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ABBREVIATIONS

NMR Nuclear Magnetic Resonance

MRI Magnetic Resonance Imaging

M Magnetization of a medium

B0 Magnetic flux density (Tesla) of main magnetic field

B1 Magnetic flux density (Tesla) of applied rf-field

rf Radiofrequency

TR Repetition Time

TE Echo Time

Mz Longitudinal Magnetization

Mxy Transverse magnetization

M0 Longitudinal magnetization at equilibrium

T1 Longitudinal relaxation time (ms)

T2 Transverse relaxation time (ms)

T2* Effective transverse relaxation time for gradient echoes (ms)

R1 Longitudinal relaxation rate 1/T1 (s-1)

R2 Transverse relaxation rate 1/T2 (s-1)

r1 T1 relaxivity (s-1 mM-1)

r2 T2 relaxivity (s-1 mM-1)

RES Reticuloendothelial system

SNR Signal to noise ratio

CNR Contrast to noise ratio

CE-MRA Contrast enhanced magnetic resonance angiography

DVT Deep venous thrombosis

RGD arginine-glycine-aspartate

MRCA Magnetic resonance coronary angiography

XRA X-ray angiography

i.v Intravenously

TSE Turbo Spin Echo

FOV Field of view
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INTRODUCTION

MRI BASICS
The fact that a nuclei with spin angular momentum (spin) can interact with 

a magnetic field was described almost 60 years ago by Bloch and Purcell1, 2 for 
which they jointly received the Nobel prize in 1952. This interaction, known as 
nuclear magnetic resonance (NMR) can be described by the equation:

  0 = B0    [1]

where 0 is the angular rotation frequency (Larmor frequency),  is the gy-
romagnetic ratio (an isotope dependent constant) and B0 is the static magnetic 
field.

Even though NMR is a process which can fully only be described by quantum 
mechanics, classical physics can in many cases be used to describe it’s macro-
scopic appearance. In this thesis only the classical physics will be used to de-
scribe NMR and magnetic resonance imaging (MRI). 

Each spin will induce a magnetic moment. Classical physics can handle the 
sum of all the spins relatively well and hence the total magnetization of all the 
spins can be described as a vector. In the equilibrium state the magnetization 
vector is aligned with the main magnetic field B0 referred to as the z-direction, 
hence this magnetization is denoted Mz. In order to retract information about 
Mz it is needed to move the vector into a plane perpendicular to B0. This is done 
using a separate magnetic field, B1 which is perpendicular to B0. Since Mz is 
rotating at the Larmor Frequency, B1 also need to oscillate at the Larmor Fre-
quency. It can be calculated that the frequency required is in the radiofrequency 
(rf) range.

Using the NMR phenomena for imaging was first described by Lauterbur in 
19733, but it was not until 1976 when Mansfield reported the first images from a 
live human4. MR Imaging is based on the modulation of the static field by ap-
plying a linear field gradient. From equation 1 it can be seen that any change in 
the magnetic field will result in a subsequent change in the Larmor frequency. 
This effect is used to spatially localize the excitation of the spins in a given 
object by applying the rf-pulse with the corresponding larmor frequency. It is 
however required to not only spatially resolve the information in one dimen-
sion but in two or three dimensions in order to create an image of or through 
the object. In order to do this the experiment is repeated with varying strengths 
of the linear field gradient in two or three orthogonal directions. The time be-
tween every excitation is referred to as the Repetition Time (TR). One of the 
linear field gradients is applied during the sampling of the signal following the 
excitation, the time between the excitation and the actual sampling is referred to 
as the Echo Time (TE). When a rf-pulse is applied to the object at the Larmor 
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frequency the Mz vector will alter it’s direction into a plane perpendicular to B0,
the resulting magnetization in this plane is denoted Mxy. Immediately following 
an rf-excitation it can be noticed that the signal is decaying towards zero over 
time. This effect is called proton relaxation which is caused by the interaction 
of protons and hence loss of energy. In the Mxy plane the magnetization disap-
pears and in the Mz direction the magnetization will recover back to its equi-
librium state denoted M0. In the Mz direction the magnetization will recover 
with a time constant called T1 caused by randomly fluctuating magnetic fields 
originating from protons in thermal motion and chemical exchange. In the Mxy
plane the magnetization will disappear with the time constant called T2 caused 
by local field inhomogeneities. The corresponding rates are denoted R1(1/T1)
and R2(1/T2). 

The T1 and T2 relaxation times and the total amount of protons in a specific 
tissue in combination with the applied pulse sequence (TR, TE and rf-sequence) 
determine the signal in the image from that given tissue. A unique feature of 
MRI compared to X-ray and computed tomography is the excellent soft tissue 
contrast owing to large differences in relaxation times in different soft tissues.

However, unlike computed tomography there are no absolute references in 
MRI and it is therefore not possible to quantify the relaxation times T1 and T2
or proton density from a single image.

MRI CONTRAST AGENTS
Even though MRI can provide excellent soft tissue contrast there is room for 

improvement of the contrast in the images by applying contrast agents. Bloch 
described the use of ferric nitrate to shorten the relaxation time of water already 
in 19465 and in Lauterburs paper from 1973 MnSO4 was used to dope water to 
decrease the relaxation times3. Interestingly the use of Mn2+ as a contrast agent 
for MRI has recently gained a lot of attention for application both within CNS 
and the myocardium. The first paper describing a the use of a potential con-
trast agent for clinical use was published in 1984 by Weinmann and coworkers6.
This contrast agent was Gd-DTPA, a low molecular weight Gd-chelate which 
later became commercially available under the name Magnevist  and has since 
become the most used MRI contrast agent in the world. It is important to re-
member that MRI contrast agents are fundamentally different from X-ray con-
trast agents. X-ray contrast agents have a direct effect on the attenuation of the 
X-rays and therefore the image signal whereas MRI contrast agents have an 
effect on the relaxation times of the protons and therefore an indirect effect on 
the NMR signal. MR contrast agents can be classified based on their magnetic 
properties into paramagnetic agents and superparamagnetic agents.
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RELAXIVITY
Relaxivity is the term used to define the efficacy of a contrast agent to relax 

protons. The definition of relaxivity is:

  R1 = R1
0 + r1 C     [2]

  R2 = R2
0 + r2 C    [3]

where R1 and R2 are the relaxation rates (1/T1 and 1/T2) with a contrast agent 
present and R1

0 and R2
0 are the relaxation rates without a contrast agent. C is 

the concentration of the contrast agent an r1 and r2 are the respective relaxivities 
of a contrast agent (s-1 mM-1). As seen by the definition, the relaxivity is the slope 
of the R/C, so the induced change in relaxation rate divided by the contrast 
agent concentration. This assumes a linear relationship between the induced 
effect of the contrast agent and the contrast agent concentration. As will be 
discussed in this thesis we will see that this is true only in solutions but not for 
the in vivo situation.

In general it can be noted that superparamagnetic iron oxide particles have 
higher r1 and r2 relaxivities than does the conventional low molecular weight 
Gd-chelates. Especially the r2 relaxivity can be several orders of magnitude 
higher in an in vivo situation but also the r1 relaxivity has been reported to be 
4-8 times higher at clinical field strengths.

PARAMAGNETIC AGENTS
A paramagnetic MR contrast agent is a water soluble metal ion with one or 

several unpaired electrons. If placed in a magnetic field a paramagnetic MR 
contrast agent will experience a magnetic moment not present outside of a mag-
netic field. This is different from ferromagnetic substances which have a perma-
nent magnetic moment once magnetized. As already mentioned the metal ion 
most frequently used as a MR contrast agent is gadolinium (Gd3+)-based. Gd3+ 

has seven unpaired electrons and is very effective at reducing the relaxation 
times of protons. Other ions used are Mn2+ and Fe3+.

