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4 Abstract 

ABSTRACT

Johanna Silvola née Haukkala

DETECTION OF THE VULNERABLE ATHEROSCLEROTIC PLAQUE 
Pre-Clinical Evaluation of Novel PET Imaging Probes With Experimental Models
From the Department of Clinical Physiology and Nuclear Medicine, Turku PET Centre, 
Turku University Hospital, University of Turku, Turku, Finland 

Atherosclerosis is a life-long vascular inflammatory disease and the leading cause of 
death in Finland and in other western societies. The development of atherosclerotic 
plaques is progressive and they form when lipids begin to accumulate in the vessel wall.  
This accumulation triggers the migration of inflammatory cells that is a hallmark of 
vascular inflammation. Often, this plaque will become unstable and form vulnerable 
plaque which may rupture causing thrombosis and in the worst case, causing myocardial 
infarction or stroke. Identification of these vulnerable plaques before they rupture could 
save lives. At present, in the clinic, there exists no appropriated, non-invasive method 
for their identification. 

The aim of this thesis was to evaluate novel positron emission tomography (PET) 
probes for the detection of vulnerable atherosclerotic plaques and to characterize, two 
mouse models of atherosclerosis. These studies were performed by using ex vivo and in 
vivo imaging modalities. The vulnerability of atherosclerotic plaques was evaluated as 
expression of active inflammatory cells, namely macrophages.

Age and the duration of high-fat diet had a drastic impact on the development of 
atherosclerotic plaques in mice. In imaging of atherosclerosis, 6-month-old mice, kept 
on high-fat diet for 4 months, showed matured, metabolically active, atherosclerotic 
plaques. [18F]FDG and 68Ga were accumulated in the areas representative of vulnerable 
plaques. However, the slow clearance of 68Ga limits its use for the plaque imaging. The 
novel synthesized [68Ga]DOTA-RGD and [18F]EF5 tracers demonstrated efficient uptake 
in plaques as compared to the healthy vessel wall, but the pharmacokinetic properties of 
these tracers were not optimal in used models.

In conclusion, these studies resulted in the identification of new strategies for the 
assessment of plaque stability and mouse models of atherosclerosis which could be used 
for plaque imaging. In the used probe panel, [18F]FDG was the best tracer for plaque 
imaging. However, further studies are warranted to clarify the applicability of [18F]EF5 
and [68Ga]DOTA-RGD for imaging of atherosclerosis with other experimental models. 

Keywords: atherosclerosis, inflammation, in vivo imaging, positron emission 
tomography (PET)
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TIIVISTELMÄ

Johanna Silvola o.s. Haukkala

HAURAAN ATEROSKLEROOTTISEN PLAKIN HAVAITSEMINEN
Uusien PET-tutkimusaineiden prekliininen testaus
Kliinisen fysiologian ja isotooppilääketieteen oppiaine, Valtakunnallinen PET-keskus, 
Turun yliopistollinen keskussairaala, Kliininen laitos, Turun yliopisto

Ateroskleroosi on koko eliniän kestävä verisuonten tulehdussairaus ja yleisin kuo-
linsyy Suomessa ja muuallakin läntisessä yhteiskunnassa. Plakkien kehittyminen on 
jatkuvaa ja se alkaa rasvan kertymisellä verisuonen sisäpinnalle, mikä aiheuttaa ve-
risuoniin tulehdusta ja valkosolujen kertymistä. Joskus muodostunut plakki kehittyy 
hauraaksi ja voi repeytyä aiheuttaen verisuonta tukkivan hyytyvän muodostumisen 
ja pahimmillaan sydän- tai aivoinfarktin. Hauraan plakin havaitseminen ennen sen 
repeytymistä olisi tärkeää, mutta tällä hetkellä sopivaa ei-kajoavaa menetelmää ole 
kliinisesti käytössä.

Tämän väitöskirjatutkimuksen tarkoitukseni oli arvioida uusien positroniemissioto-
mografiassa (PET) käytettävien tutkimusaineiden soveltuvuutta tunnistaa hauraat 
plakit ja karakterisoida kaksi tutkimuksessa käytettyä ateroskleroottista hiirimallia. 
Tutkimuksen suoritettiin käyttäen ex vivo ja in vivo kuvantamistekniikoita. Plakin 
haurauden mittarina käytettiin aktiivisten tulehdussolujen (makrofagien) esiintymistä 
plakeissa.

Tutkittavien hiirten iällä ja rasvaisen ruokavalion kestolla oli suuri vaikutus ateroskle-
roottisten plakkien kehittymiselle. Sopivin malli ateroskleroosin kuvantamiselle on kuusi 
kuukautta vanha hiiri, joka on ollut rasvaisella ruokavaliolla neljä kuukautta. [18F]FDG ja 
68Ga kerääntyivät merkittävästi hauraisiin plakkeihin. 68Ga:n erittäin hidas puhdistuma ve-
renkierrosta rajoittaa kuitenkin tämän käyttöä plakkikuvantamisessa. Uudet [68Ga]DOTA-
RGD ja [18F]EF5 merkkiaineet kertyivät myös merkittävästi plakkiin verrattaessa kerty-
mää terveeseen verisuonen seinämään, mutta näiden merkkiaineiden farmakokineettiset 
ominaisuudet kuvantamiselle eivät olleet parhaat mahdolliset tutkituissa malleissa.

Yhteenvetona voidaan todeta, että tutkimuksessa onnistuttiin havaitsemaan kuvantami-
selle ideaalisin tilanne hiirimalleissa. Testatuista tutkimusaineista, [18F]FDG osoittautui 
soveliaimmaksi plakkikuvantamiseen. [18F]EF5 ja [68Ga]DOTA-RGD tutkimusaineiden 
testausta muilla ateroskleroosi eläinmalleilla tulisi harkita.

Avainsanat: ateroskleroosi, in vivo kuvantaminen, positroniemissiotomografia (PET), 
tulehdus
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ABBREVIATIONS

%ID/g Percentage of injected dose per gram of tissue
%IA/g Percentage of injected radioactivity per gram of tissue 

(means same as %ID/g)
[18F]FDG 2-[18F]-Fluoro-2-deoxy-D-glucose
[18F]EF5 2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-

pentafluoropropyl)-acetamide labelled with 18F-fluorine
68Ga 68Gallium
[68Ga]DOTA-RGD [68Ga]DOTA-(monomeric Arg-Gly-Asp-Dphe-Val-)
ADP  Adenosine diphosphate 
AHA  American Heart Association 
APOBEC-1 Apolipoprotein B mRNA editing enzyme, catalytic 

polypeptide-1 
ApoB Apolipoprotein B
ApoE Apolipoprotein E
ARG Autoradiography
ASON Antisense oligonucletide
ATP Adenosine triphosphate
CCR-2 C-chemokine receptor type 2
CETP Cholesterol ester transfer protein
CT Computed tomography
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
EC Endothelial cell
ELK3-51 EF5 specific monoclonal antibody 
FH Familial hypercholesterolemia
FR Folate receptor
G6Pase Glucose-6-phospatase 
GLUT-1 Glucose transporter 1
HDL High density lipoprotein
HE Hematoxylin and eosin
HIF-1 Hypoxia-inducible transcription factor 1
HK Hexokinase
HPLC High-performance liquid chromatography
IA Injected (radio)activity
ICAM-1 Inter-cellular adhesion molecule 1
ID Injected dose
IDL Intermediate density lipoprotein
IGF-II Insulin growth factor II
IGF-II/LDRL-/-ApoB100/100 Genetically engineered mouse deficient for LDLR, 

expressing only ApoB100-form and over-expressing IGF-II
IL Interleukin
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IMR Intima-to-media ratio
i.v. Intravenous(ly)
IVUS  Intravascular ultrasound 
LDL Low density lipoprotein
LDLR Low density lipoprotein receptor
LDLR-/- ApoB100/100 Genetically engineered mouse deficient for LDLR and 

expressing only ApoB100-form (deficient for ApoB48)
LDLR/ApoB48 same as LDLR-/- ApoB100/100

LOX-1 Lectin-like oxidised LDL receptor 1
Mac-3 Mouse cluster of differentiation (CD)107b
MCP-1 Monocyte chemotactic protein 1
MI Myocardial infarction
MMP Matrix metalloproteinase
MPI Matrix metalloproteinase inhibitor
MRI Magnetic resonance imaging
NO Nitric oxide
NP Natriuretic peptide
OCT Optical coherence tomography
oxLDR Oxidized low density lipoprotein
PBR Peripheral benzodiazepine receptor
PET Positron emission tomography
PS Phosphatidylserine
RAGE Receptor for advanced glycation endproducts
PIT Pathological intima thickening
RGD  Arginine (R), glycine (G), aspartate (D) motif
ROI Region of interest
PSL/mm2 Photostimulated luminescence per square millimeter
RT Room temperature
SD Standard deviation
SHAPE  Society for Heart Attack Prevention and Eradication 
SMC Smooth muscle cell
SPECT Single photon emission computed tomography
SR Scavenger receptor
SSTR2 Somatostatin receptor of subtype 2
TNF-α Tumour necrosis factor alpha
VCAM-1 Vascular cell adhesion molecule 1
VEGF Vascular endothelial growth factor
VLDL Very low density lipoprotein
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1 INTRODUCTION

Atherosclerosis is a vascular inflammation disease which is the major cause of 
myocardial infarction (MI), stroke, and ischemic gangrene. These result from acute 
thrombus formation on the surface of a plaque (Hellings et al. 2007). The majority of 
cardiovascular events occur in asymptomatic subjects classified as low to intermediate 
risk by current assessment algorithms such as family history, hypercholesterolemia, 
hypertension, obesity, and smoking. An extensive body of experimental work, as well 
as a histopathological and clinical data, indicate that immune responses lead to chronic 
inflammation and this process is integral to the pathogenesis of atherosclerosis. 
Inflammation modulates lesion initiation, progression, and vulnerability to rupture. 
(Roger et al. 2012; Packard et al. 2008; Hansson and Libby 2006) Atherosclerotic 
plaques containing a large number of macrophages are more vulnerable than 
plaques containing only few macrophages (Narula et al. 2008; Jaffer et al. 2006a). 
Moreover, hypoxia is considered to be an important factor in plaque rupture (Hulten 
and Levin 2009). However, the degree of arterial stenosis is weakly correlated to 
plaque vulnerability (Ambrose et al. 1998). The identification of subjects at risk for 
cardiovascular events cannot rely solely on the assessment of anatomical severity of 
vascular stenosis. 

Attention should be directed at the evaluation of plaque characteristics and biological 
processes that determine their vulnerability. Various methods, including ultrasound, 
multislice computed tomography (CT), magnetic resonance imaging (MRI), single 
photon emission computed tomography (SPECT), intravascular ultrasound (IVUS), 
optical coherence tomography (OCT), and others, are being evaluated to detect 
vulnerable atherosclerotic plaques. However, many of these modalities are invasive or 
yield inadequate spatial resolution. Non-invasive positron emission tomography (PET) 
imaging of inflammation or hypoxia in plaques may provide a useful tool to predict risk 
of plaque rupture and to allow monitoring of anti-atherosclerotic drugs for prevention of 
the acute cardiovascular events.

Enhanced imaging techniques may detect additional characteristics of plaques and novel 
predictive models may improve the assessment of plaque vulnerability in patients. To 
discover these new and improved techniques, experimental animal models are needed. 
Mouse models of atherosclerosis are criticized because spontaneous plaque rupture is 
rare. However, the development of mouse plaques has more similarities than differences 
as compared to humans. The model must be selected according to the nature of plaques 
which is influenced by many factors such as the age of mouse or the use of high-fat 
diet, which is generally always used to induce plaque development. The major aim of 
this thesis was to characterize two mouse models of atherosclerosis for the pre-clinical 
evaluation of PET imaging agents [18F]FDG, 68Ga, [68Ga]DOTA-RGD, and [18F-EF5] in 
order to detect vulnerable atherosclerotic plaques.
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2 REVIEW OF THE LITERATURE

2.1 Atherosclerosis

Atherosclerosis begins in childhood and develops gradually. Over time, atheromas 
and advanced atherosclerotic lesions are formed and matured. Atherosclerosis is 
characterized by inflammation, the thickening of the vascular wall due the accumulation 
of lipids in the intima, cell death and fibrosis. (Hansson et al. 2009; Hansson and Libby 
2006) In the coronaries, atherosclerosis can lead to myocardial infarction and heart 
failure, whereas in the arteries that perfuse the brain, it can lead to transient ischemic 
attacks or stroke. Depending on which arteries atherosclerosis is affecting, it can also 
result in hypertension, renal impairment, abdominal aortic aneurysms or limb ischemia. 
(Hansson and Libby 2006)  

Plaques in arteries may cause flow-limited stenosis which can lead to clinical 
complications. However, the most severe clinical events are commonly caused by the 
rupture of a plaque, exposing the pro-thrombotic material in the plaque to the blood 
circulation, and causing sudden thrombotic occlusion at the site of artery disruption. 
This rupture prone plaque is generally called a vulnerable plaque. Typically, such a 
vulnerable plaque may not cause severe stenosis but it contains a large lipid core and 
a thin fibrous cap that is often infiltrated by inflammatory cells, particularly at the 
plaque’s shoulder areas. (Hansson and Libby 2006; Davies et al. 1993) Most deaths 
are caused by thrombotic occlusion of a single plaque. A simultaneous occurrence of 
two occlusive thrombus is rare but a second vulnerable plaque is common. (Madjid 
et al. 2004) The thickness of the intimal layer activates the endothelium to express 
leukocyte adhesion molecules and chemokines that promote recruitment of monocytes 
and T cells leading to intense immunological activity (Hansson et al. 2009; Hansson 
and Libby 2006).

2.2 Development of atherosclerotic plaque

Lesion initiation and intimal xanthomata
Atherosclerosis is a progressive disease, which begins in a childhood. Already in the 
first 6 month of life, about one-half of infants, have signs of atherosclerosis (Stary 
2000). Early atherosclerotic lesions, known as intimal xanthomate or initial lesion or 
fatty streak, consist of subendothelial accumulations of cholesterol-filled macrophages 
(foam cells). In humans, such lesions are found in the aorta in the first decade, in the 
coronary arteries in the second decade, and in the cerebral arteries in the third or fourth 
decades of life (Lusis 2000). Due to differences in blood flow dynamics, curvatures and 
bifurcations of the arteries are susceptible to increased permeability of cholesterol rich 
macromolecules, such as low density lipoprotein (LDL) and are preferential sites for 
lesion formation. The initial events surrounding lipid accumulation is unclear. Elevated 
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levels of plasma cholesterol, endothelial dysfunction, and inflammation play a role in 
disease progression. (Lusis 2000; Gimbrone et al. 1999) After LDL accumulates in the 
intima, it undergoes modifications, like oxidation, lipolysis, proteolysis and aggregation. 
Oxidized LDL (oxLDL) induces foam cell formation and enhances inflammation by 
stimulating the overlying endothelia cells (ECs) to produce pro-inflammatory molecules. 
Oxidized LDL can also inhibit the production of nitric oxide (NO) which is an anti-
atherogenic mediator of vasorelaxation. (Lusis 2000) The initial inflammatory reaction 
at the vessel wall begins when the endothelium expresses adhesion molecules, such as 
vascular cell adhesion molecule 1 (VCAM-1), P- and E-selectin or inter-cellular adhesion 
molecule 1 (ICAM-1).  These factors recruit leucocytes into the arterial wall. This 
process is primarily mediated by cytokines like tumour necrosis factor alpha (TNF-α), 
interleukins (ILs), monocyte chemoattractant protein 1 (MCP-1) which are proteins 
produced by inflammatory cells, such as macrophages, mast cells, dendritic cells and 
lymphocytes. (Moore and Tabas 2011; Sun et al. 2007; Stefanadis et al. 2001; Lusis 2000; 
Li et al. 1993) After internalization, monocytes mature into macrophages and uptake 
oxidized or otherwise modified LDL particles, leading to foam-cell formation. The most 
important mediators in this event are scavenger receptors, like SR-A and CD36, which 
are expressed by macrophages. (Lusis 2000) The lesion in the intima, containing lipid 
loaded foam cells, is called a initimal xanthomate, fatty streak, or a type I or II lesion as 
classified by the American Heart Association (Virmani et al. 2000). Fatty streaks are not 
clinically significant but can progress into mature atherosclerotic plaques or disappear 
over time (Hansson and Libby 2006). 

