imposed by hardware limitations, 
MCSS-RARE was superior in terms of signal-to-noise ratio (SNR), speed and resolu-
tion. Application of 19F MRI with perfluorooctyl bromide (PFOB) emulsion injected 
in the same mouse model used in the USPIO studies yielded no detectable signal in 
the aortic arch/BCA region in vivo. Ex vivo validation with overnight MCSS-RARE of 
excised aortas however demonstrated uptake of 19F at all major plaque sites, which means 
that in vivo sensitivity was insufficient. Possible solutions to increase sensitivity could 
involve triggered acquisition, local RF detection coils, or increasing the amount of 19F 
by increasing the payload per particle or adjusting the administration protocol. Use of 
models with larger atherosclerotic plaques, i.e. in the abdominal aorta in the mouse or 
in larger animal models could also improve the balance between amount of uptake and 
detection sensitivity.

The second biomarker of plaque vulnerability addressed in this thesis is fibrin. The pres-
ence of fibrin is a hallmark of plaque thrombosis. In the study presented in chapter 6 fibrin 
was targeted using iron oxide nanoparticle micelles (ION-micelles) conjugated with a 
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fibrin-binding peptide (FibPep). Negative control particles were conjugated with a scram-
bled peptide (NC). The potential of this contrast agent for imaging fibrin was assessed in 
a mouse model of AlCl3 induced thrombosis in the carotid artery. In vivo T2-mapping 
was performed pre- and post-injection using the MLEV T2-preparation sequence. Addi-
tionally, the ability to perform magnetic particle imaging (MPI) with these particles was 
evaluated with ex vivo magnetic particle spectroscopy (MPS). While T2 values in the 
thrombus were significantly lower after particle injection, no difference between FibPep- 
and NC-functionalized particles was observed. Ex vivo MPS yielded a similar result, and 
revealed a significant uptake of ION-micelles compared to contralateral vessels, yet there 
was no effect of functionalization. This is most likely caused by nonspecific entrapment 
of ION-micelles in the thrombus, which dominates the effect of targeting. This does not 
rule out the applicability of FibPep-ION-micelles for imaging fibrin in other pathologies, 
such as plaque erosion, where there are no large mesh-like structures present in the vessel 
lumen. From the MRI perspective the application of the fibrin-targeted agent for other 
pathologies than thrombosis is also more sensible, because excellent thrombus imaging 
is already available using non-contrast-enhanced T1-weighted imaging.

Future perspectives

The methods for quantitative molecular MRI of atherosclerosis presented in this thesis 
vary in their potential for future applications. As was discussed in the introduction 
(Chapter 1) there are various application areas to which molecular MRI may contribute, 
in the preclinical setting for both fundamental research and therapy development and in 
the clinical (research) setting for diagnosis and monitoring. Since our research involves 
preclinical studies in the mouse, the technology described in this thesis may find first 
application in a preclinical setting. However, some implications related to clinical use 
will be discussed as well below. 

The main topic of this research involved quantitative imaging methods, which contribute 
to standardization of research methods, and thereby improved comparability between 
different studies. This in turn helps to reduce the number of experiments needed, saves 
research costs, decreases the number of animals needed and speeds up therapy evaluation.

Inflammation imaging by passive targeting of macrophages with iron oxides has already 
been shown in other preclinical studies to provide a good readout of plaque progression 
and therapy induced reduction, which makes it a valuable tool for monitoring treatment 
effect in, e.g., drug development. The quantification strategies proposed in this thesis were 
aimed at increasing robustness, sensitivity and specificity.