In order to handle the toxicity of Gd3+ it is chelated to a low molecular weight 
chelate such as -DTPA or -DOTA. This will inhibit proton and cell membrane 
interactions and therefore reduce the toxicity of the Gd3+ ion. The molecular 
weight of these low molecular weight Gd-chelates are usually in the order of 
600-800 daltons and the they will therefore extravasate through the endothe-
lium outside the CNS where no blood brain barrier is present. It’s distribution 
can therefore usually be described by presence in the intra-vascular and extra-
cellular regions. The excretion of these agents is mainly renal. There are also 
paramagnetic agents of larger size often created by incorporating Gd3+ into 
dimers or polymers7, 8.
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SUPERPARAMAGNETIC AGENTS
A superparamagnetic MR contrast agent is a water insoluble iron oxide crys-

tal containing thousands of paramagnetic Fe ions. The iron oxide crystals are 
based on either magnetite or maghemite. When the Fe ions are ordered within 
the crystal a phenomenon called superparamagnetism occurs, this means that 
the magnetic moment from the particle exceeds the paramagnetic effect of sum 
of the individual Fe ions. Since the crystal consists of several thousand Fe ions 
the particle core is in the range of 5-10 nm. With a coating of the core the effec-
tive diameter is usually between 15-200 nm.

The superparamagnetic iron oxide contrast agents are divided into two main 
groups depending on their size. 

Superparamagnetic iron oxides  = SPIO > 50 nm diameter

Ultrasmall superparamagnetic iron oxides = USPIO < 50 nm diameter 

The much larger size of the superparamagnetic compared to the low molecu-
lar weight gadolinium agents will lead to a fundamentally different biodistribu-
tion. The distribution is mainly intravascular leading to a selective alternation 
of relaxation times in the vasculature or in the vicinity of the vasculature de-
pending on the exchange of protons through the endothelium. In this thesis iron 
oxide contrast agents will refer to both SPIO and USPIO.
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SPECIFIC SUPERPARAMAGNETIC CONTRAST AGENTS
There are a number of superparamagnetic iron oxides in experimental or 

clinical trials. The first one to be approved was AMI-259, (developed by Ad-
vanced Magnetics Inc. USA marketed in Europe by Guerbet under the name 
Endorem ). This is a SPIO type of agent which was developed for liver imag-
ing. Due to its large size the agent is taken up by the reticuloendothelial system 
(RES), especially in the liver by the kuppfer cells where it is internalized and 
hence compartmentalized. This compartmentalization will lead to a hetero-
geneous distribution, which is translated into a inhomogeneous magnetic field 
locally and therefore an increased T2* effects. The uptake into the RES is fast 
and the intravascular half-life is therefore short. Recently another SPIO was 
approved for sales SHU-555A10 (Resovist  by Schering AG). Other superpara-
magnetic iron oxide that have been or still are in clinical development include 
AMI-22711 (Advanced Magnetics Inc. USA marketed by Guerbet under the 
name Sinerem  in Europe) developed for lymph node imaging, SHU-555C12

(Supravist  by Schering AG) developed for vascular imaging. 

NC100150 Injection is a superparamagnetic contrast agent of the USPIO type 
which was originally developed for vascular imaging by GE Healthcare, for-
merly Amersham Health13. NC100150 Injection is characterized by a high r1 and 
a relatively low r2. This makes this agent ideal for T1 weighted imaging since the 
T2 effects are limited. 

In this thesis the utility of NC100150 Injection for magnetic resonance imag-
ing of the cardiovascular system was tested.
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REVIEW OF USPIO’S IN CARDIOVASCULAR MRI

Cardiovascular MRI is a rapidly expanding field. This is a result of many 
factors, including new MR sequences providing better blood / tissue contrast 
and also faster sequences enabling multi-slice perfusion acquisition in a single 
breath-hold14. Contrast agents play an important role in many cardiovascular 
MR applications. Currently, Gd-chelates are extensively used but, iron oxide 
nanoparticles may however offer advantages over existing agents owing to their 
accumulation in macrophages combined with an intravascular distribution and 
higher relaxivity values. The review is focusing on two major areas of interest.

1. Assessment of the macro-vasculature

2. Assessment of the micro-vasculature

1. ASSESSMENT OF THE MACRO-VASCULATURE
The traditional vascular imaging techniques such as time-of-flight and phase-

contrast rely on the fact that the blood is moving15. This motion dependence 
may reduce their usefulness in areas of very slow or turbulent flow. It was early 
recognized that vascular enhancement could be achieved by selectively short-
ening the T1 of blood by intravenous administration of contrast agents. When 
Martin Prince published an article detailing the use of Gd-DTPA16 in combina-
tion with first-pass imaging a rapid evolution of contrast enhanced magnetic 
resonance angiography (CE-MRA) started. The development included both 
dedicated hardware and software to utilize the first-pass effect of Gd-chelates. 
In spite of the success of Gd-DTPA and similar Gd-chelates in CE-MRA, the 
pharmaceutical industry continued to invest heavily into the development of 
new types of contrast agents for MRA throughout the 1990s. This develop-
ment included both gadolinium based intravascular contrast agents and iron 
oxide based contrast agents. Some of these efforts are now close to entering the 
market with approved MRA indication17 whereas other development programs 
have been terminated. One rationale for the development of these new agents 
was that both CE-MRA using Gd-chelates and non-enhanced MRA had clear 
limitations, especially in the peripheral and coronary arteries. As will be dis-
cussed in this thesis, there are some fundamental differences in the anticipated 
efficacy of T1-shortening contrast agents applied to peripheral vessels versus 
coronary arteries. 

Several studies have been performed using intravascular iron oxide based 
contrast agents in the abdominal and peripheral arteries both in pre-clinical 
models18-27 and patients28-34. An example of that is shown in figure 1.
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The majority of these studies describe the vascular enhancement due to a re-
duction in the T1 relaxation time, using T1-weighted gradient echo acquisitions.
Furthermore have most studies focused on the use of imaging when the contrast
agent has reached an equilibrium distribution, however two of them utilize a
first-pass imaging approach29, 34. There are also reports on the improvement in
phase-contrast imaging35, 36. Since phase contrast angiography is based on the
flow induced phase shift in flowing blood relative to stationary tissue the en-
hancement from the iron oxide contrast agents is associated with an increased
signal to noise ratio (SNR). This may lead to an improved reliability in the de-
tection of the flow induced phase shift.

As the enhancement of the vascular pool is non-specific, both the arteries and
the veins will have an increased signal level from the T1 reduction in blood. This
effect will induce both new possibilities but also new problems compared to the
CE-MRA using Gd-chelates. The potential applications utilizing this effect in-
clude imaging of the portal venous system37, 38 as well as imaging of deep venous
thrombosis (DVT)39-41. In addition, efforts have been made to image thrombi
using both passive diffusion of USPIOs into nonendothelialized fresh thrombi42

as well as active targeting of USPIOs via an RGD-peptide to the integrin IIB 3
which is expressed when thrombi are formed43.

Figure 1.
Shown to the left is a Maximum Intensity Projection of the vasculature in
the foot using the USPIO NC100150 Injection injected at a dose of 5 mg Fe/
kg b.w in a healthy volunteer. To the right is the zoomed area (box) showing
tan artery accompanied by two veins. The acquisition was 3D gradient echo
sequence acquired with 1024 matrix resolution.
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The downside of the non-selective vascular enhancement is that discrimina-
tion between arteries and veins is hampered. This can especially be problematic 
in areas where the arteries and veins are located close to each other, e.g. in the 
lower leg. Several attempts to separate arteries and veins using pure post-pro-
cessing techniques44-47 as well as techniques based on the combination of post-
processing and physiology48, 49 have been investigated. The problem of discrim-
inating between arteries and veins with blood pool contrast agent enhanced 
MRA has still not been fully resolved, especially in patient with severe vascu-
lar disease. The advantage of using intravascular contrast agents in peripheral 
MRA may be in the combination of first-pass and steady state imaging. The 
first pass data can be used to get an overall impression of the arterial structure 
which then could guide a high resolution steady-state acquisition in the area of 
interest. The value of this approach warrants further investigation.

Other vascular areas where the iron oxides have been used include pulmo-
nary arteries50-52 and cardiac cine imaging53-56. Pulmonary imaging do poten-
tially benefit from the long vascular half-life of iron oxide particles which allows 
for effective respiratory compensation using navigator echo techniques50. This 
could be of special importance in patients with pulmonary embolism since this 
group of patients has limited possibility for breath-holding. The application 
of USPIOs for improving cardiac cine imaging has virtually disappeared with 
the introduction of true-FISP imaging57. With this non-invasive technique, the 
delineation between blood and myocardium is superior due to the inherent dif-
ferences in relaxation properties between these tissues. Recent work also utilize 
true-FISP imaging for the vascular system58. This approach has already been 
proven for the larger arteries whereas it remains to be seen if true-FISP also will 
enable diagnostic imaging of smaller arteries or whether intravascular agents 
like iron oxide nanoparticles may ultimately be the best choice for this vascu-
lar segment. Similar to CE-MRA using intravascular agents in steady state, 
the true-FISP imaging technique also has the disadvantage that all vessels are 
equally enhanced and therefore complicates separation of arteries and veins. A 
further potential disadvantage of the true-FISP technique is that all fluid struc-
tures will yield a high signal in the images. 