Pathologic intimal thickening and fibroatheroma
Pathologic intimal thickening (PIT) constitutes the earliest atherosclerotic change and 
is characterized by the infiltration of smooth muscle cells (SMCs). The entrapment and 
death of atherosclerotic macrophages is thought to be responsible for the conversion of 
PIT into an early fibroatheroma. Cytokines produced by internalized leukocytes, promote 
the release of growth factors which lead to the development of an extracellular matrix, 
hypertrophy, and hyperplasia of SMCs. SMCs start to produce collagen, elastin and other 
matrix components and eventually a fibrous cap is formed. The combination of dense 
macrophage infiltration and apoptosis, together with hypoxia-induced necrosis, promotes 
the development of mature plaques. Macrophages and other plaque-related cells also 
release matrix degrading proteases, called matrix metalloproteinases (MMPs), which are 
pro-inflammatory substances. MMPs initiate the degradation of fibrillar collagen leading 
to vulnerability of the atherosclerotic plaque. (Stefanadis et al. 2001; Williams and Tabas 
1998) In the plaque, apoptotic and necrotic cell death provoke further inflammation. 
Hypoxic or inflammatory cell infiltration is thought to promote neovascularisation. 
This permits extravasation of erythrocytes into the plaque further contributing to the 
enlargement of necrotic core. Moreover, small deposits of calcifications can occur in 
plaques, similar to bone formation. A fibroatheroma (type III) is a fibrous cap consisting 
of SMCs and collagen-rich matrix that encloses a lipid-rich core. These types of lesions 
are common in adolescence and young adulthood. (Virmani et al. 2005; Lusis et al. 2000; 
Virmani et al. 2000; Fuster et al. 1992)
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Thin cap fibroatheroma, plaque rupture, and healing
The thin, fibrous cap is distinguished from the earlier fibroatheroma by the loss of 
SMCs, extracellular matrix, and inflammatory infiltrate. A significant factor that leads 
to the progression of fibroatheroma to a thin cap fibroatheroma, also called advanced 
lesion, vulnerable plaque or type IV lesion, is inflammation. These vulnerable plaques 
generally have a thin fibrous cap and increased number of inflammatory cells, which 
produces proteases, and inhibit the production of matrix by SMCs. (Libby and 
Theroux 2005; Lusis 2000) The development of microvascular channels, as a result 
of neovascularisation, is also a common feature of this type of plaque. The new blood 
vessels, which are fragile and are prone to micro-haemorrhage, form a small thrombus 
in the lesion, and have a nutritive function promoting plaque growth. (Libby 2002; 
Virmani et al. 2000) 

The molecular changes in the plaque and the thickening of a cap, can render it friable 
and susceptible to rupture. Platelets are activated by thrombin and a thrombus is formed. 
Plaque ruptures are found in 60% of individuals dying suddenly with luminal thrombi. 
(Virmani et al. 2000) The pathology of ruptured plaques is markedly heterogenous, but 
these plaques (type V) typically have a dense core of free cholesterol, necrotic foam cells, 
cholesterol crystals, hyalinized hemorrhage, calcification, angiogenesis and inflammation 
(Virmani et al. 2005; Madjid et al. 2004). The classification of atherosclerotic plaques 
is presented in Table 1 and the progression of an atherosclerotic plaque is presented in 
Figure 1.

Table 1. Classification of atherosclerotic plaques based on morphological description. 

Description Thrombosis
Non-atherosclerotic intimal lesions
Intimal xanthomate
(Fatty streak, Type I or II)

Superficial accumulation of foam cells without 
a necrotic core or fibrous cap

Absent

Progressive atherosclerotic lesions
Pathological intimal 
thickening

SMC-rich plaque with proteoglycan-rich 
matrix and focal accumulation of lipids without 
necrosis.

Absent

Fibroatheroma (Type III) Well-formed necrotic core with an overlying 
fibrous cap.

Absent 

Thin cap fibroatheroma 
(Type IV)

A thin fibrous cap infiltrated by macrophages 
lymphocytes with rare or absent SMCs and 
a relatively dense underlying necrotic core. 
Intraplaque hemorrhage may be presented.

Absent 

Plaque rupture (Type V) Fibroatheroma with fibrous cap disruption. 
Luminal thrombus communicates with the 
underlying necrotic core

Occlusive or 
non-occlusive

Modified from Virmani et al. 2000.
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Figure 1. Progression of an atherosclerotic plaque. Early fatty streak lesions are characterized 
by the accumulation of lipids in the subendothelial space, which incites the recruitment of 
macrophages, mast cells, dendritic cells and lymphocytes. As the atherosclerotic lesion progresses, 
smooth muscle cells infiltrate the intima, and lipid retention is amplified. Vulnerable plaques are 
characterized by the accumulation of macrophages and the lipid-filled necrotic core. A thinning 
fibrous cap decreases lesion stability, making these atherosclerotic plaques susceptible to rupture 
and the formation of a thrombus. (Modified from Moore and Tabas 2011)

2.3 Molecular imaging of the atherosclerotic plaques 

Traditional imaging of atherosclerotic plaque is based on detection of changes in its 
morphology and physiological features. Morphological characteristics are related to the 
anatomical changes of the arterial wall, like lumen diameter, area, and remodeling of 
vessel wall. For physiological assessment, measurements of blood flow or contractile 
function are required. However, a technique to assess these are unavailable and typical 
imaging techniques are invasive. Molecular imaging is a rapidly growing discipline 
aimed at the non-invasive visualization and characterization of cellular and biomolecular 
functions. (Saraste et al. 2009; Stefanadis et al. 2001) 

PET will play an increasingly important role in early in vivo disease detection and 
improved therapeutic decision making in cardiovascular diseases. Clinical PET scanners 
have a spatial resolution of 2-4-mm and in a small-animal scanner even below 1-mm. 
However, the main feature of PET imaging is a very high molecular sensitivity. PET is 
based on the use of molecular probes or biomarkers in very low concentrations to detect 
biological processes without disturbing their function. The probe is labelled with a short-
living positron emitting radionuclide which can be produced by cyclotron or generator. 
To achieve images with high target-to-background ratio, the probe should include high 
binding efficacy, optimal pharmacokinetic properties, and specificity combined with lack 
of toxicity and feasibility of synthesis. (Saraste et al. 2009) SPECT is based on the use of 
gamma emitters and is another molecular imaging method used for imaging of vulnerable 
atherosclerotic plaques. As compared to PET, SPECT has better availability with a 
large number of clinical scanners but the limited spatial resolution (7-10-mm of clinical 
scanners) makes this method less attractive for use in small targets such as imaging of 

Macrophage foam cell

Smooth muscle cell

Denritic cell

Extracellular matrix

T cell

Lipid
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atherosclerotic plaque. (Brindle et al. 2008) A wide range of probes for PET (fluorine-18,  
18F; carbon-11, 11C; copper-64, 64Cu; gallium-68; 68Ga) and for SPECT (technetium-99m, 
99mTc; indium-111, 111In; iodine-125, 125I; iodine-123, 123I) has been used to detect vulnerable 
atherosclerotic plaques. The summary of these studies are present in Table 2.

2.3.1 Metabolic activity

Several studies in human or animal atherosclerotic lesions show that inflammatory cells 
in plaques mainly originate from blood-born monocytes subsequently differentiated into 
macrophages (Fan and Watanabe 2003). Macrophages express pro-inflammatory and 
chemotactic molecules thus playing an essential role in the formation, progression, and 
pathogenicity of atherosclerotic plaques. Macrophage-rich plaques are more vulnerable 
to rupture than plaques with a few macrophages (Narula et al. 2008; Jaffer et al. 2006a), 
which make macrophages and their metabolism, a potential target for imaging of plaque 
vulnerability.

Glucose metabolism
The most widely used PET tracer for targeting the metabolic activity of inflammatory 
cells, like macrophages, is a 18F-labellled glucose analog 2-fluoro-2-deoxy-D-glucose 
([18F]FDG). [18F]FDG is distributed and transported into the cell like glucose but is trapped 
inside the cell because of the chemical modification of second hydroxyl group. Several 
studies have proved that, [18F]FDG PET is capable to detect inflamed atherosclerotic 
plaques in human aorta and carotids (Masteling et al. 2011; Menezes et al. 2011; Rudd 
et al. 2009; Tawakol et al. 2006; Tawakol et al. 2005; Ogawa et al. 2004; Rudd et al. 
2002), in experimental model of rabbit (Worthley et al. 2009; Calcagno et al. 2008; 
Zhang et al. 2006) and in mouse model of atherosclerosis (Zhao et al. 2011; Laitinen 
et al. 2006). The reduced [18F]FDG uptake in atherosclerotic plaque was reported by 
Laurberg and co-workers (Laurberg et al. 2007) but this study remains controversial. 
Histological analysis shows that [18F]FDG accumulation in atherosclerotic lesions is 
associated with the degree of macrophage infiltration in humans (Menezes et al. 2011; 
Tawakol et al. 2006; Rudd et al. 2002) and in experimental models (Zhao et al. 2011; 
Laitinen et al. 2006). It is accepted that [18F]FDG PET carotid imaging is a sensitive and 
reproducible method to detect plaque inflammation. PET imaging with [18F]FDG has 
also been demonstrated in human coronaries (Wykrzykowska et al. 2009; Alexanderson 
et al. 2008) but assessment of coronary arteries is challenging because of the myocardial 
uptake of the [18F]FDG and continuous motion of coronary vessels. Recently, we have 
reported a potential respiratory and cardiac dual-gated method with diet intervention for 
visualization of focal [18F]FDG accumulation in coronary plaques in patients with acute 
coronary syndromes (Lankinen et al. 2011).

Choline metabolism
Another approach for imaging metabolic activity in atherosclerotic plaques is choline 
derivatives which are based on increased activity of choline transporters in macrophages. 
Increased choline uptake occurs in activated macrophages (Boggs et al. 1995). Matter and 
colleagues have reported choline derivative [18F]fluoromethylcholine ([18F]FCH) uptake in 
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plaques of apolipoprotein E deficient (ApoE-/-) mice and has correlated this to macrophage 
content. They also demonstrated greater [18F]FCH uptake compared to the uptake of 
[14C]FDG in the same plaques. However, non-specific [18F]FCH uptake was detected in 
metabolically active tissues like liver and myocardium. (Matter et al. 2005) More recently, 
we have reported uptake of [11C]choline in plaques of LDLR-/-ApoB100/100 mice (Laitinen 
et al. 2010). The clinical feasibility of [18F]FCH (Bucerius et al. 2008) and [11C]choline 
(Kato et al. 2009) for detecting atherosclerotic plaques is promising. The uptake of choline 
and choline derivatives in myocardium is less than that of [18F]FDG (Kato et al. 2009; 
Roivainen et al. 2006) but further evidence validating these derivatives are necessary.

2.3.2 Monocytes/macrophages

CCR-2
Activated macrophages can be detected via specific probes. Monocyte chemoattractant 
protein-1 (MCP-1) is produced by endothelial cells, SMCs, and monocytes/macrophages 
during atherosclerotic plaque formation. MCP-1 binds to the C-chemokine receptor type 
2 (CCR-2) which is expressed on the cellular membrane of monocytes/macrophages. 
(Kinlay et al. 2001) 99mTc- and 125I-labelled MCP-1 was evaluated for molecular imaging 
in a rabbit model of atherosclerosis (Hartung et al. 2007; Ohtsuki et al. 2001). It seems 
that MCP-1 is a potential target for imaging of plaque vulnerability.

PBR/TSPO
Activated macrophages express peripheral benzodiazepine receptors (PBR) (Jones et al. 
2002), also called 18 kDa translocator protein (TSPO). The PBR/TSPO targeted PET 
tracer [11C]PK11195 has been tested for imaging atherosclerotic macrophages in LDLR-

/-ApoB100/100 mice (Laitinen et al. 2008), and in human carotid plaques (Gaemperli et al. 
2011; Pugliese et al. 2010; Hoppela et al. 2007). [11C]PK11195 enables non-invasive 
imaging of vascular inflammation. However, significant binding occurs in the healthy 
vessel wall corresponding with PBR/TSPO expression. The longer-lived radiotracers 
targeting peripheral benzodiazepine receptors are being tested for clinical applications 
(Pugliese et al. 2010).

RAGE
The receptor for advanced glycation endproducts (RAGE) is implicated in the 
development and progression of atherosclerosis. The 99mTc-labelled anti-RAGE F(ab’)2  

probe is used to image atherosclerotic lesions in ApoE-/- mice. These data demonstrate 
the feasibility of non-invasively imaging of RAGE in atherosclerotic lesions in a murine 
model and confirm to levels of RAGE expression sufficient to allow detection via in vivo 
imaging. (Tekabe et al. 2008)

FR
A folate receptor (FR) is expressed on the surface of activated macrophages but is absent 
from other immune cells and resting macrophages. FR-targeted imaging agents are 
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used in the imaging of inflammation in a variety of diseases, in animals and humans. 
(Xia et al. 2009; Matteson et al. 2009; Turk et al. 2002)  Recently, a folate-targeted 
radiopharmaceutical, [99mTc]EC20, is compatible for imaging murine atherosclerotic 
lesions at the sites of macrophage accumulation (Ayala-López et al. 2010).

IL-2
Interleukin-2 (IL-2) is a cytokine, which binds to its receptor (IL2R), expressed mainly 
on activated T-cells and macrophages. Recently, Opalinska and co-workers (Opalinska 
et al. 2012) tested [99mTc]-HYNIC-IL-2 to detect vulnerable atherosclerotic plaques in 
humans and found a correlation between tracer uptake in carotid plaques and serum 
concentration of cardiovascular risk markers. Annovazzi and co-workers investigated 
[99mTc]IL-2 uptake in atherosclerotic plaques in humans and found the correlation 
between the tracer accumulation in plaques and the amount of IL2R-positive cells. 
However, IL2Rs is also expressed by SMCs, which may limit the use of [99mTc]IL-2 in 
plaque imaging. (Annovazzi et al. 2006)

SSTR2

Somatostatin receptor of subtype 2 (SSTR2) is expressed by macrophages (Armani et al. 
2007). Rominger and co-workers evaluated the PET ligand targeting SSTR2 [

68Ga]-(1,4,7,10-
tetrazacyclododecane- N,N´,N´´,N´´´ -tetraacetic acid) - D - Phe1, Tyr3 -octreotate (DOTATATE) 
to detect atherosclerotic plaques in the human coronary arteries. As result, the [68Ga]DOTATATE 
uptake was significantly correlated with plaque calcification. (Rominger et al. 2010)

Phagocytosis 
A variety of labelled carbohydrate and nanoparticles can be used to detect macrophages 
based on their active internalization and intracellular trapping into phagocytic cells 
(Jaffer et al. 2006b; Ruehm et al. 2001; Schmitz et al. 2000). In vivo PET imaging 
of macrophages with a 64Cu-labelled trireporter nanoparticle ([64Cu]TNP) can detect 
inflammation in atherosclerotic aortas of ApoE-/- mice (Nahrendorf et al. 2008). Also, 
PET-CT imaging with 18F-labelled nanoparticles can quantitate macrophage content in 
mouse model of aortic aneurysms (Nahrendorf et al. 2011). Further studies for imaging 
plaque vulnerability are warranted.