The designs of the MLEV T2-preparation and spin-lock T1ρ-preparation sequences were 
based on similar principles and both proved to be robust in terms of sensitivity to motion 
and image registration. While the in vitro detection sensitivity for iron oxide particles of 
T1ρ-mapping was superior, at the spin-lock amplitudes attainable in vivo in this study the 
sequences performed equally well. At higher spin-lock powers there may well be a benefit 
for T1ρ-mapping. To reach such power levels without violating specific absorption ratio 
(SAR) or hardware restrictions, however, other sequences such as adiabatic spin-lock or 
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relaxation along a fictitious field (RAFF) will be necessary. With the current implementa-
tions the MLEV T2-preparation is however the preferred sequence because of its superior 
robustness to B0 and B1 inhomogeneities. The B0 and B1 compensation of the spin-lock 
preparation is based on a division of the spin-lock pulse into two parts, irrespective of its 
length. The MLEV T2-prep, on the other hand, is divided in 8 to 16 blocks of composite 
pulses, depending on the echo time, thereby providing a more ‘continuous’ correction for 
B0 and B1 inhomogeneities throughout the preparation. 

19F MRI of PFC emulsions had previously only been demonstrated for inflammation 
imaging in other pathologies than atherosclerosis. Unfortunately, the in vivo sensitivity 
in our study was too low to detect the uptake of PFOB in the plaque. The advantages 
of 19F MRI over quantitative USPIO imaging, i.e. its specificity and ability for absolute 
quantification, make it worthwhile to invest in overcoming this sensitivity issue. Based on 
the current data however, MLEV-prepared T2-mapping of USPIO uptake in the plaque is 
the preferred of the three techniques for inflammation imaging in atherosclerosis. 

The T2-based strategy is also most suitable for translation to the clinic. An alternative 
USPIO, ferumoxytol, is already undergoing clinical trials for use in atherosclerosis 
imaging. Furthermore, the translation of the MRI sequence should be straightforward, 
as T2-preparation sequences have been applied before for quantitative cardiac imaging in 
patients. With its robustness to motion and high spatial resolution MLEV T2-preparation 
is also promising for quantitative imaging of human coronary artery plaques. While 
coronary artery imaging is currently a bridge too far for 19F MRI, it might still prove 
suitable for clinical monitoring of carotid artery plaque progression and regression, where 
detection sensitivity might be improved by the use of small surface coils with local high 
sensitivity. PFCs are chemically inert and have been previously FDA approved as blood 
substitutes, which should facilitate clinical translation of 19F MRI. 

In conclusion, this thesis has contributed to the field of molecular MRI of atherosclerosis 
by the development of several promising quantitative imaging strategies.
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Dank, daar gaat dit hoofdstuk over: dank voor iedereen die, op welke manier dan 
ook, gedurende de afgelopen 4 jaar (plus een beetje) bijgedragen heeft aan de 
totstandkoming van dit proefschrift. Voor ieder van jullie is de warme handdruk 

die symbolisch het titelblad van dit hoofdstuk siert (schroom niet om een echte op te 
komen halen). Ook voor iedereen die ik onverhoopt toch nog vergeet te noemen. Zonder 
jullie had ik dit niet kunnen doen!

Klaas, bedankt dat je mij de kans hebt gegeven om na mijn afstuderen ook mijn promotie 
in jouw groep te doen. Je hebt een unieke groep op weten bouwen die niet alleen belangrijk 
is geweest voor de MRI wereld (overal kom je wel iemand tegen die ooit bij of met Klaas 
Nicolay gestudeerd of gewerkt heeft), maar waar het ook nog eens ontzettend prettig 
werken is. Ik vind het dan ook erg spijtig dat daar binnenkort een eind aan lijkt te komen, 
maar ik weet zeker dat jouw invloed nog lang na zal blijven echoën in het vakgebied. Ik 
wil je ook bedanken voor de vrijheid die je me hebt gegeven om mijn eigen ideeën na te 
jagen, de ruimte die ik kreeg om mezelf te ontwikkelen, het vertrouwen dat je me gaf dat 
het uiteindelijk allemaal goed zou komen en jouw adviezen die daar uiteindelijk ook voor 
gezorgd hebben. Veel succes met de laatste lootjes en geniet straks na je pensioen van de 
vrije tijd met je familie. Hopelijk laat je de wetenschap ook dan niet helemaal los, zodat 
onze wegen nog eens kunnen kruisen.