The application of T1-reducing contrast agents for coronary angiography has 
been shown by several authors and is also described in this thesis59-65. However 
as discussed in detail in this thesis the improvement of T1 shortening is smaller 
in triggered acquisitions than in steady state acquisitions66.

A general remark relating to the application of USPIOs in T1-weighted vascu-
lar imaging is that it is necessary to optimize the dose and the sequence in order 
to minimize detrimental T2/T2* effects. As discussed previously, iron oxides 
can have very dominant T2 effects which, in spite of high r1 relaxivity values of 
these agents will tend to limit the achievable signal enhancement. This is of spe-
cial importance in first-pass applications using iron oxides where high contrast 
agent concentrations are likely to occur.
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2. ASSESSMENT OF THE MICRO-VAVV SCULATURE
Tissue perfusion imaging using iron oxide based contrast agents was de-

scribed in 1993 for the kidneys67 and the heart68. Following that several inves-
tigators have described the possible utility of iron oxide agents in the assess-
ment of perfusion deficits in the kidneys and the heart using both T1 and T2/T2*
based acquisitions69-79. Since the iron oxide based contrast agents remain in the
intravascular space during the first pass through the tissue both compartmen-
talization as well as water exchange limitation will affect the tissue response
signal described previously69, 80. The practical effect of this may be negligible if 
qualitative perfusion analysis is performed but is of great importance if quan-
titative information is to be extracted69. Both T1 and T2 based approaches for
myocardial perfusion have been described. Gd-chelates traditionally are asso-
ciated with T1-based acquisitions since the T1 effect is dominating for these
agents, however using USPIO’s it could be of interest to investigate the use of 
T2/T2* based acquisitions methods. A potential problem with the T2* based
methods are artifacts at the myocardial border which can be very pronounced
if gradient echo based sequences are used in the combination with iron oxide
contrast agents74. In this thesis the use of T2 based sequences is discussed in
more detail.

The effect of perfused vs. non perfused myocardium has been investigated
using animal models81, 82. In the study by Kroft et.al no effect was seen whereas
in a study by Bjerner et.al a clear effect was seen. This could be attributed to the
acquisition techniques and that Bjerner et.al performed their imaging ex vivo.
An example of this is shown in figure 2.

Figure 2.
The image to the left shows a gradient echo acquisition of the excised
pig heart with the non-perfused myocardium clearly visualized. A good
correlation to flourescein is seen to the right.
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The use of iron oxide based contrast agent for tissue viability can be separated 
into two main approaches: 1) an increased distribution volume of the contrast 
agents in infarcted tissue83-85 and 2) the assessment of induced changes in tis-
sue perfusion. In the first method the disruption of the endothelial integrity 
is assessed based on selective extra-vascular leakage and hence an increased 
iron oxide distribution volume. In the second approach, tissue perfusion is es-
timated from the transient tissue effects of the iron oxide contrast agent during 
first-pass imaging. 

Another approach to detect myocardial infarction has been reported by 
Weissleder et.al. They applied an iron oxide nanoparticle coupled to antimyosin 
which was used for immunospecific MR imaging of myocardial infarction86.

To assess the functional status of a tissue it has been shown that quantitative 
blood volume can be assessed in vivo, based on the changes in T1 relaxation 
at equilibrium distribution using iron oxides in the kidneys80 and the myocar-
dium87, 88. It has further been shown by non-quantitative MR imaging that 
physiological induced blood-volume changes can be assessed in vivo89, 90. This 
method relies on the intravascular nature of the iron oxide contrast agents in 
combination with a relatively long half-life. An increase in the intravascular vol-
ume leads to a corresponding increase in the concentration of contrast agent. 
This will in turn give rise to a decrease in the T1 and T2/T2* relaxation times. 
Quantification of blood volumes could be of interest when studying abnormal 
physiological situations such as ischemia and hyperemia. 

If the tissue is damaged to the extent that the endothelial integrity is lost, 
blood volume quantification is no longer possible, and analysis of contrast 
agent leakage is the more appropriate approach. The utility of Gd-chelates for 
the assessment of tissue viability, using the ‘delayed enhancement’ technique 
has increased tremendously over the last few years and this technique may be 
superior to using iron oxide based contrast agents for distribution analysis in 
infarcted tissue. However, the intravascular nature of the iron oxide particles 
may offer a unique approach to monitoring alterations in blood volume.

As discussed previously, the bio-distribution of the iron oxide particles in vivo
depends on the size of the particles. It is known that larger iron oxides gener-
ally have a fast uptake into the RES. Smaller particles circulate in the vascular 
system longer and a larger fraction of these may end up in the lymphatic system, 
especially in the lymph nodes. If the particles are small enough a large fraction 
of the particles may also be taken up by the endothelial cells, especially in the 
liver sinusoids but probably also in other endothelial cells where fenestrated 
endothelium is present91. This is because the endothelial cells in the fenestrated 
endothelium are an active part of the human immunological system. The up-
take of the iron oxide particles into macrophages, especially the Kupffer cells 
in the liver suggests that iron oxide particles also can be taken up by macro-
phages in other parts of the body. This may be of special interest in areas of 
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inflammation which are known to be associated with an increased macrophage 
activity. Uptake of iron oxide particles into macrophages will mainly cause a 
reduction in T2/T2* and hence a reduction of signal intensity in T2/T2* weighted 
images. Several studies have been carried out to investigate the uptake of iron 
oxide particles in areas of tissue rejection92-94, infection95, ischemia96 and re-
nal failure97. In addition, the intravascular nature of iron oxide particles is a 
feature which can potentially be used to monitor an increased permeability of 
the endothelium in areas of inflammation. This method is described in more 
detail in this thesis98. This test could potentially be combined with the macro-
phage uptake in order to assess both the endothelial permeability as well as the 
macrophage activity after a single injection of an iron oxide nanoparticle. It 
could potentially also be used to monitor general inflammatory processes in the 
myocardium such as myocarditis and a potential inflammatory response after 
myocardial infarction.

Another area where the inflammatory components are gaining an increasing 
interest is in evaluation of atherosclerotic plaques. Plaque rupture is known to 
be associated with high inflammatory activity. It could therefore be of great 
interest to examine the uptake of iron oxide particles into the atherosclerotic 
plaques. This was first shown by Schmitz et.al in 200099 and then followed by 
other investigators in preclinical models both with histological analysis100 alone 
and combined with imaging101, 102. Lately there have also been reports in pa-
tients using this technique. Schmitz et.al reported incidental findings of signal 
changes in plaques in patients where USPIOs where used for detection of lymph 
node metastasis103 and Kooi et.al investigated eleven patients and concluded 
that accumulation of USPIOs in ruptured and rupture prone human athero-
sclerotic plaques caused signal decreases in vivo104. Similar results were also 
published recently by Trivedi et.al105. The preclinical data so far seem to offer a 
better image quality than does the clinical data. This can partly be explained by 
the fact that many of the preclinical studies have been performed in controlled 
animals and at high field strengths. The introduction of clinical 3T systems may 
offer the improvement needed to bring this technique into clinical reality.
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PURPOSE, METHODS AND RESULTS OF THESIS

GENERAL PURPOSE
The purpose of this work was to investigate the feasibility of ultrasmall su-

perparamagnetic iron oxide contrast agents for improving the diagnostic and 
functional assessment of the heart using magnetic resonance imaging. The ar-
eas included in this investigation are: 

Coronary Angiography (study 1, 2)

Thrombus Imaging (study 3)

Assessment of Cardiac Function (study 4)

Assessment of Myocardial Perfusion (study 5)

Assessment of Myocardial Blood        
   volume and water exchange (study 6)

Imaging of inflammatory processes (study 7)

The specific purposes, methods and results are presented separately followed 
by a general discussion of all studies.
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PURPOSE METHODS AND RESULTS OF INDIVIDUAL
STUDIES

STUDY 1

Benefit of T1 reduction for magnetic resonance coronary angiography: a numerical 
simulation and phantom study.
Johansson LO, Fischer SE, Lorenz CH.
J Magn Reson Imaging. 1999 Apr;9(4):552-6.