Trafficking
Kircher and co-workers injected, in vitro prepared [111In]Oxine monocytes  into 
atherosclerotic ApoE-/- mice to track plaque specific macrophages by in vivo imaging. 
The focal hotspot in the aorta was detected with an excellent correlation between the 
in vivo signal and the macrophage content. This demonstrates an effective approach to 
detect vulnerable atherosclerotic plaques. (Kircher et al. 2008)

VCAM-1
Vascular cell adhesion molecule-1 (VCAM-1) has a major role in the recruitment of 
inflammatory cells in developing atherosclerotic plaques (Ley and Huo 2001). [123I]



 Review of the Literature 19

B2702-p and [99mTc]B2702-p peptides targeting VCAM-1 were tested in experimental 
atherosclerotic rabbit models. These tracers have potential for molecular imaging of 
VCAM-1 in atherosclerosis, but in vivo studies are needed to prove that these tracers 
are specific and detect  vulnerable plaques. (Broisat et al. 2007) The [18F]4V peptide can 
be used to  in vivo image  VCAM-1 in ApoE-/- mice and correlates with VCAM-1 and 
CD68, a macrophage marker, expression levels (Nahrendorf et al. 2009).                    

2.3.3 LDL, oxLDL and LOX-1

Native LDLs and oxidized LDLs play an important role in the pathogenesis of 
development of atherosclerotic plaques. Direct radiolabelling of LDLs with 99mTc, 123I, 
and 111In (Bozóky et al. 2004; Rosen et al. 1990; Lees et al. 1988; Lees et al. 1983) can 
be synthesized. The inherent slow kinetics of LDL accumulation in arteries and blood 
clearance limits the use of LDL as a molecular vehicle for radiotracers. Several oxLDL 
targeted tracers were tested to detect vulnerable atherosclerotic plaques in animals and 
humans. [99mTc]oxLDLs has demonstrated improved tissue accumulation and more 
favorable blood clearance than radiolabellled native LDL in humans (Iuliano et al. 
1996). Hardoff and colleagues performed in vivo and ex vivo imaging of plaques with a 
rabbit model by 123I- and 125I-labelled synthetic oligopeptide fragment of apolipoprotein 
B, SP-4 (Hardoff et al. 1993). The SP-4 was located in aortic lesions but the level of 
inflammation was not investigated. A few years later, the same group prepared a 99mTc-
labelled form of the SP-4 peptide ([99mTc]P199) and found that [99mTc]P199 is better for 
in vivo imaging than [123I]SP4 (Hardoff et al. 1995). Several studies have been carried 
out to image atherosclerotic plaques with a specific radiolabelled antibody against 
malondialdehyde-lysine epitopes (MDA-2), present on oxLDL and other oxidatively 
modified proteins but not on native LDL (Torzewski et al. 2004; Shaw et al. 2001a; 
Tsimikas et al. 2000, Tsimikas et al. 1999). Even though these probes seem to have 
the ability to detect atherosclerotic plaques, the slow blood clearance may limit their 
use in the clinic. Lectin-like, oxidized low density lipoprotein receptor 1 (LOX-1) is a 
cell surface receptor for oxLDL and may function in vascular cell dysfunction related 
to plaque instability (Sawamura et al. 1997). Two studies have demonstrated in vivo 
imaging of atherosclerotic plaques by LOX-1 antibodies in experimental atherosclerotic 
models. (Li et al. 2010; Ishino et al. 2008) Both studies showed that LOX-1 can be 
used as a target for molecular imaging of atherosclerotic plaques and may be useful for 
predicting atheromas with high risk to rupture.  

2.3.4 Angiogenesis

A potential marker for the targeting of angiogenesis in atherosclerotic lesions is alpha-
v-beta-3 (αvβ3) integrin, a cell surface glycoprotein receptor, highly expressed by 
macrophages, medial and some intimal SMCs, and endothelial cells (Waldeck et al. 
2008; Winter et al. 2003; Hoshiga et al. 1995). Expression of αvβ3 integrin is found in the 
shoulder of advanced plaques and in the necrotic core of human atherosclerotic lesions 
(Antonov et al. 2004). In addition to αvβ3 integrin, αvβ5 is also expressed in the intima 
of human atherosclerotic plaques, but for in vivo imaging purposes, the integrin αvβ3 is 
the most extensively examined marker of angiogenesis (Beer et al. 2008; Dufourcq et 
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al. 1998). Natural ligands of αvβ3 integrins bind via a RGD (arginine (R), glycine (G), 
aspartate (D)) motif. 68Ga- (Decristoforo et al. 2008; Jeong et al. 2008; Li et al. 2008), 
64Cu- (Li et al. 2007) and 18F- (Gaertner et al. 2012) labelled RGD peptides have potential 
for PET imaging for angiogenesis and therapy of αvβ3 integrin-positive tumours. To 
date, the [18F]galacto-RGD is the only tested RGD-based PET tracer to detect vascular 
inflammation (Laitinen et al. 2009). They showed novel evidence that [18F]galacto-RGD 
detects advanced atherosclerotic plaques in mouse models of atherosclerosis.  The αvβ3 
integrin specific tracer [111In]RP748 localizes into the atherosclerotic lesions in ApoE-/- 
mice ex vivo (Sadeghi et al. 2004). 

2.3.5 Hypoxia

A remarkable feature of various inflamed tissues, including atherosclerotic plaques, is 
the presence of hypoxia. In such hypoxic sites, macrophages accumulate and respond 
rabidly by altering their expression of many genes. Hypoxia may play an important role 
in the progression of vulnerable atherosclerotic lesions by promoting lipid accumulation, 
increased inflammation, adenosine triphosphate (ATP) depletion, and angiogenesis 
(Hulten and Levin 2009; Murdoch et al. 2005). Microvessels in lesions are likely 
stimulated by plaque hypoxia, reactive oxygen species, and hypoxia-inducible factor 
(HIF) signaling. The presence of plaque hypoxia is primarily determined by the extent of 
plaque inflammation - mostly increasing oxygen demand together with insufficient oxygen 
supply in macrophage-rich areas inside the lesions. (Hulten and Levin 2009; Sluimer and 
Daemen 2009) Hypoxic areas are known to be present in human atherosclerotic lesions 
(Hulten and Levin 2009; Sluimer et al. 2008), in experimental hypercholesterolemic, 
balloon-injured rabbit models (Zemplenyi et al. 1989, Jurrus and Weiss 1977; Björnheden 
et al. 1999), in ApoE-/- (Parathath et al. 2011), and LDLR-/- (Sluimer and Daemen 2009) 
mice. Hypoxia correlates with angiogenesis (Hulten and Levin 2009), the amount of 
macrophages, and the expression of HIF and vascular endothelial growth factor (VEGF) 
(Sluimer et al. 2008). Molecular imaging of hypoxia may have a potential to assess the 
plaque vulnerability but this technical approach demands validation.

2.3.6 Apoptosis

Apoptosis, a programmed death of cells including  inflammatory cells and SMCs, has a 
role in plaque vulnerability. The thinning of the fibrous cap, the development of necrotic 
core, and positive vessel remodeling are linked to apoptosis. (Laufer et al. 2009; Virmani 
et al. 2007) Visualization of apoptosis in atherosclerotic lesions may help to identify 
rupture prone plaques. During apoptosis, phosphatidylserine (PS) is externalized to the 
outer membrane of the cell (van Engeland et al. 1998; Koopman et al. 1994). Annexin 
A5 is a ligand for PS and is a routinely used probe for molecular imaging of apoptosis. 
[99mTc]Annexin A5 detects apoptosis and inflammation in experimental rabbit models of 
atherosclerosis (Ishino et al. 2007; Sarai et al. 2007; Hartung et al. 2005; Kolodgie et al. 
2003), in ApoE-/-, and LDLR-/- mice (Tekabe et al. 2010; Zhao et al. 2007; Isobe et al. 
2006), in swine models of coronary atherosclerosis (Johnson et al. 2005), and in clinical 
settings (Kietselaer et al. 2004). Haider et al. demonstrated the correlation of macrophage 
content and the uptake of [111In]Annexin A5 in atherosclerotic plaques (Haider et al. 2009). 
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However, Annexin A5 is not specific for apoptosis and it binds secondary to necrotic cells 
(Dumont et al. 2000). This has lead to development of other probes targeting apoptosis. 
Several research groups have developed 18F- and 64Cu- (Cauchon et al. 2007; Keen et al. 
2005; Murakami et al. 2004; Toretsky et al. 2004) labelled PET tracers of apoptosis but 
presently, these tracers have not been validated to detect atherosclerotic inflammation or 
apoptosis. Recently, Zhao and co-workers performed dual molecular imaging with [14C]
FDG and [99mTc]Annexin A5 in experimental models. Based on their results, it can be 
reasoned that [18F]FDG may give greater sensitivity for detecting atherosclerotic plaques 
as compared to [99mTc]Annexin A5. (Zhao et al. 2011)

2.3.7 Matrix degradation

Matrix metalloproteinases are expressed in atherosclerotic plaques and play important 
roles in plaque instability. To date, various research groups have introduced three 
approaches for in vivo assessment of MMPs activity in atherosclerotic lesions by using 
radiolabelled MMP inhibitors (Tekabe et al. 2010; Haider et al. 2009; Ohshima et al. 2009; 
Fujimoto et al. 2008; Schäfers et al. 2004), MMP substrates (Razavian et al. 2011) or 
monoclonal antibody for membrane type 1 matrix metalloproteinase (MT1-MMP) (Kuge 
et al. 2010). Based on these studies, molecular imaging of MMPs can detect unstable 
atherosclerotic plaques, non-invasively. However, the techniques using antibodies 
cannot differentiate between active and inactive MMPs and are not optimal to detect 
active MMPs (Schäfers et al. 2010). Recently, Tekabe and co-workers investigated aorta 
and carotid uptake of [99mTc]MPI (matrix metalloproteinase inhibitor) in atherosclerotic 
ApoE-/- mice and compared it to the apoptosis tracer uptake, [99mTc]Annexin A5, in the 
same animals. They showed that the expression of MMP-2 and MMP-9 increases more 
rapidly than apoptosis during atherosclerosis progression in ApoE-/- mice and MPI may 
be a better imaging agent for more advanced disease than Annexin A5. (Tekabe et al. 
2010)

2.3.8 Thrombotic markers

Thrombogenicity is a central feature of plaque vulnerability and the imaging of cells 
participating in thrombus formation, coagulation factors, or the visualization of exposed 
subendothelial matrices may be relevant strategies to assess vulnerability. Initially, 
radionuclide-labelled platelets (Moriwaki et al. 1995; Minar et al. 1989; Davis et al. 
1978) or radiolabelled purine analogs were used as competitive inhibitors of adenosine 
diphosphate (ADP) in platelet aggregation to image plaque vulnerability. In a rabbit 
model, derivatives of diadenosine oligophosphate, [99mTc]AppCHClppA, and [18F]
AppCHFppA demonstrated rapid accumulation into the atherosclerotic aorta with 
optimal target-to-background ratio and correlations with plaque macrophage density 
(Elmaleh et al. 2006; Elmaleh et al. 1998).

2.3.9 Other targets

Different signaling pathways and various cell transcription factors, including 
proto-oncogenes such as c-fos and c-myc, are activated during the early stage of 
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atherosclerotic process. Qin and co-workers used 99mTc-radiolabelled antisense 
oligonucletides (ASONs) to detect atherosclerotic plaques in experimental models. 
The tracer accumulated in the areas of artery lesions. (Qin et al. 2005)  However, 
the non-specific myocardium uptake limits the use of this tracer to detect plaques in 
coronaries.

The expression of natriuretic peptide (NP) clearance receptor (NPR-Cs) is up-regulated in 
human atherosclerotic plaques (Casco et al. 2002). Finally, a recent study demonstrated a 
novel approach to image plaque vulnerability with 64Cu-labelled NP targeting NPR-Cs in 
rabbit model of atherosclerosis. With a blood clearance of a few minutes, [64Cu]DOTA-
C-ANF was effective as a PET tracer for in vivo imaging of atherosclerotic plaques. (Liu 
et al. 2010)

Table 2. Summary of the studies to image vulnerable atherosclerotic plaques with PET and 
SPECT probes.

Target Tracer/probe Nature of tracer Experimental setting Imaging 
assessment 
of tracer 
uptake

Reference(s)

Metabolic activity
Glucose
metabolism

[18F]FDG Carbohydrate Human carotid In vivo Rudd 2002, Ogawa 2004,
Tawakol 2005, Tawakol 2006, 
Rudd 2009, Menezes 2011, 
Masteling 2011

[18F]FDG Carbohydrate Human coronary In vivo Alexanderson 2008, Wykrzykowska 
2009, Lankinen 2011

[18F]FDG Carbohydrate Rabbit aorta In vivo Zhang 2006, Calcagno 2008, 
Worthley 2009

[18F]FDG Carbohydrate Mouse aorta
(ApoE-/-)

In vivo Laurberg 2007

[18F]FDG Carbohydrate Mouse aorta
(LDLR-/-ApoB100/100)

Ex vivo Laitinen 2006

[14C]FDG Carbohydrate Mouse aorta
(ApoE-/-)

Ex vivo Zhao 2011, Matter 2005

Choline
metabolism

[18F]FCH Amino alcohol Human aorta In vivo Bucerius 2008

[18F]FCH Amino alcohol Mouse aorta
(ApoE-/-)

Ex vivo Matter 2005

[11C]choline Amino alcohol Human aorta and
carotid

In vivo Kato 2009

[11C]choline Amino alcohol Mouse aorta
(LDLR-/-ApoB100/100)

Ex vivo Laitinen 2010

Monocytes/Macrophages
CCR-2 [99mTc]MCP-1 Peptide Rabbit aorta In vivo Hartung 2007

[111I]MCP-1 Peptide Rabbit aorta Ex vivo Ohtsuki 2001
PBR/TSPO [11C]PK11195 Peptide Human carotid In vivo Hoppela 2007, Pugliese 2010, 

Gaemperli 2011
[11C]PK11195 Peptide Mouse aorta

(LDLR-/-ApoB100/100)
Ex vivo Laitinen 2008

RAGE [99mTc]anti-RAGE 
F(ab’)2

Antibody Mouse aorta
(ApoE-/-)

In vivo Tekabe 2008

FR [99mTc]EC20 Peptide Mouse aorta
(ApoE-/-)

In vivo Ayala-López 2010

IL-2 [99mTc]IL2 Sytokine Human carotid In vivo Annovazzi 2006
[99mTc]HYNIC-IL-2 Sytokine Human carotid In vivo Opalinska 2012

SSTR2 [68Ga]DOTATATE Peptide Human coronary In vivo Rominger 2010
Phagocytosis [64Cu]TNP Nanoparticle Mouse aorta

(ApoE-/-)
In vivo Nahrendorf 2008

Trafficking [111In]oxine Cells Mouse aorta
(ApoE-/-)

In vivo Kircher 2008
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Adhesion molecule
VCAM-1 [18F]4V Peptide Mouse aorta

(ApoE-/-)
In vivo Nahrendorf 2009

[99mTc]B2702-p Peptide Rabbit aorta Ex vivo Broisat 2007
[123I]B2702-p Peptide Rabbit aorta Ex vivo Broisat 2007

Lipoproteins
LDL [123I]LDL Lipoprotein Human carotid In vivo Lees 1983

[99mTc]LDL Lipoprotein Human carotid,
iliac, femoral

In vivo Lees 1988

[99mTc]LDL Lipoprotein Rabbit aorta,
carotid

In vivo Bozóky 2004

[111In]LDL Lipoprotein Rabbit aorta In vivo Rosen 1990
OxLDL [99mTc]oxLDL Lipoprotein Human carotid In vivo Iuliano 1996

[123I]SP4 Oligopeptide Rabbit aorta In vivo Hardoff 1993
[99mTc]P199 Oligopeptide Rabbit aorta, 

carotid
In vivo Hardoff 1995

[125I]MDA2 Antibody Rabbit aorta Ex vivo Tsimikas 1999, Tsimikas 2000, 
Torzewski 2004