Gustav, jouw deur stond altijd voor me open. Al moest ik aan je ad hoc instelling in het 
begin wel een beetje wennen, ik heb je begeleiding altijd erg gewaardeerd. Je toonde je 
altijd zeer betrokken bij mijn projecten en was nooit te beroerd om te komen helpen aan 
de scanner of met Mathematica wanneer ik er even niet uit kwam. Ik vond het altijd erg 
fijn om even met jou te kunnen sparren, of het nu over sequenties, relaxatiemechanismen 
of iets anders ging, in 5 minuten kwamen we vaak verder dan ik in een week alleen zou 
kunnen komen. Hopelijk kunnen we dit in de toekomst nog eens vaker doen. Je hebt een 
prachtige kans gekregen in Amsterdam en ik wil je ook via deze weg heel veel succes 
wensen met het opzetten van je eigen groep!

Mat, als PI van PARISk en van WP1 toonde jij je ook altijd zeer betrokken bij onze 
projecten. Jouw kritische instelling hield mij scherp en stimuleerde me om me meer te 
verdiepen in de pathologische aspecten van het onderzoek waar we mee bezig waren. Van 
jouw expertise op dat gebied heb ik ook regelmatig dankbaar gebruik mogen maken. Ik 
ben verheugd dat je nu, aan het eind van dit traject, de rol van tweede promotor op je 
wilt nemen. 

At this point I also wish to thank the other members of my PhD committee for their 
participation. Uli, thank you for the many pleasant interactions we had with you and your 
colleagues the last two years. The sequence that you so generously shared plays a major role 
in chapter 5. Frans, bedankt dat je vijf jaar na mijn afstuderen nu ook weer als lid van mijn 
promotiecommissie op wilt treden. Prof. Tim Leiner and Prof. Uwe Himmelreich, thank 
you for taking the time to read this thesis and to participate in the defense committee. 
Prof. Josien Pluim, bedankt dat u de rol van voorzitter op zich wilt nemen nu de decaan 
verhinderd is.
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Stefanie, op het moment van schrijven heb ik net jouw boekje gekregen en het dankwoord 
gelezen. Hoewel ik deze natuurlijk niet wil kopiëren, kan ik wel zeggen: insgelijks! Het is 
bijzonder dat we na meer dan 10 jaar hetzelfde pad gevolgd te hebben slechts 5 weken uit 
fase lopen. Prachtig dat de T1ρ sequentie waaraan we als eerstejaars aio’s zo enthousiast 
samen hebben zitten programmeren ons ook nog 2 papers op heeft geleverd, met een derde 
in de pijplijn. Onze (professionele) wegen splitsen zich nu, maar ik heb zo’n vermoeden dat 
ze nog wel eens zullen kruisen. Het doet me in ieder geval genoegen dat je vlak voor je met 
Ralf de grote plas over vliegt nog net als paranimf op wilt treden bij mijn promotie, want 
dat doe je vast minstens net zo goed als toen jullie afgelopen zomer ceremoniemeesters 
waren op onze bruiloft. Heel veel succes samen in New York. Ik stel voor dat we ons 
volgende etentje met zijn vieren daar doen!

Igor, ook jij was de afgelopen (ruim) 7 jaar een vaste factor op elke werkdag, eerst in de 
masterroom en daarna op ons kantoor. Ik heb veel met je gelachen en het was altijd erg 
gezellig op kantoor. Super dat jij straks samen met Stefanie aan mijn zijde wilt staan 
tijdens mijn verdediging. Als een soort laatste der Mohikanen ga jij nog even door als 
postoc in onze groep. Ik maak me daar wel zorgen om, want wie gaat er  nu voor zorgen 
dat je op tijd pauze neemt en niet dag en nacht op kantoor blijft zitten? Ik wens je in ieder 
geval heel veel succes met je postdoc-project en voor de rest van je carrière. Laten we snel 
weer eens samen gaan fietsen!