Purpose
The purpose of this study was to investigate the effect of T1-shortening for 

vascular imaging, especially in the case of triggered acquisition where imaging 
is performed in a non steady-state situation such as imaging of the coronary 
arteries. 

Methods
Numerical simulations were performed using the equations for the MR signal 

in steady state and in non-steady state situations. In the steady state situation 
the calculations are relatively simple and the expression of the signal intensity 
is shown in equation 4.

S ~ sin ( )(1-e-TR/T1)(e-TE/T2*) / (1- cos( )(1-e-TR/T1))  [4]

The signal as a function of T1 in blood was calculated using equation 4.

In the non steady state situation there are two options. Both cases assume a 
constant TR and TE.

Let the flip angle be constant and calculate the variable magnetization for 
each rf-pulse.

Calculate the flip angles required to maintain a constant magnetization over 
the limited acquisition window.



27

The first option will induce a variable Mxy over the acquisition window and 
hence a variable signal over k-space. This may result in artefacts after the fou-
rier transform is performed. In addition, this option is also less favourable since 
the acquisition do not fully utilize the increased magnetization in the beginning 
of the acquisition window. Therefore, a software tool was developed that opti-
mise the flip angles over the acquisition windows using the following optimisa-
tion criteria:

1. A constant signal over the entire acquisition window

2. Maximum signal

If a spoiled gradient echo acquisition is used and a 3D volume where the blood 
does not get refreshed during the series of excitations the signal amplitude can 
be written as follows:

S(n) ~ sin( ) (cos( (n-1))Mz(n-1)(e-TR/T1) +M0(1-e-TR/T1))  (e-TE/T2*)       [5]

Using the first optimisation criteria gives:

S(n)=S(n-1)      [6]

Since the signal depends on the longitudinal magnetization and the flip angle 
used equation 6 can be written as follows:

Mz(n) sin( (n)) = Mz(n-1) sin( (n-1))   [7]

Solving for (n) gives:

(n) = arcsin (Mz(n-1) sin( (n-1)) / Mz(n))  [8]
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The second optimisation criteria give that the maximum (1) that gives (n) 
90  should be used.

Using these criteria's the flip angle sweep can be calculated for any pulse se-
quence used. 

Mz(1) will depend on the heart rate and the T1 in blood. The signal as a func-
tion of T1 in blood in a triggered acquisition was therefore calculated using a 
heart rate of 60 beats per minute. It many cases it can however be assumed that 
the blood gets fully refreshed in the coronary arteries between every acquisition 
window since the acquisition window is limited to 100 ms in the R-R interval106,
this gives that: 

Mz(1) = M0       [9]

The signal as a function of T1 in blood was therefore also calculated for this 
situation.

In order to validate the simulations a 1.5T clinical scanner (Gyroscan NT, 
Philips Medical Systems) was programmed using the optimised flip angle sweep 
and phantoms with various T1 were used in the study.
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Results
The simulated signal as a function of T1 in blood is shown for three situations 

in figure 3.

0

0.1

0.2

0.3

0.4

0.5

0 200 400 600 800 1000 1200

T1(ms)

SI
SI(trig-noflow)

SI(trig-flow)

SI(ss)

Figure 3.
The signal intensity as a function of T1 in blood is plotted for the three 
situations described. A steady state acquisition as done in the peripheral 
arteries (dashed line), a triggered acquisition as done in the coronary arteries 
without any inflow into the coronaries between the acquisition window (full 
line), a triggered acquisition with inflow into the coronaries between the 
acquisition windows (dotted line). Note that the is very little effect of T1
shortening in blood for a triggered acquisition with flow in the coronary 
arteries.
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STUDY 2

High-resolution magnetic resonance coronary angiography of the entire heart 
using a new blood-pool agent, NC100150 injection: comparison with invasive x-ray 
angiography in pigs.
Johansson LO, Nolan MM, Taniuchi M, Fischer SE, Wickline SA, Lorenz CH.
J Cardiovasc Magn Reson. 1999;1(2):139-43.

Purpose
The purpose of this study was to investigate the feasibility of performing 3D 

magnetic resonance coronary angiography of the entire heart using NC100150 
Injection in a pig model with a “stenotic” coronary artery using conventional 
X-ray angiography (XRA) as golden standard.

Methods 
6 domestic farm pigs were used in the study. A inflatable balloon constric-

tor was placed around the left circumflex artery via a thoracotomy at the fifth 
intercostal space. These pigs were part of another study aiming at studying 
myocardial perfusion. The placement of the inflatable balloon resulted in the 
creation of a pseudostenosis in most cases. Imaging of the created stenosis was 
done using magnetic resonance coronary angiography (MRCA) after injection 
of NC100150 Injection at a dose of 5 mg Fe/kg b.w. The pigs were anaesthetized 
using 2-3% isoflourane and mechanically ventilated inside the magnet. A 3D 
gradient echo acquisition was performed using navigator echoes for respiratory 
compensation. An acquisition window of 40-60 ms was used. Isotropic voxels of 
0.9 x 0.9 x 0.9 mm were acquired in 40-50 slices. The scan time varied between 
10-22 minutes depending on cardiac frequency and navigator acceptance. The 
degree of stenosis was measured diameter reduction in planar reconstructions 
along the vessel in the MRCA images using a normal segment 10 mm away 
from the stenosis as reference. XRA was performed within a few hours of the 
MRCA and the degree of stenosis was classified as well as measured using a 
single plane caliper measurement. The degree of stenosis measured on MRCA 
was compared to XRA.
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Results
MRCA and XRA angiography were in good agreement both regarding abso-

lute measurement as well as the classified data. The measured data are shown 
in Table 1. 

% stenosis XRA vs. MRCA

Pig #
Stenosis meas. in

XRA (%)

Stenosis meas. in

MRCA (%)

1 72 60

2 14 10

3 70 63

4 38 30

5 0 6

6 82 69

Table 1. 
Table 1 shows the measured % stenosis in the x-ray and MRCA images.
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STUDY 3

A targeted contrast agent for magnetic resonance imaging of thrombus: implica-
tions of spatial resolution.
Johansson LO, Bjornerud A, Ahlstrom HK, Ladd DL, Fujii DK.
J Magn Reson Imaging. 2001 Apr;13(4):615-8.

Purpose
The purpose of this study was to investigate the feasibility to use a USPIO tar-

geted to an integrin which is expressed when blood clots are formed to improve 
the detection of thrombus using magnetic resonance imaging.

Methods
USPIO particles was prepared by partial oxidation of the surface carbohy-

drates to form aldehydes using sodium periodate. Targeting was achieved using 
a cyclic arginine-glycine-aspartatic acid (RGD) peptide. RGD has a high affin-
ity and specificity for the integrin IIb 3 which is expressed when platelets are 
activated. The RGD peptide was coupled to the oxidized USPIO via an oxime 
linkage (RGD-USPIO). A USPIO without oxidation was used as control. Imag-
ing was performed both ex vivo and in vivo.

The ex vivo model consisted of clots formed around a glass tube inserted into 
test tubes with heparinized blood spiked with the RGD-USPIO at various con-
centrations. 

The in vivo model was created using a previously described technique107. In 
short: the jugular vein of a domestic farm pig was occluded using two vascu-
lar clamps at a 30 mm distance, thereby creating a cavity in the jugular vein. 
A suture was inserted through the cavity and thrombin was injected into the 
cavity causing a blood clot to form around the suture. The clamps were then re-
leased and the flow through the jugular vein was re-established. A dose of 4 mg 
RGD-USPIO was injected and imaging was performed 5 hours post injection. 
A T1-weighted gradient echo acquisition was performed using saturation slabs 
to suppress inflow effects.
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Results
There was a positive dose response in the RGD-USPIO tubes compared to the

controls. In all cases in vivo and ex vivo the enhancement was confined to the
surface of clots. There was also a marked reduction in contrast to noise (CNR)
seen both in vivo and ex vivo when the pixel size was increased.