[125I]MDA2 Antibody Mouse aorta 
(LDLR-/-)

Ex vivo Torzewski 2004

[125I]MDA2 Antibody Mouse aorta 
(LDLR-/- and ApoE-/-)

Ex vivo Tsimikas 2000

[99mTc]MDA2 Antibody Rabbit aorta In vivo Tsimikas 1999
[125I]IK17 Antibody Mouse aorta 

(LDLR-/-)
Ex vivo Shaw 2001a

LOX-1 [99mTc]LOX1-mab Antibody Rabbit aorta In vivo Ishino 2008
[111In]LOX-1 Antibody Mouse aorta 

(ApoE-/- and LDLR-/-)
In vivo Li 2010

Angiogenesis
αvβ3 integrin [18F]galacto-RGD Peptide Mouse aorta 

(LDLR-/-ApoB100/100)
In vivo Laitinen 2009

[111In]RP748 Peptide Mouse aorta 
(ApoE-/-)

Ex vivo Sadeghi 2004

Apoptosis
Phosphatidyl-
serine

[99mTc]Annexin A5 Protein Human carotid In vivo Kietselaer 2004

[99mTc]Annexin A5 Protein Swine coronary In vivo Johnson 2005
[99mTc]Annexin A5 Protein Rabbit aorta In vivo Kolodgie 2003, Hartung 2005, 

Ishino 2007, Sarai 2007
[99mTc]Annexin A5 Protein Mouse aorta 

(ApoE-/-)
Ex vivo Zhao 2007, Tekabe 2010, 

Zhao 2011
[99mTc]Annexin A5 Protein Mouse aorta 

(ApoE-/- and LDLR-/-)
In vivo Isobe 2006

[111In]Annexin A5 Protein Rabbit aorta In vivo Haider 2009
Matrix degradation
MMP 
inhibition

[99mTc]MPI Hydroxamate der. Rabbit aorta In vivo Haider 2009, Fujimoto 2008

[99mTc]MPI Hydroxamate der. Mouse aorta 
(ApoE-/- )

Ex vivo Tekabe 2010

[99mTc]MPI Hydroxamate der. Mouse aorta 
(ApoE-/- and LDLR-/-)

In vivo Ohshima 2009

[123I]HO-CGS 27023A Hydroxamate der. Mouse aorta 
(ApoE-/- *)

In vivo Schäfers 2004

MMP 
activation

[111In]RP782 Substrate Mouse aorta 
(ApoE-/-) 

In vivo Razavian 2011

MT1-MMP [99mTc]MT1-MMP mAb Antibody Rabbit aorta Ex vivo Kuge 2010
Thrombosis
Platelets [111In]platelets Cells Human carotid In vivo Davis 1978, Minar 1989, 

Moriwaki 1995
ADP inhibitor [18F]AppCHFppA Purine analog Rabbit aorta In vivo Elmaleh 2006

[99mTc]AppCHClppA Purine analog Rabbit aorta In vivo Elmaleh 1998
Additional targets
NP [64Cu]DOTA-C-ANF Peptide Rabbit aorta In vivo Liu 2010
Oncogene 
activation

[99mTc]ASONs Antisense 
nucleotide

Rabbit aorta In vivo Qin 2005

*Carotid ligation model
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2.4 Mouse models of atherosclerosis

Human atherosclerosis research is challenging because lesion development matures 
slowly. In small animal models, atherosclerosis can be induced in weeks to months which 
make them useful for research purposes. Mouse models of atherosclerosis, have many 
advantages: the relatively low cost, easy access and rapid fertility. Further, atherosclerosis 
can be induced via genetic modifications and dietary manipulations. (Tannock and King 
2010) Although mouse models have many advantageous features, there are several 
limitations. Firstly, mice do not express cholesterol ester transfer protein (CETP) which 
has a significant role in human lipoprotein metabolisms. Secondly, mice carry their 
cholesterol predominantly in HDL particles. (Tannock and King 2010) Thirdly, lesion 
development starts above the endothelium instead of in the thickening intima (Calara 
et al. 2001). Fourthly, spontaneous plaque ruptures are rare in mice (Tannock and King 
2010). One potential reason for the lack of plaque rupture in mice may be the small 
diameter of the aorta. As the diameter of vessel decreases, the surface tension increases 
exponentially which may then become markedly higher for plaque rupture. However, 
plaque rupture occurs in ApoE-/-, LDLR-/- mice but the exact nature of this is unclear. 
(Calara et al. 2001; Rosenfeld et al. 2000)

2.4.1 ApoE-/-

The first mouse model of atherosclerosis, the apolipoprotein E (ApoE)-deficient mouse, 
was developed in 1992 (Piedrahita et al. 1992; Plump et al. 1992). ApoE exists on the 
surface of several lipoproteins, including chylomicrons, very low density lipoprotein 
(VLDL) and high density lipoprotein (HDL) particles and it has a key protective role in 
atherosclerosis. It is an important modulator of lipoprotein interactions and clearance with 
several receptors like low-density lipoprotein receptor (LDLR). (Curtiss 2000; Krieger et 
al. 1994) The ApoE-/- mice has 4-5 times greater plasma total cholesterol value than the 
C57BL/6 mice fed with normal chow. Baseline hypercholesterolemia can be elevated with 
a high fat diet to result in massive hypercholesterolemia and atherosclerosis. (Reddick et 
al. 1994) Lesions start with an initial fatty streak, which progresses to complex lesions 
with a fibrous cap and later calcified lesions develop. Advanced atherosclerotic plaques 
are formed throughout the aorta and in the carotid arteries (Nakashima et al. 1994). The 
spontaneous plaque rupture of high-fat fed ApoE-/- mice has been reported (Calara et 
al. 2001). Although the ApoE-/- is the most widely used mouse model of atherosclerosis 
research, the absence of ApoE in humans is rare and the lipoprotein profile of the ApoE-
deficient mice resembles poorly human profiles. (Nakashima et al. 1994) 

2.4.2 LDLR-/-

The LDLR-/- mouse model was developed by Ishibashi and co-workers (Ishibashi et al. 1993) 
and it closely resembles the conditions of human familial hypercholesterolemia (FH). They 
develop moderate hypercholesterolemia and atherosclerosis due the delayed clearance of 
VLDL, intermediate density lipoprotein (IDL), and LDL from the plasma. Total plasma 
cholesterol levels are 2 times higher than C57BL/6 mice on normal chow. The lipoprotein 
profile resembles those of humans and the development of lesions is similar than untreated 
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FH in humans. LDLR-/- mice develop fatty streaks without the diet, and advanced lesions 
with a fibrous cap and calcification can be induced by high fat diet. The spontaneous plaque 
rupture of high-fat fed LDLR-/- mice has been reported. LDLR-/- mice fed with a high fat 
diet, also develop itchy skin lesions, xanthomas, the same kind of lesions as described in FH 
patients. (Calara et al. 2001; Powell-Braxtron et al. 1998; Ishibashi et al. 1994)

2.4.3 ApoB100/100

The full-length Apolipoprotein B (ApoB100) is a structural component of VLDL, IDL, 
and LDL (Young et al. 1990). After post-transcriptional modification by the APOBEC-1 
(apolipoprotein B mRNA editing enzyme, catalytic polypeptide-1) enzyme, ApoB also 
exists in the ApoB48 form and it is required for the assembly of chylomicrons in the intestine 
(Véniant et al. 1998; Kane 1983). The ApoB100/100 model is made by targeted mutagenesis 
towards the ApoB gene, resulting in the disruption of APOBEC-1 enzyme (Farese et al. 
1996). The ApoB100/100 mice have mild hypercholesterolemia and hypertriglyceridemia 
and they do not develop atherosclerotic plaques when fed with chow. However, plaque 
development can be induced by a high fat diet responding moderate hypercholesterolemia 
and atherosclerosis. (Véniant et al. 1998; Purcell-Huynh et al. 1995)

2.4.4 LDLR-/-ApoB100/100

LDLR-deficient mice, which are able to synthesize only ApoB100 (LDLR-/-ApoB100/100, 
also known as LDLR-/-ApoB48-knockout mice), was created by Powell-Braxton and 
co-workers (Powell-Braxton et al. 1998) by cross-breeding the LDLR-/- and ApoB100/100 
mice. LDLR-/-ApoB100/100 mice represent a model of hypercholesterolemia with elevated 
levels of LDL cholesterol and expression of only ApoB100. Extensive atherosclerosis 
is developed with chow and can be elevated by a high fat diet which causes advanced 
lesions with a fibrous cap and calcification. The lipid profile of these mice resembles 
the type commonly seen in FH patients and in humans in general.  This makes these 
mice better than any other mouse model currently available to study atherosclerosis. 
(Heinonen et al. 2007; Goldstein et al. 1989) Therefore, LDLR-/-ApoB100/100 mice are 
appropriate model for atherosclerosis imaging.

2.4.5 IGF-II/LDLR-/-ApoB100/100

The insulin-like growth factor-II (IGF-II)/LDLR-/-ApoB100/100 mouse model was created 
by Heinonen and colleagues (Heinonen et al. 2007) by crossing the LDLR-/-ApoB100/100 

mice with transgenic mice in which type 2 diabetes is caused by over-expressing IGF-
II in pancreatic beta cells (Devedjian et al. 2000). IGF-II/LDLR-/-ApoB100/100 mice are 
characterized by insulin resistance, hyperglycemia, and mild hyperinsulinemia. Aged 
IGF-II/LDLR-/-ApoB100/100 mice display significantly increased lesion calcification 
compared to those of LDLR-/-ApoB100/100 mice. This calcification is dependent on insulin 
resistance rather than glucose levels. Also, a significantly greater baseline expression in 
aorta of several genes related to calcification and inflammation are elevated. Despite of 
this diabetic phenotype, lipid levels of IGF-II/LDLR-/-ApoB100/100 and LDLR-/-ApoB100/100 
mice are similar. (Heinonen et al. 2007)
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3 AIMS OF THE STUDY

The purpose of this study was to investigate the development and the metabolic activity 
of plaques using two mouse models of atherosclerosis combined with PET imaging. 
Three novel PET tracer targeting inflammation (68Ga), angiogenesis ([68Ga]DOTA-RGD) 
and hypoxia ([18F]EF5) were tested for the imaging of vulnerable atherosclerotic plaques 
in mice. Furthermore, the [18F]FDG was used as a reference tracer.

The specific aims of the study were:

1. To characterize atherosclerotic plaques of LDLR-/-ApoB100/100 and IGF-II/LDLR-/-

ApoB100/100 mouse models for PET imaging and to investigate plaque inflammation 
with [18F]FDG 

2. To investigate plaque inflammation with 68Ga 

3. To investigate plaque angiogenesis with [68Ga]DOTA-RGD 

4. To investigate plaque hypoxia with [18F]EF5  
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4 MATERIALS AND METHODS

4.1 General study design

In study I, we reported the effects of age, duration of a high-fat diet, and type 2 
diabetes on atherosclerotic plaque composition and metabolic activity assessed by 
[18F]FDG uptake in LDLR-/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 mice. In studies 
II-IV, we performed animal studies to explore the feasibility of novel PET tracers 
to identify inflammation, angiogenesis, and hypoxia in atherosclerotic plaques. 
We compared tracer uptake with the plaque histology and macrophage content by 
autoradiography. The biodistribution of radioactivity after intravenous (i.v.) tracer 
injection in atherosclerotic and control mice were studied by gamma counting of 
excised tissue samples. The general study design is shown in Figure 2. The four 
different radiotracers used in these studies were produced in-house using generator-
produced 68Ga (a physical half-life of 68 min) or cyclotron-produced 18F (a physical 
half-life of 110 min). 

4.2 Experimental animals

Atherosclerotic LDLR-/-ApoB100/100 (Jackson Laboratory, Bar Harbor, ME, strain 
#003000) as well as atherosclerotic and diabetic IGF-II/LDLR-/-ApoB100/100 (A. I. 
Virtanen Institute for Molecular Sciences, University of Eastern Finland, Kuopio, 
Finland) were used as the animal models. Atherosclerotic mice were fed with a Western-
type diet (0.2% total cholesterol, TD 88137, Harlan Teklad, Harlan Laboratories, 
Madison, Wisconsin), starting at the varying ages until imaging (Table 3). In studies II 
and III, the LDLR-/-ApoB100/100 mice were bred in the University of Eastern Finland and 
transferred to Turku. The C57BL/6N controls used in studies I-IV and atherosclerotic 
mice used in studies III and IV were bred in University of Turku. The C57BL/6N mice 
were used as the controls since the LDLR-/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 

strains were cross-bred to C57BL/6N background. The C57BL/6N mice were fed with 
regular chow for the whole study period. All mice were maintained under standard 
conditions on a 12 h light/dark cycle. In study I, mice were fasted with ad libitum 
access to water for 4 h before the [18F]FDG injection to obtain equal blood glucose 
levels. In studies II-IV mice had free access to food and water. All animal experiments 
were reviewed and approved by the Lab-Animal Care & Use Committee of the State 
Provincial Office of Southern Finland.
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Figure 2. General study design. ΔT = investigated time point, L = lumen, P = plaque, W = wall.



 Materials and Methods 29

Table 3. Characteristics of study animals.

Study No. of animals
(F+M)

Age, months High-fat diet,
months

Weight,
gram

LDLR-/-ApoB100/100

I a* 7 (7/0) 4 2 23 ±2
I b* 10 (1/9) 6 4 39 ± 7
I c* 13 (2/11) 12-17 3-4 41 ± 7
II a ** 9 (0/9) 10-11 3-4 35 ± 5
II b** 3 (3/0) 14-15 5-6 36 ± 10
III 6 (0/6) 11-12 5 39 ± 6
IV a ** * 6 (3/3) 8-9 3-4 28 ± 2
IV b ** * 4 (3/1) 7-8 3-4 37 ± 9
IGF-II/LDLR-/-ApoB100/100

I a 9 (7/2) 4 2 25 ± 6
I b 9 (6/3) 6 4 32 ± 8
I c 11 (5/6) 12-15 3 38 ± 4
IV a *** 6 (5/1) 8-13 3-4 39 ± 6
C57BL/6N
I 15 (0/15) 7-14 - 38 ± 4
II 6 (0/6) 14 - 41 ± 4
III 6 (0/6) 2.5 - 28 ± 1
IV a *** 6 (0/6) 6-9 - 43 ± 3

* Study I a: 4-month old, I b: 6-month old, I c: 12-month old or older. 
**Study II a: Animals used in biodistribution and ARG experiments, II b: Animals used only for 
PET/CT imaging.
***Study IV a: Sacrifice time of 90 min, IV b: Sacrifice time of 180 min. 
F = female, M = male.

4.3 Radiotracers

Synthesis of [ 18F]FDG (I)
[18F]FDG was synthesized, as a previously described by Hamacher et al. 1986, at the 
Radiopharmaceutical Chemistry Laboratory of the University of Turku (Turku PET 
Centre, Turku, Finland). The specific radioactivity at the end of synthesis was more than 
75 MBq/nmol, and radiochemical purity exceeded 98%. The structure of [18F]FDG is 
shown in Figure 3a.

Production of ionic 68Ga (II)
68Ga was obtained in the form of 68GaCl3 from a 68Ge/68Ga generator (Cyclotron Co., 
Obninsk, Russia) by elution of 0.1 M HCl at the Laboratory of Turku PET Centre. The 
elution of the generator was monitored on-line with a positron-sensitive photodiode 
detector (Hamamatsu S5591, Hamamatsu Photonics K.K. Solid State Division, Japan). 
The radioactive elution peak was collected and the 68GaCl3 was neutralized with 1 M 
NaOH to give pH 7, as earlier described by Ujula et al. 2010. The final 68Ga product 
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contained 13% of colloidal forms of 68Ga as measured by the activity retained on the 
0.2-μm ultrafilter.