Luc, na de masterroom ging jij je promotie doen bij Philips op de High Tech Campus. Als 
PARISk collega’s hadden we toch nog veel contact en ik denk dat de verhuizing van de hele 
vakgroep naar de High Tech Campus voor ons op een goed moment kwam, waardoor wij 
onze gezamelijk studie makkelijker af konden ronden. Het zat niet mee, maar het heeft 
ons beiden toch maar een mooi hoofdstuk 6 opgeleverd, en hopelijk binnenkort toch nog 
die publicatie. Ik kijk met veel plezier terug naar de lange dagen die wij samen achter de 
scanner doorgebracht hebben. Een begenadigd rapper zul je wel nooit worden, een kritisch 
wetenschapper ben je wel. Veel succes met je carrière in de consultancy!

Holger, het is mede aan jou te danken dat ik ooit een promotie ben gaan doen. Jij deelde 
graag je visie op zaken en bij jou kon ik vaak terecht voor advies, dat heb ik altijd heel erg 
waardevol gevonden, dank daarvoor. En al ga ik de MRI voorlopig nog niet opgeven, vind 
jij het vast wel goed om te horen dat daar nu een nucleaire techniek bij komt.

Tijdens mijn promotie had ik het voorrecht om twee superstudenten te mogen begeleiden. 
Frank, jij begon met afstuderen toen ik daar zelf bijna mee klaar was. Ik vond het erg 
leuk om jou samen met Bram te begeleiden. Jouw werk heeft al geleid tot een publicatie 
en vormde tevens de basis voor de T2 studie in hoofdstuk 2. Succes met het afronden 
van je eigen promotie, en stuur nog eens een vrijdagmiddagraadsel. Pieternel, jou heb 
ik zowel tijdens je interne stage als tijdens je afstuderen mogen begeleiden. Al was je zo 
zelfstandig dat er vaak weinig te begeleiden viel. Jouw T1ρ werk heeft geleid tot hoofdstuk 
3 en inmiddels ook een mooie publicatie. Je wordt vast een geweldige Klinisch Fysicus.

Zonder hulp van de biotechnische staf zou dit proefschrift er niet zijn gekomen. Leonie, 
jij bracht me de kneepjes van het vak bij en stond altijd klaar om te helpen met een ziek 
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muisje of om een staartje aan te prikken. Daarnaast heb je me regelmatig voorzien van 
waardevolle adviezen. David, ook jij stond altijd klaar om een helpende hand toe  te steken. 
Caren en Marleen, bedankt voor het uitvoeren van the thrombusinductie operaties, en 
voor de gezelligheid natuurlijk. Ook de andere biotechnici die op de achtergrond altijd 
klaar stonden wil ik bij deze bedanken. 

Tijdens de jaren in N-Laag en HTC 11 hebben we nog wel wat meer kantoorgenoten 
versleten. Roel, jij hebt me op gang geholpen en de weg gewezen in de wereld van knock-out 
muizen en ijzeroxides. Tom, jij zorgde altijd voor een gezellige noot in de kamer, maar 
hebt me ook regelmatig bij de les gehouden. Hopelijk is die foto nooit gelukt... Jules, jouw 
verblijf in ons kantoor was kort maar krachtig. Jouw bijdrage aan hoofdstuk 5 is niet te 
onderschatten, zonder koerier voor de fluorspoel zou ik heel wat uurtjes meer verloren 
zijn in de trein naar Maastricht. Valentina, grazie mille for adding some Italian spice to 
our office, please feel free to keep asking me your questions... Jo, ik vond het erg fijn om 
iemand te hebben die mijn interesse in de vogels buiten het raam (en natuurlijk de ijsvogel 
bij het bruggetje!) deelde. Ik heb ook altijd erg genoten van je verhalen over je roofvogels, 
je werk bij de GaiaZoo en je fietsavonturen.