Figure 4.
Above is shown images from an in vivo situation. To the left is a transverse
bright blood image of the jugular vein in the pig shown delineating the clot.
To the right are acquisitions with various pixel size shown, note how the
enhancement on the surface of the clot is reduced when the largest pixel size
is used.
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STUDY 4

Characterization of T1 relaxation and blood-myocardial contrast enhancement of 
NC100150 injection in cardiac MRI.
Wagenseil JE, Johansson LO, Lorenz CH.
J Magn Reson Imaging. 1999 Nov;10(5):784-9.

Purpose
The purpose of this study was to investigate the potential improvement to 

cardiac cine MRI of the heart by use of the USPIO contrast agent NC100150 
Injection using both T1 characterization and cardiac cine MRI.

Methods
T1 characterization: 4 domestic farm pigs were used in the study. 6 ascending 

doses of NC100150 Injection were injected intravenously (i.v) with 30 minutes 
between injections. Lock-Locker measurements108 were performed at baseline 
and at 5 and 20 minutes post injection. Data was fitted to a model describing the 
T1 relaxation curve. R1 values as a function of dose as well as the intravascular 
half-life of the contrast agent were calculated.

Cardiac Cine MRI: 8 domestic farm pigs were used in the experiments. Each 
animal received first an injection of 1 mg Fe/kg b.w followed by a second injec-
tion of 4 mg Fe/k.g b.w injected within 7 minutes to add up to a total of 5 mg 
Fe/kg b.w. At baseline and immediately after each injection a 4-chamber cine 
acquisition was performed using a cardiac triggered 2D T1-weighted turbo-field 
echo acquisition. The signal intensity was measured in the left ventricular blood 
pool as well as in 4 places evenly distributed in the left ventricle myocardium. 
The SNR was measured in blood and myocardium at baseline and for each 
injection. CNR between the blood and myocardium was calculated for at end 
diastole and late systole. 
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Results
The T1 characterization showed a linear dose response in blood up to a dose

of 5 mg Fe/kg b.w. The intravascular half life estimated from the two measure-
ments (5 and 20 minutes post injection) was 51 minutes. The CNR between
blood and myocardium improved after injection of NC100150 injection com-
pared to baseline both at end diastole and late systole. There was however no
difference between an injection of 1 and 5 mg Fe/kg b.w. The SNR improvement
was in the order of 25% for the myocardium and 75% for blood.

Figure 5.
This figure shows two images in a long-axis image of a pig heart. Note the
enhancement in the LV blood induced by NC100150 Injection. Note also
the high signal in the RV already at baseline caused by high through-plane
flow.
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STUDY 5

First-pass myocardial perfusion MR imaging with outer-volume suppression and 
the intravascular contrast agent NC100150 injection: preliminary results in eight 
patients.
Bjerner T, Johansson L, Ericsson A, Wikstrom G, Hemmingsson A, Ahlstrom 
H.
Radiology. 2001 Dec;221(3):822-6.

Purpose
The purpose of this study was to investigate the feasibility of first-pass myo-

cardial perfusion imaging in patients using the USPIO contrast agent NC100150 
Injection and a single shot high-spatial resolution T2-weighted turbo-spin-echo 
(TSE) imaging technique.

Methods
Patient population: Eight patients with known cardiovascular disease were 

included in the study. (five men and three women). Conventional X-ray angiog-
raphy was performed the day after the MR investigation. Seven of the subjects 
had single vessel disease and one patient had stenosis in two vessels. The study 
was part of a phase-II clinical trial aimed at assessing the utility of NC100150 
Injection for magnetic resonance coronary angiography.

Contrast agent: NC100150 Injection was injected i.v at a dose of 3.0 mg Fe/kg 
b.w by hand injection as a bolus.

MR Imaging: MR imaging was performed using a 1.5T clinical imaging sys-
tem (Gyroscan-NT Philips Medical Systems) with a linear flex coil. Two differ-
ent imaging techniques was used in the study, both of them did however use the 
same echo-time of 90 ms.

In six patients a small FOV (130x104 mm) was used with pre-saturation 
slabs positioned outside the FOV in the phase encoding direction to avoid 
fold-over artefacts. This small FOV enabled a high spatial resolution to be 
used (0.5 x 2.5 mm) with a 1 mm thickness. A single shot TSE acquisition 
with one image / heartbeat using 42 phase encoding steps was collected. The 
acquisition time / slice was approx 200 ms.

In two patients a single shot TSE acquisition with orthogonal 90  excitation 
and 180  refocusing pulses was used. Since refocusing only was performed 
at the same width as the field of view (FOV) fold-over artefacts were avoid-
ed. The FOV was 180 x 90 mm with an in-plane resolution of 0.7 x 1.5 mm. 
30 phase encoding steps were acquired in approximately 160 ms.
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Time-intensity curves were measured in three areas of the myocardium, one
in each area supplied by the LAD, LCX and RCA respectively. Areas in the
myocardium supplied by a stenotic coronary artery as determined by XRA was
excluded from the analysis. The reason for this was that the purpose of the
study was to investigate the normal behaviour of the first pass of NC100150 In-
jection and not an assessment of myocardial perfusion defects. A second reason
they were excluded was that no stress was allowed in the protocol since this was
a phase-II clinical trial and a thorough evaluation of myocardial ischemia was
therefore not possible. The maximum relative signal intensity drop was calcu-
lated in each of the remaining regions of interest.

Results
The mean maximum signal intensity decrease was 59%  13 for the technique

using the saturation slabs. The result for the technique using the orthogonal
90  excitation and 180  refocusing pulses was 53  9. Both changes were signifi-
cantly different from baseline. This signal intensity in the myocardium returned
towards baseline following the maximum negative peak.

Figure 6.
T2 based Turbo-Spin Echo perfusion sequence during first pass of NC100150
Injection at a dose of 4 mg Fe/kg b.w (left). The image to the right shows the
time-intensity curve measured from the area marked in the myocardium.
Note the start of return to baseline at the end of the curve.
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STUDY 6

Assessment of myocardial blood volume and water exchange: theoretical consider-
ations and in vivo results.
Bjornerud A, Bjerner T, Johansson LO, Ahlstrom HK.
Magn Reson Med. 2003 May;49(5):828-37.

Purpose
The purpose of this study was to investigate the use of NC100150 Injection 

to assess myocardial blood volume and endothelial water exchange. A second 
purpose was to develop a robust method for measurement of R1 in the beating 
heart.

Methods
Eight domestic farm pigs were used in the study. The USPIO contrast agent 

NC100150 Injection was injected in the ear vein using 11 cumulative doses in 
each pig with 10 minutes between each injection. The total dose injected was 
10 mg Fe/kg b.w. The intravascular half-life was previously measured to be 51 
minutes56 so the estimated cumulative dose was 7.5 mg Fe/ kg b.w at the highest 
dose. The pigs were imaged in the supine position using a 1.5T clinical scanner 
(Gyroscan-NT, Philips Medical Systems) with a linear flex coil. Between each 
injection a Look-Locker108 acquisition was performed using 75 data points on 
the modulus inversion recovery curve. 

Analysis: Parametric R1 maps were calculated from the signal intensity values 
using a mono-exponential curve fit according to the equation: 

  Mz = M0 |(1-2e-t*R1)|    [10]

where Mz is the magnetization at time t, and M0 is the magnetization at time 
0. The curve fit was generated using nICE™ (NordicNeuroLab AS, Oslo, Nor-
way). Possible deviation from a perfect 180° inversion pulse was included as 
model parameter and a baseline-offset parameter was included in the least 
squares fitting expression to account for the fact that the signal never reaches 
the theoretical zero level because of noise80. Since the acquisition time is in the 
order of 7 minutes for each Look-Locker acquisition it is not possible to freeze 
the cardiac motion. The selection of the pixels used for the analysis is therefore 
critical in order to avoid contamination of the myocardial measurements with 
signal from the LV blood pool. A 2 value of the fit was therefore assigned to 
each pixel. This value was then used to segment out all the pixels with a poor fit 
to equation 10. The remaining pixels in the myocardium and blood were then 
used to calculate the R1 of myocardium and blood.
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The measured R1 in myocardium was then plotted vs. the measured R1 in 
blood. A two compartment bi-directional exchange model using blood volume 
and water exchange as fitting parameters was then fitted to the data with and 
without correction for bi-exponential relaxation behavior and the blood volume 
and water exchange was estimated in each pig for both cases. 