Syntheses of[ 68Ga]DOTA-RGD (III)
The 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) chelated RGD 
peptide (Figure 3b) was obtained from GE Healthcare (Oslo, Norway). The synthesis 
of DOTA-RGD peptide has been described by Indrevoll et al. 2006. The in vitro affinity 
of the DOTA-RGD peptide for αvβ3/αvβ5 integrin is 3.2 nM (Indrevoll et al. 2006).  
The 68GaCl3 was obtained as described above. The 68GaCl3 eluate was mixed with 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma-Aldrich Chemie, 
Germany) and DOTA-RGD and the mixture was incubated at 100°C for 20 min. No 
further purification was needed. The radiochemical purity was determined by reversed-
phase radio-HPLC (high-performance liquid choromatography). The compounds in 
the samples were separated by comparing the retention times of unlabellled peptide 
and authentic standards [68Ga]DOTA and 68Ga3+. The radio-HPLC system consisted of 
LaChrom instruments (Hitachi; Merck, Darmstadt, Germany) including pump L7100, 
UV detector L-7400 and interface D-7000; an on-line radioactivity detector (Radiomatic 
150 TR, Packard, Meriden, CT); and a computerized data acquisition system. The 
specific radioactivity at the end of synthesis was 8.7 ± 1.1 MBq/nmol, and radiochemical 
purity was 97 ± 2%.

Synthesis of [18F]EF5 (IV)
[18F]EF5 (Figure 3c) was synthesized from 2-(2-nitro-1H-imidazol-1-yl)-N-(2,3,3-
trifluoroallyl)-acetamide as described previously (Bergman et al. 1997). The specific 
radioactivity of [18F]EF5 was always >3.7 MBq/nmol and the radiochemical purity was 
>98.5% throughout the study.

Figure 3. Molecular structures of the tracers. a) [18F]FDG, b) [68Ga]DOTA-RGD, c) [18F]EF5.
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4.4 Ex vivo biodistribution 

Radiotracers were i.v. injected directly (II, III) or via a catheter (I, IV) into tail vein and 
allowed to distribute for a specified time before the animals were sacrificed by a cervical 
dislocation under isoflurane-anaesthesia. In studies II and III, the tracer was administrated 
in non-anaesthetised mice, while in studies I and IV mice were anaesthetised throughout 
the study. In study I, the blood glucose levels were measured from the femoral vein with 
a glucometer (One Touch, UltraEasy, LifeScan,Inc., Milpitas, California), before the 
tracer injection.

After sacrifice, arterial blood was collected by cardiac puncture, samples of various tissues 
and organs were immediately dissected, weighed, and radioactivity was measured using a 
automatic (in studies II and III, 1480 Wizard 3” Gamma Counter; EG & G Wallac, Turku, 
Finland) or a well type gamma counter (in studies I and IV, Triathler 3”, Hidex, Turku, 
Finland) cross-calibrated with a dose calibrator (VDC-202, Veenstra Instruments, Joure, 
The Netherlands). All measured data were corrected for background radioactivity. The 
injected radioactivity dose and radioactivity of the tissue samples were decay-corrected 
to the time of injection and the radioactivity dose remaining in the tail was compensated. 
The amount of radioactivity that had accumulated in the tissue samples or blood over 
the distribution period was expressed as a percentage of the injected radioactivity dose 
per gram of tissue (%ID/g or %IA/g). The main methodological differences among 
the studies are presented in Table 4. In studies I and IV, the hearts were collected and 
preserved in formalin for further studies. 

In vivo stability of [68Ga]DOTA-RDG (III)
The in vivo stability of [68Ga]DOTA-RDG peptide was measured from a blood sample (six 
LDLR-/-ApoB100/100 mice, six C57BL/6N mice) and a urine sample (five LDLR-/-ApoB100/100 

mice, two C57BL/6N mice) 60 min after intravenous injection of tracer in study III. The 
plasma was separated by centrifugation (2.118 × g for 5 min) at +4°C. Proteins of plasma 
and urine were precipitated using 10% sulfosalisylic acid. A supernatant obtained after 
centrifugation followed by filtration through syringe filter (0.45-μm, Waters Corporation, 
USA) was analyzed by radio-HPLC.

Table 4. Methodological details in different studies. Euthanasia was performed under isoflurane-
anaesthesia by a cervical dislocation in all studies.

Study Tracer
Injected

radioactivity 
(MBq)

Injected mass
(*ng, **µg) Injection Sacrifice time 

(min)

I [18F]FDG 12 ± 3 *0.2 ± 0.04 isoflurane anaest. 90
II 68Ga 17 ± 2 - awake 180

III [68Ga]
DOTA-RGD 17 ± 4 **3.0 ± 0.5 awake 60

IV a [18F]EF5 11 ± 2 *3.1 ± 0.5 isoflurane anaest. 90
IV b [18F]EF5 isoflurane anaest. 180
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4.5 Ex vivo aorta autoradiography and image analysis

The regional distribution of the radioactivity in the mouse aortic tissue (I-IV) and muscle 
(II and III) was determined using an autoradiography (ARG) method. The muscle was 
used as an internal control from the same animal in studies II and III. In studies I and IV, 
the autoradiography of muscle tissue was not performed, but results from each mouse 
were normalized for injected radioactivity and decay. 

After dissection, aorta and muscle tissues were measured with a gamma counter as 
described in section 4.4 and thereafter immediately frozen. Sequential longitudinal 
8- and 20-μm sections were cut with a cryomicrotome at -15°C, thaw-mounted onto 
microscope slides. The sections were air dried for 5 min and applied to an imaging 
plate (Fuji Imaging Plate BAS-TR2025, Fuji Photo Film Co., Ltd., Japan). After a 
pre-specified exposure time of at least two half lives of tracer the imaging plates were 
scanned with Fuji Analyser BAS-5000 (Fuji Tokyo, Japan; internal resolution 25 
μm). The 20-µm sections were stained with hematoxylin and eosin (HE), and 8-μm 
sections with anti-Mac-3 antibody (see section 4.6). After careful co-registration of the 
autoradiographs and images of HE-stained 20-µm sections and examination of section 
morphology under a light microscope, data was interpreted. The radioactivities of 68Ga 
(II, III) or 18F (I, IV) were measured in the following regions of interest (ROIs): (1) 
non-calcified plaque (excluding media), (2) calcified area in plaque (excluding media), 
(3) normal vessel wall (no lesion formation), (4) adventitia (including adjacent fat) 
and given as photostimulated luminescence per square millimeter (PSL/mm2). The 
background was subtracted from the image data and the results from each mouse were 
normalized against internal control (II and III) or for injected radioactivity and decay 
(I and IV). An example of the ARG analysis is shown Figure 4.

Reliability of ARG method was tested in study III by two independent observers (authors 
Haukkala and Laitinen). Reproducibility of the autoradiography results was evaluated 
by calculating the coefficient of variation (CV%), mean difference and intra-class factor. 
A CV of ≤10% is considered acceptable. The average of various ROIs was calculated for 
each animal from the other observer’s analyses. 
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Figure 4. An example of autoradiography analysis. a) Haematoxylin-eosin staining. b) Patch 
image made from image a. c) Patch image superimposed to the autoradiography image. d) Co-
registered autoradiograph and haematoxylin-eosin and eosin image (red lines represent the 
borders from the image a. R1 and R2 = regions of interest (ROIs) in plaque (non-calcified); R3 
and R4 = ROIs in healthy vessel wall; R5 and R6 = ROI in adventitia. A = arch; AA = ascending 
aorta, B = brachiocephalic artery; D = descending thoracic aorta; LC = left common carotid 
artery; LS = left subclavian artery.
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4.6 Immunohistochemistry

The degree of inflammation in the plaques (I-IV)
The 8-µm cryosections were stained with anti-mouse Mac-3 (mouse cluster of 
differentiation (CD)107b, antibody for mouse macrophages) to compare the tracer 
uptake (measured by ARG) and density of macrophages in atherosclerotic plaques. 
In studies I, III-IV, the plaques were visually graded under a light microscope as 
(1) non-inflamed (none or occasional Mac-3 positive macrophages) or (2) inflamed 
(groups of macrophages or abundant infiltration of macrophages). In study II, the 
plaques were categorized as: (1) no inflammation = no macrophages, (2) mild 
inflammation = occasional macrophages, (3) moderate inflammation = occasional 
and some groups of macrophages, (4) severe inflammation = abundant infiltration of 
macrophages. 

For Mac-3 staining, 8-μm cryosections were stored at -70°C, melted and fixed in 
formaldehyde. Mac-3 antigen was uncovered by boiling in hot citrate buffer. Then the 
sections were incubated with primary rat anti-mouse Mac-3 antibody (Clone M3/84, 
BD Pharmingen, USA) and endogenous peroxidase was blocked (DakoCytomation, 
Denmark). Thereafter, the sections were incubated with polyclonal rabbit anti-rat 
antibody (Dako, Denmark) and with tertiary EnVision+ System- HRP-labellled goat 
anti-rabbit antibody (DakoCytomation, Denmark). Finally, Mayer’s haematoxylin was 
used for counterstaining.

To detect endothelia cells in the plaques (III)
In study III, the anti-CD31 antibody was used to detect endothelial cells from 8-μm 
cryosections. The sections were stored at -70°C, melted, fixed in ice cold acetone, and air 
dried. Endogenous peroxidase was blocked (DakoCytomation, Denmark). The sections 
were incubated with primary rat anti-mouse CD31 antibody (Clone 390, AB Serotec, 
Oxford UK) and with secondary biotinylated mouse anti-rat antibody (BD Pharmingen, 
USA). The sections were inspected under light microscope.

Determination of plaque inflammation and size (I, IV)
In studies I and IV, mouse hearts were collected for further studies. The serial 5-µm 
sections of formalin-fixed and paraffin embedded hearts were cut at the level of the 
aortic root and stained with anti-Mac-3 or modified Movat’s pentachrome stain. The 
high-resolution digital photomicrographs were captured and the areas of intima and 
media were constrained by using image editing software (Adobe Photoshop cp, Adobe 
Systems, San Jose, California). The intima-to-media ratios (IMRs) were calculated from 
the Movat-stained sections and the proportion of macrophages in the intima (Macrophage 
%) was determined from the anti-Mac-3-stained sections by using automated image 
analysis software (Image-Pro Plus 5.0, Media Cybernetics, Silver Spring, Maryland). 
Furthermore, the IMR × macrophage (%) factor was used to describe the amount of 
macrophages compared with plaque size. 
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Verification of hypoxia in the plaques (IV)
Plaque hypoxia in LDLR-/-ApoB100/100 and IGF II/LDLR-/-ApoB100/100 mice was verified 
through the detection of EF5 adducts and with injection of pimonidazole.

Four additional non-anaesthetized (2 LDLR-/-ApoB100/100 and 2 IGF II/LDLR-/-ApoB100/100) 
mice were  i.v. administered with a high dose of non-labellled EF5 (10 mM in 0.9% 
saline, 0.01 ml/g body weight, kindly provided by C. J. Koch) 3 h before the mice were 
sacrificed.  Frozen 8-μm aorta sections were fixed in paraformaldehyde and the sections 
were blocked. Then, the sections were stained overnight in +4°C with Cy-3 conjugated 
ELK3-51 monoclonal antibody (University of Pensylvania, Philadelphia, USA) and 
stored in PBS until image acquisition. After imaging on a fluorescent microscopy, the 
sections were counterstained with HE. Aorta sections from mice not injected with EF5 
were also stained and used as negative controls in order to assess the non-specific binding 
of the antibody. 

Furthermore, plaque hypoxia was confirmed by the staining of aorta sections after 
injection of 50 mM pimonidazole (HypoxyprobeTM-1, Natural Pharmacia International, 
Inc, Burlington, USA) in 0.9% saline in two additional (1 LDLR-/-ApoB100/100 and 1 IGF-II/
LDLR-/- ApoB100/100) mice. Pimonidazole (0.06 ml/g body weight) was injected 1 h before 
sacrifice, followed by aorta preparation, formalin-fixing and embedding in paraffin. Serial 
4-μm cross sections of aorta were cut and stained using the HypoxyprobeTM-1 kit (Natural 
Pharmacia International). The sections were blocked and stained overnight in +4°C with 
fluorescein isothiocyanate-conjugated antipimonidazole (1:50, HypoxyprobeTM-1), and 
then immediately imaged. Adjacent sections were stained with HE. Aorta sections from 
mice not injected with pimonidazole were also stained and used as negative controls in 
order to assess the non-specific binding of the antibody.

4.7 In vivo PET/CT imaging (I, II)

A dedicated, small animal PET/CT scanner with a resolution of 1.5 mm (Siemens 
Medical Solutions, Knoxville, TN, USA) was used for in vivo imaging. In study I, a 
subset of animals (n = 34) were imaged, 50 min after injection of 13 ± 4 MBq [18F]FDG. 
PET images were acquired for 20 min, followed by CT angiography (20 min). To obtain 
vascular contrast, an iodinated intravascular contrast agent (Fenestra VC, Art Advanced 
Research Technologies Inc., Montreal, Quebec, Canada) was injected (0.2 ml) via a tail 
vein catheter without moving the animal.

In study II, three additional LDLR-/-ApoB100/100 mice were imaged at 3 h after injection of 
68Ga (16 ± 3 MBq). PET images were acquired for 15 min, followed by CT angiography 
(10 min) without moving the animal. To obtain vascular contrast, 0.2 ml of iodinated 
intravascular contrast agent eXIATM160XL (Binitio Biomedical Inc, Ottawa, ON, 
Canada) was injected. 

In both studies, mice were kept fully sedated with 1.5% isoflurane during imaging. 
Co-registration of PET and CT images was done using an automatic weighted mutual 
information algorithm and confirmed visually on the basis of anatomical landmarks. 
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Quantitative PET analysis was performed by drawing ROIs of the same size in the left 
ventricle (blood pool), aortic arch, and brachiocephalic artery as identified on the basis 
of the CT angiography by using the Inveon Research Workplace software (Siemens 
Medical Solutions, Knoxville, TN, USA). Radioactivity concentrations were corrected 
for injected radioactivity, and the results were expressed as %IA/g, assuming 1 mL 
equals 1 g.

4.8 Statistical analyses

All results are expressed as mean ± SD values. The limit for statistical significance was 
set at p < 0.05. Normality tests were performed using the Shapiro-Wilkins method. In 
biodistribution studies, comparisons of non-paired data between 2 groups, t test and 
one-way ANOVA were used. Comparisons between multiple groups were made using 
ANOVA with the Tukey correction. The paired t test was used for comparing paired data 
between 2 groups. T test with a mixed Dunnett’s model was applied to correct p values 
of the biodistribution of aortic uptake versus different tissue uptakes in the same animal.
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5 RESULTS

5.1 Characterization of atherosclerotic plaques 

5.1.1	 Determination	of	plaque	inflammation	and	size

In study I, the effects of age, diet, and diabetes were determined in the development 
of atherosclerotic plaques. The LDLR-/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 mice 
showed extensive atherosclerotic plaques. The plaque size, given as the IMR, was 
comparable between the LDLR-/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 mice, and it 
increased from 4 months to 6 and ≥12 months in both strains (Figure 5a). Macrophage 
density was greatest at 4 and 6 months of age and decreased by ≥12 months of age 
(Figure 5b). As a result, the indicator of the total plaque macrophage number calculated 
as the IMR × macrophage (%) factor (Figure 5c) was greatest at 6 month of age in IGF-
II/LDLR-/-ApoB100/100 mice and at both 6 and ≥ 12 month of age in LDLR-/-ApoB100/100 

mice. Calcified plaques existed in all mice, 12 months and older (21% of analyzed 
plaques in ARG) and in 11 of 19 mice aged 6 months (6% of analyzed plaques in 
ARG), but only in 1 LDLR-/-ApoB100/100 mouse aged 4 months (2% of analyzed plaques 
in ARG).