De dames van het secretariaat, de eerste jaren Hedwig en later Floortje, wil ik ook graag 
bedanken voor hun hulp bij allerlei praktische zaken. Floortje, jij hebt je in korte tijd 
onmisbaar weten te maken voor de groep, menig sociale activiteit kwam er uit jouw hoed 
en je stond altijd vooraan als er wat te vieren viel. Aan jou draag ik de belangrijke taak 
over om ervoor te zorgen dat iedereen op tijd pauze gaat houden.

Er waren door de jaren heen natuurlijk nog veel meer collega’s die er samen voor gezorgd 
hebben dat het werken in deze groep een groot plezier was. Bram, ik heb veel gehad aan 
de discussies met jou, als mijn afstudeerbegeleider, maar zeker ook daarna. Leonie & 
Tessa, jullie hebben mij veel geleerd op het op het gebied van histologie, celkweken en 
contrastmiddelen en stonden daarnaast ook altijd klaar om een muisje aan te prikken. 
Leuk dat we nog regelmatig contact kunnen houden. Larry, je bent een unieke persoon met 
enorm veel praktische kennis, bedankt voor de ontelbare keren dat je me geholpen hebt 
met allerlei technische zaken.  Bart, een pauze met jou was altijd gezellig. Ik heb genoten 
van je verhalen, vooral die waarvan je al vrij snel weer spijt kreeg dat je ze verteld had. Het 
zou te veel ruimte innemen om hier voor iedereen een persoonlijke boodschap te schrijven, 
maar ik wil toch proberen om in ieder geval alle Biomedical NM’ers te noemen waar ik 
mee heb mogen werken (in willekeurige volgorde): Jeanine, Sharon, Desiree, Miranda, 
Wolter, Ot, Bastiaan, Katrien, Abdallah, Marloes, Siem, Anke, Nicole H., Mariska, Sander, 
Pedro, Sin Yuin, Tiemen, Esther, Steffie, Richard, Erik, Maarten, Glenda, Laura, René, 
Jolita, Prashant, Jeroen, Robbert, Bernard, Nicole v.d. B., Ewelina, Martijn, en natuurlijk 
alle studenten, bedankt!

De overige collega’s van PARISk mag ik ook zeker niet vergeten: Eline, Sylvia, Judith, 
Nicole & Stefan, bedankt voor de stimulerende Maastricht-Eindhoven meetings die 
we meerdere keren per jaar gehad hebben. Judith, ook bedankt voor je training en de 
onmisbare ondersteuning met histologische technieken. Eline en Martijn, bedankt voor 
het uitlenen van de 1H/19F spoel ten tijde van jullie eigen 19F MRI studie. Renate, we 
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hebben mooie experimenten uitgevoerd aan humane plaque samples met de dynamische 
drukopstelling in de MRI scanner. Helaas hadden we beiden niet genoeg tijd en heeft het 
dit proefschrift niet gehaald, misschien de jouwe? Pas op met roerbonen en MRI...

Rolf en Mohammed, ik heb jullie heel wat keren verteld binnenkort toch echt met 19F 
MRI te willen beginnen, maar vorig jaar kwam het er eindelijk echt van en hoofdstuk 5 
is daarvan het resultaat. Ontzettend bedankt voor jullie ondersteuning en waardevolle 
inzichten.

Het team van Pepric: Stephanie Teughels, Eric Roskin en Joeri Verbiest, wil ik ook graag 
bedanken. Jullie hebben mij erg gastrvij ontvangen tijdens mijn bezoek in Leuven. 
Stephanie, bedankt voor je vasthoudendheid, ik was verrast toen je me in 2012 opzocht 
tijdens de ESMRMB in Lissabon, en had toen niet kunnen vermoeden dat de pEPR 
metingen die jullie kostenloos uitgevoerd hebben zo belangrijk zouden worden voor de 
validatie in hoofdstukken 2 en 4.