Results
The average blood volume measured in the myocardium was 11.23  2.09 

ml/100 g tissue and the water exchange frequency was 1.39  0.52. Using the 
model for mono-exponential expression gave an overestimation of 15% of the 
water exchange frequency compared with the bi-exponential model.

Figure 7. 
The figure shows the R1 in myocardium as a function of the R1 in blood 
from a pig with a water exchange frequency close to the population mean. 
The initial slope is the linear part of the curve and represents the blood 
volume in the myocardium. The asymptotic level to the right represent the 
water exchange limitation expressed as maximum water exchange frequency 
in the myocardium.
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Figure 8. 
The figure shows a R1 map and the corresponding 2 map. Dark areas in 
the map has a low 2 value and thus a god fit to the modulus T1 relaxation 
expression. Bright areas indicate a poor fit and thus pixels contaminated by 
motion. Example of ROI’s from the different areas are shown in the lower 
part of the figure.
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STUDY 7

Acute cardiac transplant rejection: detection and grading with MR imaging with a 
blood pool contrast agent-experimental study in the rat.
Johansson L, Johnsson C, Penno E, Bjornerud A, Ahlstrom H.
Radiology. 2002 Oct;225(1):97-103.

Purpose
The purpose of this study was to evaluate the feasibility of using the USPIO 

NC100150 Injection to detect and grade acute cardiac transplant rejection in a 
rat model.

Methods
Allogeneic heterotopic heart transplantations (PVG to Wistar/Kyoto) were 

performed in 9 rats and syngeneic transplantations (Wistar/Kyoto to Wistar/
Kyoto) were performed in 6 rats. On the 2nd and 6th postoperative day the 
USPIO NC100150 Injection was injected i.v at a dose of 2 mg Fe/kg b.w. The 
injection was followed by a dynamic 3D gradient echo acquisition of the heart 
grafts for 44 minutes using a temporal resolution of approximately 2 minutes. 
Signal intensity was measured in the blood and myocardium of the grafts. The 
relative signal intensities were calculated using the first post contrast image as 
the reference.

After imaging at day 6 the rats were euthanized, the hearts excised and ana-
lyzed morphologically using a hematoxylin and eosin stain. The excised hearts 
were scored on a 5 point scale based on infiltrating myocytes and interstitial 
edema. 

The mean the of relative signal change was calculated on a group level at each 
time point at both imaging occasions. The difference of the mean between syn-
geneic and allogeneic transplants at day 2 and day 6 was tested for significance 
and the 95% confidence intervals were calculated. Furthermore was the average 
of the signal intensity change in the myocardium of the last 10 time points in 
each dynamic scan were calculated and compared to the histological score to 
determine the correlation between signal intensity change and morphological 
degree of rejection.
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Results
On day 2 after transplantation the mean relative SI change did not differ sig-

nificantly between the allogeneic and the syngeneic group, however at day 6
there was a significant difference already 4 minutes after acquisition of the ref-ff
erence image. The distance between the confidence intervals increase over time.
There was no significant difference in blood signal neither between groups or
between days post surgery. A positive correlation was found between the mean
relative signal change at the 10 last time points and the histologically assessed
degree of rejection at day 6. r=0.89, p < 0.005 for analysis of the allogeneic alone
and r=0.94 p<0.001 when also the syngeneic groups was included.

Delta signal Intensity in Blood, 
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-600

-400

-200

0

200

400

600

800

0 20 40 60

t(min)

d
el

ta
 S

I(
a.

u
)

Blood

Myocardium
Sceletal Muscle

Figure 9.
MR image of a rejecting transplanted heart in the rat (left). The figure to the
right shows the time intensity curves for blood, myocardium and skeletal
muscle following injection of 2 mg Fe/kg b.w of NC100150 Injection
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Figure 10. 
Box and whisker plot shows the difference in the mean relative SI change in 
the myocardium between syngeneic and allogeneic transplants on day 2 and 
day 6 after surgery as a function of time after injection of the contrast agent. 
Error bars indicate bootstrap 95% CIs. On day 2 after transplantation, the 
confidence level did not change over time after injection, but on day 6 it 
increased with time. The time points represent the middle of each image 
acquisition.
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DISCUSSION

This thesis has covered the use of an USPIO contrast agent for imaging of the
cardiovascular system. As shown by the studies the distribution of the USPIO
is mainly intravascular in the normal situation but can also be interstitial in the
abnormal situation. Studies 1- 4 deal with imaging of the macrovascular system
i.e imaging of blood (study 1, 2) structures in the blood stream (study 3) and
the blood myocardial interface (study 4). Studies 5- 7 deals with the microvas-
cular system where study 5 is investigating the T2 effects during the entrance of 
NC100150 Injection into the myocardium, study 6 at the T1 effects in the myo-
cardium and study 7 at the exit from the microvasculature into the interstitial
space in case of a pathologic state of the myocardium.

Figure 11.
The image shows a coronal view of the heart using a cardiac and respiratory
triggered acquisition using NC100150 Injection in a healthy volunteer. The
numbers refers to the studies in this thesis and what part of the heart they
apply to.
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STUDY 1
The enhancement of the macrovascular system using USPIOs is well known 

from the literature as described previously. The main contribution of study 
1 was to establish the theoretical basis for T1-shortening in non-steady state 
MRA. As shown in the study there is a fundamental difference between steady-
state (non-triggered) and non steady-state (triggered) acquisitions in the heart 
with respect to the efficacy of the contrast agent. In study 1 we simulated the ef-
ficacy of T1 shortening when using gradient echo acquisitions. At the time when 
this work was performed the only two available techniques was either gradient 
echo acquisition or spiral acquisitions. The reduced efficacy of the T1-shorten-
ing shown for triggered gradient echo acquisitions is even more pronounced 
in spiral acquisitions since the readout times are longer and hence even fever 
excitations / heartbeat is used. This will lead to even more inflow between every 
excitation and hence reduced efficacy. In the case of only one spiral / heartbeat 
the contribution of the contrast agent can easily be shown to be negligible at 
least for SNR of the acquisition as such. However the main improvement in 
SNR will arise from the fact that there will be a larger difference in T1 between 
blood and myocardium and that any attempt to saturate the myocardium by an 
inversion pulse will have less effect on the blood and hence improved SNR. This 
is of course also true for gradient echo acquisitions and not only for spiral imag-
ing, this was shown by us in a recently published study109. In the same study the 
T2* effect associated with USPIOs was also investigated. Also other solutions to 
the problem of myocardial saturation in coronary MRA than those of inversion 
prepulses have been used. The most frequent myocardial saturation technique 
used apart from inversion prepulses is T2-prepared prepulses. This was also 
used in the only non-contrast enhanced multicenter trial of coronary MRA110.
With the introduction of True-FISP acquisition in cardiac MRI57, the limited 
but possible improvement in SNR by contrast agents for coronary MRA has 
been surpassed111. When this study was performed several clinical trials had 
been initiated using blood pool contrast agents for coronary MRA. The initial 
results from these trials were not so impressive as the results from peripheral 
MRA, which was the motivation for this study. Before these trials started there 
was an overestimation of the impact of blood pool contrast agents for coronary 
MRA among the pharmaceutical industry, this study along with others helped 
to improve the understanding of the inferior efficacy of blood pool agents for 
coronary MRA and as discussed below, the real problems for coronary MRA 
was not the T1 in blood but rather the effects of motion.