In study IV, the extent of Mac-3 positive areas in the plaques from the aortic root was 
greatest in IGF-II/LDLR-/-ApoB100/100 mice (55 ± 2%) compared to LDLR-/-ApoB100/100 

mice (36 ± 2%, P < 0.09). The IMR was significantly greater in LDLR-/-ApoB100/100 mice 
(3.6 ± 1.3) than IGF-II/ LDLR-/-ApoB100/100 (0.9 ± 0.2, P < 0.001). The duration of high-
fat diet was similar in all atherosclerotic mice.

5.1.2	 Verification	of	plaque	hypoxia	(IV)

The presence of hypoxia was verified in the deep layers of plaques by fluorescent 
microscopy using Cy-3-conjugated ELK3-51 antibody after the injection of non-
labellled EF5 in LDLR-/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 mice. Plaque 
hypoxia was determined also by anti-pimonidazole antibody after i.v. injection of 
pimonidazole in both atherosclerotic models. Hypoxia immunoreactivity was not 
detected in adventitia,  wall areas, or in the plaques of the mice not injected with EF5 
and pimonidazole.
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Figure 5. a) Intima-to-media ratios (IMR, 
mean ± SD). b) Percentage of Mac-3 stained 
intimal area. c) Factor of IMR × proportion of 
macrophages (%) from aortic root in LDLR-

/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 
mice.

5.2 Ex vivo biodistribution of radiotracers in mice

In study I, only the uptake of [18F]FDG in blood was studied. The [18F]FDG radioactivity 
in blood was at the same level between LDLR-/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 
mice, and comparatively with C57BL/6N controls. No significant differences were 
observed in blood glucose values between the LDLR-/-ApoB100/100 (7.2 ± 1.5 mmol/l), 
IGF-II/LDLR-/-ApoB100/100 (6.9 ± 1.6 mmol/l) or C57BL/6N control (7.8 ± 1.8 mmol/l) 
mice after a 4-h fast.

In study II, the uptake of 68Ga was greater in atherosclerotic mice than in controls but 
the difference was not statistical significant. The densest level of 68Ga-radioactivity was 
found in the blood in both mouse strains. The aorta-to-heart and aorta-to-blood uptake 
ratios were comparable among LDLR-/-ApoB100/100 and control mice. The measured 
radioactivities in the bone and liver of atherosclerotic mice were significantly lower than 
in the control mice.

In study III, the uptake of [68Ga]DOTA-RGD was greatest in atherosclerotic mice than 
in controls but the difference was not statistically significant. The greatest level of [68Ga]
DOTA-RGD uptake was found in the kidneys in LDLR-/-ApoB100/100 and control mice. 

a b

c
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The levels of uptake in the liver and intestine were significantly lower in comparison 
to the kidneys, indicating the predominance of the renal excretion route and minor 
hepatobiliary excretion in atherosclerotic and control mice. The uptakes in heart and 
blood were the same between LDLR-/-ApoB100/100 and control mice but the aorta-to-heart 
aorta-to-blood uptake ratios were significantly higher in LDLR-/-ApoB100/100 than control 
mice. The radio-HPLC analysis of the mouse-plasma samples from LDLR-/-ApoB100/100 

mice and control mice showed 70.3 ± 5.2% and 65.9 ± 5.2% of unchanged [68Ga]
DOTA-RGD peptide, respectively, at 1 h after injection. In the urine, the percentages 
of unchanged peptide were 3.3 ± 1.0% for LDLR-/-ApoB100/100 mice and 2.8 ± 1.0% for 
control mice at 1 h after injection.

In study IV, the uptake of [18F]EF5 was significantly greater in the aorta of LDLR-/-

ApoB100/100 mice than C57BL/6N controls 90 minutes after the tracer injection. In all 
atherosclerotic and control mice, the greatest levels of [18F]EF5 were found in tissues 
involved in the processes of EF5 clearance and excretion via the urinary system. At 
180 minutes postinjection, the blood uptake of [18F]EF5 remained at 1.95 ± 0.26 %IA/g 
in LDLR-/-ApoB100/100 mice, revealing a slow blood clearance of [18F]EF5. The aorta-
to-heart and aorta-to-blood ratios were comparable among LDLR-/-ApoB100/100, IGF-II/
LDLR-/-ApoB100/100, and C57BL/6N mice at both 90 and 180 minutes after injection. The 
ex vivo aorta, aorta-to-heart and aorta-to-blood biodistribution of tracers are shown in 
Table 5.

Table 5. Ex vivo aorta, aorta-to-heart and aorta-to-blood biodistribution of radiotracers in studies 
II-IV.

Study Animal
ΔT

(min) Aorta Aorta-to-heart Aorta-to-blood 

II
68Ga

LDLR-/-ApoB100/100 180 1.99 ± 0.73
(p = NS*)

1.6 ± 0.7
(p = NS*)

0.2 ± 0.1
(p = NS*)

C57BL/6N 180 1.52 ± 0.40 1.2 ± 0.2 0.2 ± 0.1

III [68Ga]
DOTA-RGD

LDLR-/-ApoB100/100 60 0.91 ± 0.21
(p = NS*)

1.8 ± 0.4
(p = 0.01*)

1.1 ± 0.2
(p = 0.02*)

C57BL/6N 60 0.70 ± 0.20 1.3 ± 0.1 0.8 ± 0.1

IV  
[18F]EF5

LDLR-/-ApoB100/100 90 1.88 ± 0.35
(p=0.0002*)

0.8 ± 0.2
(p = NS*)

0.6 ± 0.1
(p = NS*)

C57BL/6N 90 1.10 ± 0.23 0.6 ± 0.1 0.6 ± 0.1
IGF-II/LDLR-/-

ApoB100/100
90 1.18 ± 0.17

(p = NS**)
0.9 ± 0.3

(p = NS**)
0.7 ± 0.1

(p = NS**)
LDLR-/-ApoB100/100 180 1.19 ± 0.19

(p = NS*)
0.8 ± 0.2
(p = NS*)

0.6 ± 0.1
(p = NS*)

Results are expressed as %IA/g (mean ± SD). 
NS = not significant. ΔT = investigated time point.
 *Difference between LDLR-/-ApoB100/100 and control C57BL/6N mice
**Difference between IGF-II/LDLR-/-ApoB100/100 and control C57BL/6N mice
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5.3 In vivo biodistribution of radiotracers in aorta (I and II)

In vivo biodistribution of [18F]FDG (I) and 68Ga (II) was determined in areas of an aortic 
arch and a brachiocephalic artery by small animal PET/CT. The in vivo [18F]FDG uptake 
in the aortic arch and brachiocephalic artery was significantly greater in the LDLR-/-

ApoB100/100 mice at the age of 6 months (3.0 ± 1.2 and 2.7 ± 0.5 %IA/g, respectively) in 
the IGF-II/LDLR-/-ApoB100/100 mice at the age of 4 months (3.5 ± 1.7 and 2.7 ± 1.1 %IA/g, 
respectively), and 6 months (3.6 ± 0.4 and 3.1 ± 0.1 %IA/g, respectively) compared 
to healthy control mice (1.0 ± 0.1 and 1.0 ± 0.2 %IA/g, respectively). There were no 
significant differences in [18F]FDG uptake between the LDLR-/-ApoB100/100 and IGF-II/
LDLR-/-ApoB100/100 mice in any age group (Figure 6).

Figure 6. Average uptake of [18F]FDG measured in the a) aortic arch and b) brachiocephalic artery 
in LDLR-/-ApoB100/100, IGF-II/LDLR-/-ApoB100/100 and C57BL/6N mice expressed as percentage of 
injected radioactivity per gram of tissue (%IA/g) (mean ± SD).

Elevated 68Ga-radioactivity in the blood pool (8.1 ± 2.2 %IA/g) was detected in LDLR-/-

ApoB100/100 mouse even after 3 h post-injection. The in vivo uptake of 68Ga-radioactivity 
in the aortic arch and brachiocephalic artery was 6.4 ± 3.0 and 5.8 ± 2.5 %IA/g, 
respectively (Figure 7).

a

b
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Figure 7. In vivo imaging of 68Ga. a) In vivo PET, b) CT angiography, and c) fused PET/CT 
images demonstrate elevated 68Ga signal in the blood pool as seen in the aorta and heart. Calcified 
(white arrows) and non-calcified (black arrows), aortic arch and aortic root can be seen in contrast 
enhanced CT angiography.

5.4 Digital autoradiography of aortic sections

5.4.1 Distribution of radiotracers 

Autoradiography analysis was performed in the longitudinal sections of aorta at the 
sites of atherosclerotic plaque, healthy vessel wall, and adventitia. The number of 
analyzed sections and regions are shown in Table 6. The count densities of background 
radiation were subtracted from the actual ROI data and the results for each mouse 
were normalized against the internal control tissue muscle (II and III) or for injected 
radioactivity and decay (I and IV). To avoid the confounding variability caused by the 
injected radioactivity dose, decay and scanning protocol, the data were represented as 
plaque-to-wall and plaque-to-adventitia ratios for each study (Table 7).

Table 6. Numbers of analyzed plaque, wall, adventitia and muscle ROIs in different studies from 
20-µm sections for ARG analyses. The numbers of animals represents both atherosclerotic and 
control mice.

Study Sections/mouse No. of 
animals

Plaque Wall Adventitia Muscle

I 8-10 74 2469 1975 1240 -
II 8-12 14 384 396 406 56
III 8-13 12 414 334 513 48
IV 8-10 22 523 555 427 -

Total 122 3790 3260 2586 104
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In study I, the uptake of [18F]FDG was 2 to 2.4 times greater in atherosclerotic plaques 
than in the healthy vessel wall (p < 0.0001) in all groups of atherosclerotic mice. No 
differences in [18F]FDG uptakes were observed between non-calcified plaques and 
calcified areas inside of plaques and therefore these data were pooled. Furthermore, the 
uptake levels of [18F]FDG in plaques and healthy vessel walls were comparable between 
the LDLR-/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 mouse strains and at different ages 
in both atherosclerotic strains. No differences were found in the uptake of [18F]FDG 
in the healthy vessel wall or adventitia between the atherosclerotic and control mice. 
Plaque uptake was consistently greater as adventitia uptake in all mice and a statistical 
significance was found in 4-month old IGF-II/LDLR-/-ApoB100/100 mice and both 6-month-
old LDLR-/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 mice.

In study II, a significantly greater uptake of 68Ga-radioactivity in plaques compared 
with healthy vessel wall (plaque-to-wall ratio 1.8 ± 0.2, p = 0.0002) and adventitia 
(plaque-to-adventitia ratio 1.3 ± 0.2, p = 0.001) was detected in LDLR-/-ApoB100/100 mice. 
The difference between the adventitia and the healthy vessel wall was not statistically 
significant in either of the mouse strains. A relatively elevated uptake of 68Ga-radioactivity 
was detected in the calcified areas (n = 55 from the total number of analyzed 384 plaque 
ROIs) of atherosclerotic plaques vs. healthy vessel wall (ratio 2.1 ± 0.6, p = 0.001). No 
statistically significant difference was detected in calcified areas of plaques vs. non-
calcified plaques and therefore these data were pooled.

In study III, the uptake of [68Ga]DOTA-RGD was 1.4 ± 0.1-fold greater in the plaques 
compared to the healthy vessel wall (p = 0.0004) and 1.6 ± 0.1-fold greater in the 
plaques compared to the adventitia (p = 0.0002) in LDLR-/-ApoB100/100 mice. The 
accumulation of 68Ga-radioactivity in the adventitia as compared to the healthy vessel 
wall was statistically significant in LDLR-/-ApoB100/100 mice (p = 0.01) and in control 
mice (p = 0.003). 

In study IV, the uptake of [18F]EF5 was significantly greater in the atherosclerotic plaques 
than in adjacent healthy vessel wall at 90 and 180 minutes after injection (plaque–
to–healthy vessel wall ratios of 1.9 to 2.2 in LDLR-/-ApoB100/100  and IGF-II/LDLR-/-

ApoB100/100 mice). No differences were observed between non-calcified and calcified 
regions. In addition to plaques, the adventitia immediately adjacent to aorta showed 
[18F]EF5 uptake in both atherosclerotic mouse strains and controls (the average plaque-
to-adventitia ratio between atherosclerotic and control mice was 1.0 ± 0.2, p = NS). The 
[18F]EF5 uptake in the healthy vessel wall was similar between the atherosclerotic strains 
and control mice.
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Table 7. The results of autoradiography analysis (I-IV) presented as ratios.

Study Animal Age in months 
in study I,

ΔT (min) in 
study IV

Plaque-to-
wall

Plaque-to-
adventitia

Non-inflamed-
to-inflamed

I
[18F]FDG

LDLR-/-

ApoB100/100
4 2.0 ± 0.3

(p < 0.0006)
1.6 ± 0.6
(p = NS)

ND

IGF-II/LDLR-/-

ApoB100/100
4 2.2 ± 0.4

(p < 0.0002)
1.9 ± 0.6

(p = 0.006)
ND

LDLR-/-

ApoB100/100
6 2.3 ± 0.5

(p < 0.0002)
1.9 ± 0.7
(p = 0.02)

*1.7 ± 0.5
(p < 0.0001)

IGF-II/LDLR-/-

ApoB100/100
6 2.4 ± 0.4

(p < 0.0003)
2.3 ± 0.4

(p = 0.0006)
LDLR-/-

ApoB100/100
≥12 2.3 ± 0.5

(p < 0.0001)
1.6 ± 0.8
(p = NS)

IGF-II/LDLR-/-

ApoB100/100
≥12 2.4 ± 0.6

(p < 0.0003)
1.8 ± 0.7
(p = NS)

II
68Ga

LDLR-/-

ApoB100/100
- 1.8 ± 0.2

(p = 0.0002)
1.3 ± 0.2

(p = 0.001)
See Table 8.

III
[68Ga]DOTA-RGD

LDLR-/-

ApoB100/100
- 1.4 ± 0.1

(p = 0.0004)
1.6 ± 0.1

(p = 0.0002)
1.1 ± 0.2
(p = NS)

IV [18F]EF5

LDLR-/-

ApoB100/100
90 2.2 ± 0.2

(p = 0.0001)
*1.0 ± 0.2
(p = NS)

*1.1 ± 0.4
(p = NS)

IGF-II/LDLR-/-

ApoB100/100
90 1.9 ± 0.2

(p = 0.0004)
LDLR-/-

ApoB100/100
180 1.9 ± 0.2

(p = 0.01)
*pooled data, NS not significant, ND not determined

5.4.2	 Co-localization	of	tracer	uptake	and	plaque	inflammation

The degree of inflammation in the plaques was semiquantitatively assessed by using 4-6 
Mac-3-stained aortic sections of each mouse. 18F or 68Ga-radioactivity uptake and the 
macrophage contents in the plaques were analyzed from two-categorized (non-inflamed 
or inflamed) or four-categorized (no-inflamed, mild, moderate or severe inflamed) plaque 
regions from atherosclerotic mice autoradiographs. 

The uptake of [18F]FDG was 1.7 ± 0.5-fold greater in inflamed than non-inflamed plaques 
(p < 0.0001; pooled data from 6 months and 12 months and older LDLR-/-ApoB100/100 and 
IGF-II/LDLR-/-ApoB100/100 mice). The 4 months mice were not included in the analysis 
because of lack of non-inflamed plaques in these groups.

The uptake of 68Ga-radioactivity was 3.3 ± 1.5-fold greater in severe inflamed plaque 
than non-inflamed plaques 68Ga-radioactivity was co-localized with the degree of 
inflammation as shown in Table 8. 
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No difference was found in comparing [68Ga]DOTA-RGD and [18F]EF5 uptake between 
non-inflamed and inflamed plaque regions (ratio 1.1 ± 0.2 and 1.1 ± 0.4, respectively). 