Natuurlijk zijn er ook buiten het werk vele mensen die belangrijk voor me zijn, die me 
de ‘echte wereld’ laten zien, en daarom ook onmisbaar zijn geweest om me door deze 
promotie te helpen. Te beginnen bij de schoonfamilie Both: Marie-Louise en Henk, al 
bijna 10 jaar hebben jullie me opgenomen in jullie gezin, ik voel me altijd erg welkom, en 
jullie hebben mijn werk altijd heel geïnteresseerd gevolgd. Sander en Sofieke, met jullie 
erbij is het altijd extra gezellig.

Inge, mijn kleine zusje... wat heb je een leuk gezinnetje samen met Roy. Ik geniet ervan 
om Finn op te zien groeien en vind het super leuk dat jullie straks met zijn viertjes zijn. 
Dan mijn broertje Niels, 11 jaar is een groot verschil en hoe groot je ook wordt, je blijft 
mijn kleine broertje. Ondanks het grote leeftijdsverschil hebben we altijd ontzettend goed 
met elkaar op kunnen schieten. Jij staat nog aan de andere kant van je studie, maar wat 
je uiteindelijk ook kiest, ik weet zeker dat je succesvol wordt. Laten we nog vaak samen 
gaan wintersporten!

Pap en mam, jullie hebben mij altijd gesteund, gestimuleerd en alle vrijheid gegeven. Dat 
ik zo ver heb kunnen komen heb ik dan ook voor een heel groot deel aan jullie te danken! 
De laatste tijd hebben jullie vaak aan moeten horen dat ik het zo druk had, hier ligt dan 
eindelijk het resultaat. Gelukkig weten jullie het altijd heel gezellig te maken als we op 
bezoek komen, en het is heerlijk dat we dan ook regelmatig mee mogen eten, zeker tijdens 
die drukke periodes. 

Lieke, de liefde van mijn leven, mijn steun en toeverlaat. Woorden kunnen niet beschrijven 
hoe belangrijk jij voor mij bent. Geweldig dat we onze liefde afgelopen zomer hebben 
kunnen bekronen onder de dikke oude platanen in Geldrop. Dat onze bruiloft uiteindelijk 
toch nog tijdens mijn promotie viel maakte niets uit, alles ging opzij en we hebben er volop 
van genoten. Ik beloof je dat ik nu weer wat meer tijd voor andere dingen zal maken. Vol 
vertrouwen kijk ik uit naar wat de toekomst ons nog zal brengen...

Rik 
december 2014
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Rik Moonen was born on January 23th, 1986 in Maastricht, The Netherlands. He grew 
up in Weert where he graduated from pre-university education (VWO) in 2004 at 
the Bisschoppelijk College. He studied Biomedical Engineering at the Eindhoven 

University of Technology (TU/e) and obtained his Bachelor of Science degree in 2007, 
followed by his Master of Science degree in 2010. During his time as a master student, 
he obtained a certificate in Technology Management (cum laude). Also, he performed an 
internship at the Centre for Advanced MRI of the University of Auckland, New Zealand 
under the supervision of Prof. Dr. Alistair Young and Dr. Brett Cowan, on the topic 
of assessing renal function using DCE MRI. His master thesis work, which focused on 
first-pass perfusion imaging of the mouse myocardium, was performed in the Biomedical 
NMR group of Prof. Dr. Klaas Nicolay.

In 2010 he continued his research as a PhD student under supervision of Dr. Gustav 
Strijkers and Prof. Dr . Klaas Nicolay. The results of his PhD project are described in this 
thesis. At the 6th Annual Meeting of the ISMRM Benelux Chapter in 2014 he was awarded 
the presentation award for the work described in chapter 5. 

In December 2014 he started as a postdoctoral researcher on the topic of cardiovascular 
PET-MRI at the Department of Radiology of the Maastricht University Medical Center. 
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