STUDY 2
Study 2 focused on the implementation and testing of the pulse sequence de-

scribed in study 1 in a pig model with coronary artery stenosis. The pig model 
used was originally developed for myocardial perfusion studies, using an inflat-
able tube positioned around the LCX. One of the problems with this model for 



47

myocardial perfusion was however that the tubing generated various degrees 
of lumen narrowing also in it’s non-inflated situation. This is of course an un-
wanted effect if one wish to study the changes of perfusion between baseline 
(no lumen narrowing) and during inflation (lumen narrowing). It was therefore 
decided that this model could serve our purposes when various degrees of lu-
men narrowing was to be investigated. The conventional x-ray was performed 
in a sub optimal way since it was mono-planar and using an old transportable 
C-arm for this investigation. Nevertheless a good correlation of the degree of 
stenosis was found between coronary MRA and X-ray angiography. The re-
sults which we obtained at the time were very reproducible and good image 
quality was obtained in every pig. The main problem of coronary MRA is the 
cardiac and respiratory motion. In the clinical setting this is solved by cardiac 
triggering by means of ECG triggered acquisitions and respiratory triggered 
acquisition either by breath-holding or by using navigator echoes as input for 
respiratory triggering112. Since it has been shown that the coronary arteries can 
move as much as 50 mm by cardiac and respiratory motion and at the same time 
fulfilling requirements of sub millimeter resolution the demand for accurate 
triggering is very high. To fulfil these demands have proven very difficult in a 
clinical setting since the patient population of interest in general is quite old and 
often have problems either holding their breaths for long enough or laying still 
in the magnet for a sufficient amount of time if navigator echoes are used. It is 
also difficult to maintain a reproducible breathing scheme for the time require 
avoiding spatial drift of the heart over time. This has driven the development of 
more sophisticated navigator echo techniques but there is still not sufficiently 
high sensitivity and specificity for coronary MRA to be used in clinical routine. 
Even though our study only included a limited number of samples the results 
where fairly good. The main reason for this discrepancy compared to a clinical 
situation is the fact the pigs were anaesthetised during the procedure and that 
mechanical ventilation was induced, This meant that the respiration was ex-
tremely controlled and that the navigator efficacy was constant over the entire 
acquisition, a situation which is rare in a clinical setting. This meant that we 
could obtain high resolution, artefact free images of the coronary arteries. The 
results from this study did in that sense not reflect the real situation and may in 
fact rather have contributed to the creation of unrealistic expectations of coro-
nary MRA at the time.

STUDY 3
The goal of the first two studies was to improve MRA of the coronary arteries 

to detect atherosclerosis. Study 3 deals with the application of active targeting 
of USPIOs to a specific integrin IIb  which is expressed when blood-clots are 
formed. This of interest for thrombus formation as in the case of deep venous 
thrombosis as pulmonary embolism, but also for atrial thrombus as well as 
thrombus formation due to plaque rupture. Especially the later one is believed 
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to be the major cause of Acute Coronary Syndromes113. It is also of interest 
that it has been shown that there can be a considerable time from the onset of 
plaque rupture and/or thrombi until the onset of acute myocardial infarction114.
This leads to an increased need for detection of thrombi not only in the venous 
system but also in the arterial system. The purpose of the study was to investi-
gate the feasibility of using USPIOs targeted to a specific expression associated 
with thrombus formation. It was however soon found that the actual size of the 
particle was a major problem. Since the particle size is at least 20 nm the distri-
bution of the contrast agent was limited to the surface of the thrombus since it 
was too large to travel with the plasma flow to the inside of the thrombus. This 
meant that only the surface of the thrombus was reachable for the agent and 
hence only a thin layer was experiencing the increased relaxation rates. This 
lead to that partial volume effects were becoming a major problem since only a 
small part of every voxel contained the targeted contrast agent. The sensitivity 
for detecting the thrombus was therefore determined by the spatial resolution of 
the data acquisition. In order to achieve the required spatial resolution a small 
surface coil was used to improve the SNR. This however limited the depth of 
the coil sensitivity and the in vivo experiments were therefore performed with 
the coil attached directly on to the jugular vein of the pigs. The use of these 
small coils is of course fine with small animals such as mice but is of no use for 
larger animal or humans. From this we learned that for any type of active tar-
geting to receptors or integrins to be successful it is required that the contrast 
agent is equally targeted over a distance similar to the spatial resolution used 
in the acquisition. This resolution is furthermore decreased by physiological 
motion as is the case for the lungs and the heart. There have been reports about 
successful targeting of thrombus using contrast agents with a molecular weight 
of not more than a few thousand Daltons115, 116. It seems from the published 
studies that the size of that fibrin specific agent is sufficient to penetrate the 
thrombus. It may however still be a thrombus age dependent efficacy of the 
targeting using this agent which has not yet been evaluated. The methodology 
in study 3 is the weakest among the studies in this thesis, there is lack of control 
groups and not enough data for thorough statistical evaluation. Nevertheless, it 
points out the problem of spatial resolution when active targeting is performed 
in MRI. It also point to the general problem of the sensitivity of active target-
ing with MRI. In MRI we need concentrations in the mM range to reach above 
the detection limit whereas with PET the detection limit is in the order of pM 
to nM. This is a fundamental problem for targeting with MRI, especially to 
targets like cell surface receptors which exist in the nM range. For targeting 
with MRI to be successful a high concentration of the target is required, this 
is usually found in extra-cellular matrix or other entities such as fibrin. One of 
the applications for a thrombus specific agent would be atrial thrombi117. One 
could argue that this could be detected by normal MR imaging of the heart 
using a bright blood technique which is used for standard functional cardiac 
imaging. There is however a problem with blood clots and that is that they will 
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contain MET-haemoglobin which is known to have a very short relaxation time 
and this could therefore obscure the detection of the thrombus if a bright blood 
technique is used.

STUDY 4
The use of USPIO for improving the quality of functional imaging was inves-

tigated. At the time of the start of the study the dominant method for functional 
cardiac imaging was T1-weighted gradient echo acquisitions. These are known 
to be sensitive to inflow effects and hence saturation will occur in areas of slow 
flow as shown in figure 5. For quantitative analysis of cardiac function such as 
ejection fraction, stroke volume etc a good definition between blood and myo-
cardium is required. We quantified the longitudinal relaxation times in blood 
and myocardium following several doses of NC100150 Injection as shown in 
figure 12. 

In addition CNR measurements were performed in functional imaging acqui-
sitions. We found that NC100150 Injection improved the blood myocardial defi-
nition. This was in accordance with a previous publication by Stillman et.al55.
They did however only look at the interface definition and did not quantify the 
relaxation times. 

Figure 12. 
Relaxation rate (R1) changes in the blood and myocardium as functions of 
contrast agent concentration. Actual measurements are shown as well as the 
linear regression line. Note the significantly steeper slope of the blood curve 
compared with that of the myocardium.
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By quantifying the relaxation times in vivo in blood and myocardium it would 
have been possible to assess non-linearites in the tissue response curve of the 
myocardium. These non-linearites could have been expected to appear in the 
myocardium owing to water exchange limitations. That a linear fit was per-
formed for the myocardial curve not taking the water exchange effect into ac-
count can only be explained by the lack of knowledge among the authors at 
that time. As shown in figure 7 in study 6 in this thesis there is not a linear 
relationship between concentration and R1 in the myocardium. The reason for 
not seeing this could maybe be explained by the fact that we plotted the R1
curve for myocardium in the same diagram as the R1 curve for blood, yielding 
a scaling where these small changes in the myocardial curve could not be seen. 
The results from study 4 did at the time indicate a potential use of NC100150 
Injection for improving imaging of cardiac function. In 2001 however Carr et.al 
published the use of TrueFISP for imaging of cardiac function57. This method 
showed to be superior to gradient echo imaging since it was basically flow in-
dependent and gave excellent blood myocardial contrast in areas of very slow 
flow without any use of contrast agents. By this the need for USPIOs to improve 
imaging of cardiac function was gone.

STUDY 5
As stated in the introduction to the discussion of this thesis study 5 deals with 

the T2 effects during the entrance of NC100150 Injection into the myocardium 
to assess myocardial perfusion. Traditional myocardial perfusion using low 
molecular weight Gd-chelates use fast gradient echo or echo planar imaging 
based acquisition schemes where several slices (usually 3-7) are acquired during 
the first pass of the myocardium. By using low molecular weight Gd-chelates 
it is however known that the distribution volume of the contrast agent is large, 
including both the intravascular and the interstitial space. This will give a large 
effect on the longitudinal relaxation time. If however an USPIO is used the dis-
tribution volume is much smaller since it is confined to the intravascular space 
and hence a smaller effect on the longitudinal relaxation time can be expected. 
In fact, as shown in study 6, also the water exchange effects will limit the R1 in 
the myocardium during the first pass of the contrast agent possibly inhibiting 
differentiation between areas of high and low flow in the myocardium. In ad-
dition, first pass of a USPIO through the myocardium will give rise to strong 
T2* effects which will mainly affect the blood myocardial interface leading to 
artifacts and hence difficulties interpreting the data in this region. This lead us 
to test the use of T2 based acquisitions for first pass imaging of NC100150 Injec-
tion. Even though we only used one slice / heartbeat in this feasibility trial the 
design criteria for the pulse sequence was that it must be short enough so that at 
least three slices / heartbeat could be acquired. This limited the acquisition time 
/ slice to maximum 250-300 ms. We therefore decided to use an ECG-triggered 
single shot Turbo-Spin-Echo acquisition for the study. An advantage of using 
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a single shot acquisition technique was that this facilitated the use of prepulses 
or saturation pulses without prolongation of the acquisition time significantly 
since these only has to be repeated once / slice. This meant that outer volume 
suppression could be performed in order to use small FOV’s avoiding foldover 
artifacts and hence increase the spatial resolution over what is possible if full 
FOV’s would have been used. Thereby we could maintain a high temporal and 
spatial resolution of the acquisition while still being sensitive to relatively small 
changes in contrast agent concentration and at the same time avoid T2* effects. 
In two of the patients the use of orthogonal 90  and 180  degree rf-pulses were 
used. This method also enables the use of small FOV's still avoiding foldover 
artifacts. The disadvantage of this method is however that it is technically chal-
lenging to implement with more than one slice / heartbeat since the orthogonal 
180  pulse is selective in the direction of the adjacent slices. A possible way to 
solve this would be by using notches in the 180  degree pulse similar to what 
was used in the notched saturation recovery pulses published by Slavin et.al118 