Table 8. Uptake of 68Ga-radioactivity in non-inflamed to various degrees of inflamed plaques 
based on the Mac-3 autoradiography analysis.

Non-inflamed (n = 16) p value
Mild

(n=38) 1.4 ± 0.4 0.01

Moderate
(n = 89) 2.6 ± 0.9 0.03

Severe
(n = 41) 3.3 ± 1.5 0.02

n = number of analysed plaques

5.4.3	 Reproducibility	of	ARG	method	(III)

The CV% for the ROI analyses of adventitia, plaque, healthy vessel wall and muscle was 
4.5% (range 3.5 - 5.8%). The mean differences between two analyzers for plaque versus 
adventitia, plaque versus healthy vessel wall, and plaque versus muscle were statistically 
insignificant (p > 0.05 for all). The corresponding intra-class factors ranged between 
0.90 - 0.97 (p = NS).
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6 DISCUSSION

6.1 Characterization of the animal models of atherosclerosis

Two mouse models of atherosclerosis were used in this thesis, namely the LDLR-/-

ApoB100/100 and the diabetic IGF-II/LDLR-/-ApoB100/100 mouse strains. The LDLR-/-

ApoB100/100 mice were chosen as our model to study atherosclerosis because these mice 
share a similar lipoprotein profile to humans and their lipid phenotype closely resembles 
human familial hypercholesterolemia (Powell-Braxton et al. 1998). Moreover, when 
fed a high fat diet, LDLR-/-ApoB100/100 mice develop complex atherosclerotic lesions. 
The novel diabetic IGF-II/LDLR-/-ApoB100/100 mouse is a promising model for studies of 
macrovascular complications in type 2 diabetes with insulin resistance, hyperglycemia, 
and mild hyperinsulinemia with a hypercholesterolemic background (Heinonen et al. 
2007). We used this mouse model because these mice may show greater amounts of 
complex, developed lesions compared to LDLR-/-ApoB100/100. 

The age at the start of a high-fat diet and the duration of the diet may have drastic 
effects on the development and composition of plaques in mouse models (Heinonen 
et al. 2007). Therefore, the first aim of this thesis was to determine the optimal time 
point for studying the metabolic activity of atherosclerotic plaques for imaging 
purposes. This was done by determining the size and the inflammatory level of 
plaques from the level of aortic root. Furthermore, the metabolic activity in plaques 
was determined by ex vivo and in vivo imaging with [18F]FDG. After 2 months on 
high-fat diet, both 4-month-old LDLR-/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 mice 
demonstrated an extremely dense infiltration of macrophages in plaques. However, 
at this stage, the plaques are underdeveloped, which limits the use of these young 
groups of mice for atherosclerotic research. The plaques in mice at 12-month and older 
were characterized by large areas of calcification, a necrotic core, and low content of 
macrophages. Therefore, these kinds of mice are not recommended for studies which 
would require developed areas of plaque inflammation. However, the 6-month-old 
mice had the greatest IMR × macrophage (%) ratio demonstrating the most advanced 
and largest atherosclerotic plaques. The results revealed that both the duration of high-
fat diet and the age of mice at the onset of the diet are crucial for the development of 
the advanced atherosclerotic plaques when using these two mouse strains. Regarding 
plaque development, no apparent differences were found between LDLR-/-ApoB100/100 

and IGF-II/LDLR-/-ApoB100/100 mice. The 6-month-old LDLR-/-ApoB100/100 and IGF-II/
LDLR-/-ApoB100/100 mice were optimal (e.g. for the evaluation of new imaging agents). 
This was also confirmed by in vivo [18F]FDG imaging. The greatest [18F]FDG signal 
in the aortic arch and brachiocephalic artery was detected in the 6-month-old LDLR-

/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 mice. After a four hour fasting period, 
LDLR-/-ApoB100/100, IGF-II/LDLR-/-ApoB100/100 and control mice had equal blood 
glucose values in [18F]FDG studies. 
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6.2 Evaluation of radiotracers for imaging of atherosclerotic plaques

6.2.1 [18F]FDG

[18F]FDG competes with glucose for uptake into metabolically active cells such as 
macrophages (Langer et al. 2008). Several [18F]FDG-based studies have been shown that 
[18F]FDG PET is potential method for detection of vulnerable atherosclerotic plaques 
and that the uptake of [18F]FDG correlates with the amount of macrophages in plaques 
(Tawakol et al. 2006; Rudd et al. 2002). However, the factors that determine [18F]FDG 
uptake in atherosclerotic plaques still remain unclear (Sheikine et al. 2010). A recent study 
suggests that hexokinase activity is responsible for the [18F]FDG uptake by vulnerable 
atherosclerotic plaques. In contrast, changes in glucose-6-phospatase (G6Pase) activity 
and glucose transporter 1 (GLUT-1) expression did not parallel [18F]FDG uptake in vitro. 
It appears that [18F]FDG detects the early stages in foam cell formation and is therefore 
a suitable tracer for imaging of vulnerable plaques (Ogawa et al. 2012). 

Hypoxia exposed macrophages and foam cells have increased glucose uptake in 
vitro. Hypoxia induces greater protein expression of hexokinase-2 (HK-2) in human 
macrophages than GLUT-1 (Folco et al. 2011). However, these results conflict with a 
study showing that hypoxia induces GLUT-1 expression in plaques (Burke et al. 2003). 
Thus, the complete understanding of the mechanism by which hypoxia increases glucose 
uptake in macrophages demands further clarification because GLUT protein expression 
may not correlate with the GLUT activity. 

[18F]FDG tracer uptake and the metabolic pathways it follows, in atherosclerotic plaques, 
remains unclear. In atherosclerosis-focused studies, [18F]FDG is not flawless because it 
can also be internalized by myocardium which limits its use to detect metabolically 
active atherosclerotic lesions, in coronaries. The high-fat, low carbohydrate diet has been 
reported to suppress myocardium [18F]FDG uptake (Williams and Kolodny 2008), but 
sometimes this might be difficult to achieve in many patients. The cardiac-respiratory 
dual gating PET/CT is a potential method for imaging of coronary plaques with [18F]
FDG (Lankinen et al. 2011; Teräs et al. 2010). The first clinical studies were encouraging 
and further studies in larger clinical populations are under process. Despite its limits, to 
date [18F]FDG-PET/CT is the most commonly used non-invasive method for detection 
of metabolically active vulnerable atherosclerotic plaques and therefore it was used as a 
reference tracer. 

In study I, [18F]FDG was used to investigate the metabolic activity of atherosclerotic 
plaques in atherosclerotic LDLR-/-ApoB100/100 and diabetic as well as atherosclerotic IGF-
II/LDLR-/-ApoB100/100 mice. There were no major differences in the vascular [18F]FDG 
uptake and plaque development between the LDLR-/-ApoB100/100 and IGF-II/LDLR-/-

ApoB100/100 mouse strains. The greatest in vivo [18F]FDG signal (%IA/g) in the aortic arch 
and brachiocephalic artery was detected in 6-month-old LDLR-/-ApoB100/100 and IGF-II/
LDLR-/-ApoB100/100 mice, in which histology and immunohistochemical assessments also 
demonstrated the highest IMR × macrophage (%) factor. Kim and co-workers compared 
the intima-to-media thickness in patients with impaired glucose tolerance (IGT) or type 
2 diabetes (T2DM) with patients with normal glucose tolerance and found no difference. 
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They also demonstrated by [18F]FDG-PET/CT, that patients with IGT, as well as T2DM, 
had greater target-to-background (TBR) levels, reflecting greater vascular inflammation 
than subjects in the normal glucose tolerance group (Kim et al. 2010). In the present 
study, no difference was found in the uptake of [18F]FDG in plaques between LDLR-/-

ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 mice. This suggests that, in these models that 
showed markedly elevated plasma cholesterol values, due to the a high-fat diet, drove 
plaque development.

Based on the autoradiography analyze, [18F]FDG uptake in the plaque was significantly 
greater as compared to the healthy vessel wall or adventitia. Furthermore, the plaque-
to-wall ratio was the greatest in all tested tracers. However, the plaque-to-wall ratio was 
the same between atherosclerotic mice and was not influenced by age, duration of high 
fat diet, or type 2 diabetes. Thorough analyses, based on the anti-Mac-3 stained section, 
demonstrated that [18F]FDG was significantly co-localized in inflamed plaques. This is 
consistent with previous studies indicating that the greatest uptake of [18F]FDG is seen 
in the plaques with the heaviest macrophage density (Zhao et al. 2011). 

In the present study, no differences were observed in the uptake of [18F]FDG in the 
plaques areas with or without calcification.  The majority of [18F]FDG-PET studies 
reported that the intensity of [18F]FDG uptake rarely co-localized with the vascular 
calcification (Rudd et al. 2009; Dunphy et al. 2005; Ben-Haim et al. 2004; Tatsumi et 
al. 2003). These findings may indicate that the calcification and [18F]FDG uptake reflect 
different stages of atherosclerosis. However, in some cases vascular calcification may 
non-specifically trap [18F]FDG (Laitinen et al. 2006).

6.2.2 68Ga

In study II, 68Ga was used to detect plaque macrophages.  Macrophages play an 
important role in the progression and development of atherosclerosis from early 
fatty-streak lesions to advanced atherosclerotic plaques (Saha et al. 2009). Therefore, 
the contents of macrophages may be an effective imaging biomarker reflecting the 
vulnerability of atherosclerotic plaques. The hypothesis that 68Ga could target plaque 
inflammation and therefore affect vulnerability was based on the fact that 67Gallium 
(67Ga) is traditionally used as a SPECT tracer of inflammation. Since 68Ga owns the 
same chemical characteristics as 67Ga, it is assumed that ionic 68Ga could accumulate 
in the inflammatory lesions. Moreover, 68Ga has been reported to accumulate at the 
area of inflammation in osteomyelitis rat model (Mäkinen et al. 2005) and in pancreatic 
adenocarcinoma xenografts in rats (Ujula et al. 2010). 
68Ga-radionuclide is readily available by elution from a 68Ge/68Ga generator which is 
an advantage as compared to the cyclotron produced radionuclides. 68Ga is obtained in 
the form of 68Ga-chloride due the eluted solution of hydrochloric acid. 68Ga-chloride 
is hydrolyzed after neutralization with NaOH in situ or after administration in vivo. In 
general, in aqueous solution, ionic 68Ga3+ is in the form of soluble anion called gallate, 
68Ga(OH)4-, and/or insoluble colloidal particles 68Ga(OH)3. The uptake mechanisms of 
radiolabellled gallium into areas of inflammation are not fully understood but it is known 
that uncharged gallium hydroxide or gallium nanoparticles are capable of penetrating 
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the cell, and under the lower pH conditions, inside the cell, the material ionizes and 
becomes bound. (Mäkinen et al. 2005; Hnatowich et al. 1977) In atherosclerotic plaques, 
the majority of 68Ga diffuses through arterial tissue to sites of inflammation. The greatest 
deposits of 68Ga was seen in the calcified areas of atherosclerotic plaques, which may be 
explained by the competitive binding of gallium ions to the Ca2+ and Mg2+ binding sites. 
(Ando et al. 1987)  In blood, 68Ga can migrate as a free 68Ga3+, mimic ferric ions, and bind 
to transferrin, ferritin, and lactoferrin.  This may explain its elevated uptake in the blood.  
One way to facilitate the solubilization of 68Ga may be its chelation with citrate. For 
SPECT imaging, 67Ga is usually administrated as citrate to avoid protein binding. But 
since citrate is a weak chelator in vivo, 67Ga is rapidly released, hydrolyzed, and bound to 
transferring and other iron-binding proteins. (Oyen et al. 1996; Green et al. 1989; Hoffer 
et al. 1980; Hnatowich et al. 1977) 

In the present study, 68Ga accumulated in severely inflamed atherosclerotic plaques, as 
compared to the non-inflamed plaques, healthy vessel wall or adventitia, but also in the 
areas of calcification in the plaques. According to the ex vivo biodistribution results, 
the uptake of 68Ga-radioactivity was elevated in aortas of LDLR-/-ApoB100/100 mice as 
compared to the control mice, but the difference was not significant. The heightened 
blood uptake values of 68Ga, even after 180 minutes post-injection, was observed, 
which limits the use of 68Ga to detect vulnerable atherosclerotic plaques. Based on 
earlier observations, [18F]FDG seems to be more promising PET tracer for imaging of 
atherosclerotic plaques than 68Ga.

6.2.3 [68Ga]DOTA-RGD

Both αvβ3 and αvβ5 integrins are up-regulated in activated endothelial cells during 
angiogenesis, thus modulating cell survival and migration (Dijkgraaf et al. 2007; 
Paulhe et al. 2001). In the human atherosclerotic intima, both αvβ3 and αvβ5 integrins 
are expressed by endothelial cells (Antonov et al. 2004; Dufourcq et al. 1998). 
Furthermore, the expression of αvβ3 in macrophages is up-regulated by oxLDL in early 
and advanced atherosclerotic lesions (Antonov et al. 2004).  Therefore, the imaging 
of atherosclerotic plaques with αvβ3 and αvβ5 integrins with radiolabellled RGD-
peptides is of particular interest.  The in vitro affinity of the DOTA-RGD peptide 
used in study III has been evaluated for both αvβ3 and αvβ5 integrins and it is practical 
for in vivo imaging (Indrevoll et al. 2006). The monomeric DOTA-RGD peptide was 
successfully labelled with 68Ga with a moderate specific radioactivity and showed in 
vivo stability. The fact that  [68Ga]DOTA-RGD binds to both αvβ3 and αvβ5 integrins 
can be an advantage for in vivo imaging since both of these integrins are expressed in 
human atherosclerotic plaques. The expression of αvβ5 integrin in LDLR-/-ApoB100/100 

mice plaques is unknown and was not studied due to the lack of corresponding anti-
mouse antibodies. 

In the present study, anti-CD31 immunostaining was used to detect endothelial cells 
but inside the plaque, no positive staining was observed. Endothelial cells in human 
intraplaque microvessels do not always express CD31 and CD31 is absent in inflammatory 
states (Shaw et al. 2001; Jeziorska et al. 1999). The lack of microvessels in mouse plaques 
could also be another explanation for the negative CD31 immunostaining. 
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To the best of our knowledge, this was the first time that the 68Ga-labellled RGD peptide 
was used for imaging atherosclerotic plaques and showed novel evidence that [68Ga]
DOTA-RGD peptide is accumulated in atherosclerotic plaques in the LDLR-/-ApoB100/100 

mice. The autoradiography analysis demonstrated significantly greater [68Ga]DOTA-
RGD uptake in the atherosclerotic plaques than in the healthy vessel wall and in the 
adventitia. However, the plaque-to-wall ratio was the lowest in all tested tracers in this 
thesis. The aortic uptake of [68Ga]DOTA-RGD was greater in atherosclerotic LDLR-/-

ApoB100/100 mice as compared with the control mice, but the difference was not statistical 
significant. The relatively great [68Ga]DOTA-RGD radioactivity in the blood, 60 minutes 
after the tracer injection was observed with both the investigated mouse strains and this 
limits its use for in vivo imaging. Creation of a later time point, for example to two hours, 
may improve the biodistribution of [68Ga]DOTA-RGD tracer.

Only one PET study with RGD ligand, namely [18F]galacto-RGD, has been published 
to image atherosclerotic plaques (Laitinen et al. 2009). They showed a plaque-to-
wall ratio of 1.4 in LDLR-/-ApoB100/100 mice and a correlation between plaque uptake 
and nuclear density in plaques. Mouse plaques are extremely dense in macrophages 
which possibly explains the [18F]galacto-RGD signal in plaques. However, the uptake 
of [68Ga]DOTA-RGD was not co-localized with the density of macrophages, based on 
the analysis of Mac-3 positive cells, indicating that the primary mechanism of [68Ga]
DOTA-RGD uptake is not inflammation. In contrast to previously studies (Laitinen 
et al. 2009; Heinonen et al. 2007), we found no evidence of angiogenesis within the 
plaques of LDLR-/-ApoB100/100 mice based on inspection of HE-stained sections and anti-
CD31 immunostaining. Furthermore, limited intraplaque neovascularization has been 
reported also in ApoE-/- mice (Moulton et al. 2003). In terms of pharmacokinetics, some 
additional improvements are expected to be achieved through the use of multimeric 
peptides (Beer et al. 2008). It is also expected that other ligands recognizing the RGD 
motif, with stronger affinity and/or better selectivity for αvβ3, may make this approach 
feasible. 