but then applied to the 180  pulse rather than the excitation pulse. A possible 
limitation with the use of T2 based first pass myocardial perfusion imaging is 
that it is very difficult to use the signal in the left ventricle for correction of the 
input function if quantitative measurements are to be performed or if the dif-
ferences between rest and stress are to be measured as in the case of myocardial 
flow reserve assessment. The reason for this is that the signal is heavily influ-
enced by the flow in the left ventricle and do not represent the contrast agent 
concentration well.

STUDY 6
The longitudinal relaxation time (T1) changes in the myocardium depends on 

the blood volume and water exchange rate as shown. In a homogenous solution 
the USPIO will affect all protons in the same way, however in a tissue with dis-
tribution barriers such as the endothelium or cell membranes not every proton 
will be affected by the contrast agent. At low concentrations the signal response 
will depend on the blood volume alone whereas at high concentrations the tis-
sue response will depend on the water exchange rate across the endothelium as 
shown in figure 7 where the initial slope is dependent on the blood volume and 
the asymptotic level represents the maximum water exchange frequency. The re-
sults indicate that blood volume determination is fairly reproducible and robust 
whereas the water exchange measurements exhibits a large subject variability. 
This could be attributed to several factors, the first one being that the contrast 
agent concentration in the blood was not high enough to accurately determine 
the asymptotic level. This can easily be understood since if the curve is far away 
from its asymptotic level the accuracy in the determination of that specific level 
will be low. It is however not straight forward to just increase the concentration 
in the blood in order to improve the reliability of the determination since very 
high concentrations of a USPIO in the microvasculature will induce field gra-
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dients over the capillaries and hence T2* effects. These T2* effect will be more 
prominent in regions close to the vessels and therefore reduce the signal from 
the short T1 components close to the vessels more than the long T1 components 
further away from the vessels. This will induce a systematic error in the deter-
mination of the water exchange frequency if very high concentrations of a US-
PIO is used. This effect would be less if intravascular Gd-based agent were used 
since the magnetic moment of Gd is less than for Fe. The results obtained for 
myocardial blood volume in the current study is comparable to those published 
by others both in animals119, 120 and humans88. Another part of this study was 
to develop a robust method for in vivo quantification of longitudinal relaxation 
times in the myocardium and left ventricle. As shown in figure 8 the modulus 
T1 relaxation curve displays much less variability in areas of low 2 values than 
in areas of high 2 values, where high 2 corresponds to areas of severe motion. 
The clinical use of myocardial blood volume measurements still remain to be 
seen but it could be of future interest to monitor gene-therapy induced changes 
of the blood volume following myocardial ischemia or infarction. 

STUDY 7
As stated before a prerequisite for blood volume measurement to be valid is 

that the USPIO resides in the intravascular space. This can be assumed in nor-
mal myocardium, however in pathologic situations such as inflammation, the 
endothelial integrity will be lost. In these cases a USPIO could be used to detect 
the increased permeability of the endothelium. This possibility was investigated 
in study 7. Currently in the literature most work on USPIO and inflammation 
is performed using the uptake of USPIOs in macrophages which will induce 
an accumulation and hence an increased relaxation rate, both transversal and 
longitudinal. Most experiments have involved imaging utilizing the T2* effects 
induced by the accumulation92-95. In order for the USPIO to accumulate in the 
macrophages at the site of inflammation it has to exit the intravascular space 
and enter the interstitial space. This leads to an increased distribution volume 
in the tissue and therefore a higher concentration of USPIO. This method has 
previously been used for tumours121-125 which also experience an increased per-
meability of the endothelium but fewer reports have described this possibility 
for inflammation. In our study we used the model of rejecting hearts following 
transplantation in rats. This model is well known and clear differences were 
seen between the allogeneic (rejecting) and the syngeneic (non-rejection) groups. 
At day 6 when the last data was collected the allogeneic transplants are severely 
affected. It is questionable whether this method would be sensitive enough to 
detect low grade inflammation with less damage to the endothelium. It could 
also be of interest to see if NC100150 Injection could be used also for macro-
phage accumulation. This has been tested by us but not as part of this thesis 
but the results indicate the half life of NC100150 Injection is too short to allow 
detectable accumulation in the macrophages. The successful results presented 
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using that method have all been performed using an USPIO (Sinerem ) with 
an approximately 10-fold half life compared to NC100150 Injection. The size of 
that agent is however somewhat larger than NC100150 Injection and we have 
also shown that it makes it less suitable for detection of increased permeability. 
The current study was performed in an acute rejection model but the important 
clinical question is mainly chronic rejection. Whether or not this method will 
be suitable also for chronic rejection remains to be tested. 

GENERAL COMMENT
This thesis has investigated the use of NC100150 Injection in enhancing MR 

Imaging of the cardiovascular system. As shown the improvement has in many 
cases been small or as in other cases been surpassed by the technical develop-
ment using MRI without a contrast agent or by use of the conventional Gd-
chelates. This demonstrates the complexity of clinical development of an MRI 
contrast agent. In the case of NC100150 Injection the original goal was to devel-
op that agent for vascular imaging. During the clinical development there was 
however less believe in the need for such an agent due to the rapid development 
of MRA using the conventional Gd-chelates. This lead to the search for other 
applications using NC100150 Injection and this thesis include some of these at-
tempts. The problem in clinical development is not only that you have to prove 
safety and efficacy but equally important a solution to an unmet clinical need. 
In many cases the efforts in this thesis may have been driven by the technical 
possibilities and challenges rather than by solving a clinical problem. This is 
however the nature of research, we sometimes find the solution to the question 
we are asking but just as often we find a solution but the question is missing. The 
challenge is then to find the questions to our solution, if there is one.
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CONCLUSION

A blood pool agent such as NC100150 Injection will be less effective in trig-
gered acquisitions as in MRA of the coronary arteries than in steady state 
acquisitions as in peripheral MRA due to the inflow of fresh blood between 
the excitations in the triggered acquisition.

A good correlation between NC100150 Injection enhanced MRA of the cor-
onary arteries and XRA can be achieved if the subject is anaesthetized and 
put on a mechanical ventilator.

Direct targeting of thrombus using an USPIO and MRI requires a high con-
centration and equal distribution of the contrast agent over an area at least 
in the order of the spatial resolution of the acquisition. 

NC100150 Injection will enhance gradient echo acquisition of cardiac func-
tion. However TrueFISP acquisitions will give at least the same improve-
ment without the need for a contrast agent injection.

Myocardial perfusion imaging with NC100150 Injection using single shot T2
weighted Turbo-Spin Echo acquisition is feasible. Perfusion imaging with 
USPIOs is one of the more promising application for such a contrast agent.

Using NC100150 Injection for the assessment of myocardial blood volume 
is feasible whereas water exchange assessment is more complicated. None 
of the two has currently a clear clinical application but both supply useful 
information for modelling of tissue response curves in first pass perfusion 
imaging.

Permeability assessment of reduced endothelial integrity is feasible in the 
myocardium using NC100150 Injection.

The best use of an USPIO such as NC100150 Injection in cardiovascular 
MRI may be assessment of the micro-vascular status by perfusion and per-
meability measurements.
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