6.2.4 [18F]EF5

The ex vivo biodistribution results demonstrated a significantly greater aorta uptake of 
[18F]EF5 in LDLR-/-ApoB100/100 mice than in the control mice. The plaques of LDLR-/-

ApoB100/100 mice were dense in macrophages (up to 60% of plaque area) and much larger 
than the plaques in IGF-II/LDLR-/-ApoB100/100 as verified by the calculation of intima-to-
media ratio in the aortic root. The observation that aortic [18F]EF5 uptake of diabetic IGF-
II/LDLR-/-ApoB100/100 mice was comparable to that of control mice is likely explained by 
the small size of plaques. Thus, our results suggest that hypoxia is consistently present in 
advanced and large atherosclerotic plaques in investigated atherosclerotic mice.

Hypoxic areas exist in advanced human atherosclerotic lesions (Hulten et al. 2009; 
Sluimer et al. 2008), in rabbit models of atherosclerosis (Björnheden et al. 1999), and 
more recently in mouse models of atherosclerosis, namely the LDLR-/- (Sluimer et al. 
2009), and ApoE-/- strains (Parathath et al. 2011). Until recently, it has been controversial 
whether mouse atherosclerotic plaques are hypoxic because of mouse plaque thickness 
is generally smaller than the depth at which severe hypoxia is seen in human and rabbit 
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plaques (100-250 µm). However, it was recently reported by Sluimer and co-workers 
that the plaques in the carotid artery in LDLR-/- mice are more hypoxic (4.4-55.2% 
of plaque hypoxia) compared with the plaques in the carotid arteries of symptomatic 
patients (0.4-23.5%) as detected by pimonidazole. They also showed that plaques in 
LDLR-/- mice were extremely macrophage-rich (47-73% of plaque macrophages of all 
cells) compared to human plaques (11-44%) which might be a reason for mouse plaque 
hypoxia (Sluimer et al. 2009). Even more recently Parathath et al. showed hypoxia in 
plaques of ApoE-/- mice with the anti-HIF-1α staining. They noted that HIF-1α was 
prominently expressed in the central region of plaques and significantly co-localized 
with CD68-positive macrophages (Parathath et al. 2011). This is compatible with human 
studies demonstrating hypoxia is present in the center of an advanced plaque and co-
localizes with CD68-positive macrophages (Sluimer et al. 2008).

In the present study, no difference was observed in the uptake of [18F]EF5 in inflamed 
and non-inflamed plaques based on autoradiography studies with anti-Mac-3 
stained sections. However, it is important to note that the content of macrophages in 
plaques is heterogeneous and macrophages can express different antigens (Wilson 
et al. 2009). Expression of Mac-3 antigen is up-regulated during differentiation of 
monocytes into activated macrophages. This can be detected by anti-Mac-3 antibody 
immunohistochemical staining in the cap area and in the shoulder regions of the plaques. 
In human advanced carotid atherosclerotic plaques, the cap region shows mild or no 
hypoxia while the shoulder segment of the plaque is not hypoxic, irrespective of the 
infiltration of macrophages (Sluimer et al. 2008). In the present study, this may explain 
the difference in the [18F]EF5 uptake and Mac-3 positive macrophages.

Autoradiography analyze showed consistent, focally greater uptake of [18F]EF5 in 
atherosclerotic plaques, as compared with the vessel wall in the same animals. Further, 
hypoxia in plaques was verified by antibody staining of EF5 adducts and pimonidazole. 
However, the slow blood clearance suggests that [18F]EF5 is strongly bound to the 
plasma proteins, even after 180 minutes post-injection. The circulatory half-life of EF5 
is approximately 40 minutes in mice (Laughlin et al. 1996) and approximately 12 hours 
in humans (Koch et al. 2001).  This is problematic for PET imaging because the physical 
half-life of [18F] is only 110 minutes. Also a greater, non-specific uptake of [18F]EF5 
in adventitia is problematic for plaque imaging. The adventitial uptake of [18F]EF5 is 
probably due to the presence of blood in the adventitial microvessels and is not specific, 
based on the absence of EF5 adducts in the adventitia. The pharmacokinetic properties 
of [18F]EF5 are not favorable for plaque imaging due to slow blood clearance in used 
mouse models.

6.3 Potential limitations

Autoradiography analysis of mouse aorta is challenging because of the size of aorta 
and therefore multiple, consecutive section analysis were performed. Another limitation 
was that the number of mice used in the studies was, but this was compensated by the 
exact analyses of entire aorta with a large number of analyzed regions interest (in total 
approximately 9700 ROIs were analyzed in studies I-IV). The PSL/mm2 has a wide 
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dynamic range, but the detection of microstructures existing in a healthy vessel wall, 
may give variation in the results. In addition, technically, the section may break during 
the staining and result in varying thicknesses and an area of artifact. This is a one 
reason why each section should be carefully examined under light microscopy. Another 
limitation is that autoradiography is also affected by the decay of radioactivity. In studies 
II and III, decay compensation was not performed and therefore the muscle was used 
as an internal control to compare calculated mean values between animals in the study. 
However, this does not allow for the comparison of mice from the different studies and 
therefore the plaque-to-wall ratio was used for this comparison. In studies I and IV, the 
decay compensation formula was created and PSL/mm2 values can be directly compared 
between different animals. However, the comparable data sets were lacking in studies 
II and III and therefore the plaque-to-wall ratio was used to represent ARG result in 
this thesis. It must also be noted that the PSL/mm2 unit does not accurately describe the 
true distribution of the tracer because it measures the total radioactivity of the samples, 
including the potential radiometabolites. This stays true also in ex vivo gamma counting 
and the unit of %IA/g. The reliability of autoradiography analysis was performed in study 
III and it showed consistent reproducibility (mean CV% was 4.5%) between analyzers. 
With regards to the healthy vessel wall, the CV% was greater but within an acceptable 
range (5.8%).  This can be expected because of the smaller size of the healthy wall and 
the potential interference from other nearby tissues, such as fat.

The absolute assessment of the injected radioactivity is important. This assessment aims 
to give approximately the same dose per gram of weight to mouse as in human. However, 
in experimental studies, the dose should be high enough so that after the radioactivity 
decay and preparation time there remains enough radioactivity for the gamma counting 
and the autoradiography. This means that the injected radioactivity and amount of the 
compound in micrograms in mice is much higher than in humans and these might have 
influence in the biodistributions of tracers. One important reason why no statistical 
differences were observed in aorta biodistribution between atherosclerotic and control 
mice is the processing of the tissues. The preparation of control mice aortas are much 
more challenging than in atherosclerotic mice and usually it contains more nearby tissue, 
mainly fat, which may distort the biodistribution result. Meticulous cleaning of aortas 
may improve this result in the future. 

Inter-animal variation in the extent of atherosclerosis existing in LDLR-/-ApoB100/100 and 
IGF-II/LDLR-/-ApoB100/100 mice (as well as other atherosclerosis prone mice) existed in 
study IV, where the IGF-II/LDLR-/-ApoB100/100 mice showed surprisingly smaller plaques 
than LDLR-/-ApoB100/100 mice. This variation increases the number of animals needed 
to ensure sufficient statistical power. This variation could be reduced by doing serial, 
non-invasive measurements on the same animal. However, creating PET/CT images, 
with PET tracers, owing to the relatively long half-life of radionuclide, is not a possible 
to perform in the same animal. Furthermore, the main evaluation of atherosclerosis in 
mice is conducted post mortem and repeat measurements are not possible. However, one 
option is to use dual tracer imaging with a gamma emitting radionuclide, such as tritium 
and to perform another autoradiography image after the first, short half-life radionuclide, 
has been delayed. With this method, the radioactivity uptake from two different tracers 
in same plaques can be determined and uptake rates are directly compared. 
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In this thesis, only minor methodological differences existed between sub-studies. In 
studies II and III, the tracers were injected via the tail vein and some animals had to 
be removed from these studies because of the high dose of tracer which remained in 
the tail vein. After these studies, cannulation of the mouse tail vein was developed and 
in studies I and IV, no mouse radioactivity data was invalid because of remaining tail 
radioactivity. In all studies, the radioactivity remained in the tail and was reduced from 
the total injected radioactivity.

6.4 Future aspects

The histology of atherosclerotic plaque development in mice and humans has more 
similarities than differences, and comparative genetics show that many mechanisms of 
murine and human atherogenesis are shared (Bentzon et al. 2010). However, the rupture 
of lesion occurs rarely in mouse plaques and therefore the selection of an alternative 
animal model for investigations into plaque vulnerability is warranted. Several research 
groups have used rabbit models of atherosclerosis to image plaque vulnerability. The 
development of plaque can be induced by high-fat diet and/or by surgery. High-fat diet 
induced atherosclerosis in rabbit models are better for plaque imaging than surgical 
models because the wound itself may create an artifact. The pig models of atherosclerosis 
are very interesting, since the size, anatomy and physiology are most related to humans. 
However, the maintenance of these models is uneconomical and inconvenient.  It must 
be also noted that rabbits and pigs are much more sensitive to handling than mice and 
long-term studies, like the follow-up and treatment response studies, may induce stress. 
For studies that demand a large number of experiments and animals, the mouse models 
are ideal. As already mentioned, several mouse models of atherosclerosis have been 
created and an important aspect to consider is to choose the most appropriate model for 
the experiment. As reported, not only the strain but also the age and duration of high-fat 
diet have crucial effects on the development of plaques. In present studies, the LDLR-

/-ApoB100/100 mice were selected based on similarities to lipoprotein profiles present in 
man. However, as these mice are deficient of LDL receptor it is assumed that they do 
not response to the 3-hydroxy-3-methyl-glutaryl-CoA reductase inhibitors, the most 
commonly used cholesterol lowering drugs. For intervention studies with statins, an 
alternate model could be useful.

The potential of atherosclerotic plaques to rupture depends on their structural 
components and metabolic activation which are difficult to assess using anatomical 
imaging modalities. Recent studies suggest that functional imaging has the potential to 
assess plaque metabolism and to predict vascular risk. For several years, [18F]FDG has 
been the most useful PET tracer for the imaging of vulnerable atherosclerotic plaques. 
[18F]FDG accumulates in macrophage-rich areas of plaques (Ogawa et al. 2012) and is 
then a potent tracer for imaging of plaque vulnerability. Moreover, the uptake of [18F]
FDG in vessels is a stable parameter to identify when [18F]FDG is used for diagnostic 
purposes and for the assessment of treatment efficacy (Sheikine et al. 2010). However, 
as previously discussed, [18F]FDG has limitations and therefore more specific tracers are 
needed. Since [18F]FDG is clinically used, its availability is plenty and it detects plaque 
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inflammation therefore it is a suitable reference tracer for the discovery of new and better 
probes. 

Radiotracer molecular size influences its pharmacokinetics. When imaging atherosclerotic 
plaques, small molecules or peptides are selected over larger molecular structures like 
antibodies. Recently, 18F-labelled nanoparticles ([18F]CLIO) showed both specific 
quantification of macrophage content in a mouse model of aortic aneurysm and optimal 
target-to-blood activity ratio emerging 10 to 12 hours post-injection (Nahrendorf et al. 
2011). Slow blood clearance rates are important because these limit the availability of 
tested radiotracers used for plaque imaging. As discussed in study II, free 68Ga binds 
avidly to plasma proteins. In case of [68Ga]DOTA-RGD, free 68Ga ions may also be 
responsible for the tracer’s slow blood clearance rates. In blood, [18F]EF5 also circulated 
in large amounts. Recently, a study suggested that mice metabolize extensively [18F]EF5 
as compared to rats or humans. After 2 hours of post-injection, approximately 60% of 
the radioactivity in plasma represents radioactive metabolites of [18F]EF5. (Eskola et al. 
2012) To detect atherosclerotic plaques with [18F]EF5, further studies in different animal 
models are warranted.

To detect plaque vulnerability, PET and SPECT are two commonly used nuclear imaging 
modalities. Despite the fact that the majority of studies published used SPECT probes, 
the leading molecular imaging modality is PET for imaging of atherosclerotic plaques.  
PET is popular because it acquires data with sharper spatial resolution than SPECT (2-
4- vs. 7-10-mm with clinical scanners). 

Nuclear imaging modalities are effective tools because of their high sensitivity and the 
availability for synthesis of a diverse array of targeted, radioactively labellled tracers. 
However, the exposure to ionizing radiation may be a major limitation to screening 
asymptomatic individuals or follow-up imaging and the radiation burden is a potential 
drawback of PET, SPECT, and also CT scanning modalities. MRI does not use an 
ionizing radiation source and could constitute a valid alternative providing also a method 
to study intraplaque haemorrhage. However, the hybrid imaging would combine specific 
strengths of single modalities while compensating their individual weakness. In their 
spatial resolution, sensitivity, and detection range for imaging disease, PET/CT or PET/
MRI are powerful tools for the clinical detection of atherosclerotic plaque vulnerability 
in future.
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7 SUMMARY AND CONCLUSIONS

1. A major aim of this work was to characterize two mouse models of atherosclerosis 
for potential use in molecular imaging for plaque vulnerability. This was done to 
determine optimal conditions to test new imaging probes in appropriate mouse 
models of atherosclerosis. The best ages in the models of LDLR-/-ApoB100/100 and 
IGF-II/LDLR-/-ApoB100/100 was a six month old mouse maintained on high fat diet 
for 4 months.  At this age, these mice had the largest and the most inflamed lesions 
and showed the greatest uptake of [18F]FGD in atherosclerotis plaques. These 
mouse strains did not exhibit thrombosed or thrombus-prone lesion. In general, it 
is debatable whether the findings in mice can be applied to human  atherosclerotic 
plaque vulnerability. However, in the evaluation of different tracers, the LDLR-

/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 mouse models are suitable since 
they develop large plaques with metabolically active inflammation. In plaque 
development, no differences were observed between the two tested mice models 
and gender of these mice. 

2. 68Ga uptake was greatest in severely inflamed plaques, but non-specific binding to 
plasma proteins limits the use of 68Ga for plaque imaging in vivo. 

3. The novel DOTA-RGD peptide was successfully labelled with 68Ga. The [68Ga]
DOTA-RGD peptide was internalized by the atherosclerotic plaques but its co-
localization with macrophages was not detected. Further, the pharmacokinetic 
properties of [68Ga]DOTA-RGD were not optimal for the plaque in vivo imaging 
in used animal model. 

4. Hypoxia was confirmed in LDLR-/-ApoB100/100 and IGF-II/LDLR-/-ApoB100/100 
mouse atherosclerotic plaques by a specific EF5 antibody and by pimonidazole. 
The specific hypoxia tracer [18F]EF5 showed plaque uptake by comparing 
its rate in the healthy vessel wall. However, the slow blood clearance and the 
elevated adventitial uptake may limit the value of [18F]EF5 for in vivo imaging of 
atherosclerosis.  Further testing in other animal models and humans are warranted.

In summary, novel tracers demonstrated potentially optimal properties for the imaging 
of atherosclerotic plaques. All had specific limitations which makes their use for in vivo 
plaque imaging challenging. Of the tested tracers, [18F]FDG was clearly the best in 
imaging for plaque vulnerability. The uptake of [18F]FDG by myocardium is a limitation 
which necessitates the discovery of new, specific tracers that map plaque vulnerability.
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