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PREFACE 

 

 

Cancer has always been, and still remains, one of the most feared diseases and a major threat 

to human life. Although multiple therapeutic targets have been identified to treat tumors, 

numerous failures of anti-cancer therapies can be observed, even after 50 years of research. 

Taking into account the importance of the tumor micro-environment has recently made it 

possible to optimize some treatments. Based on individual tumor characteristics, the best 

therapeutic strategy to follow can be defined. Numerous experimental or clinical successes 

have demonstrated the importance of treatment individualization, as each patient can present 

different responses to the same therapy. Yet, this approach has to be optimized in the future 

by taking into account the tumor heterogeneity, the dynamic evolution of 

micro-environmental parameters and the early delineation of treatment-resistant areas in order 

to redefine the therapeutic strategy as quickly as possible.  

Tumor treatment response is usually evaluated by tumor regression that can be shown 

by morphological imaging techniques like computed tomography and magnetic resonance 

imaging (MRI). However, reductions in tumor size can be highly variable depending on tumor 

type and treatment protocol. For instance, post-radiation induced necrosis or fibrosis will 

impede tumor shrinkage, although they are actually related to successful treatment. Timing of 

tumor regression is also variable. In some cases it can take several weeks before tumor 

shrinkage becomes noticeable. Earlier evaluation of treatment efficiency is crucial to increase 

the chances of a successful therapy. Noticing early that a tumor does not respond, gives the 

physicians the possibility to immediately pass on to other more aggressive treatments without 

severe progression of the disease. Therefore, molecular imaging is more suitable for 

monitoring anti-tumor treatments than morphological assessment, especially in the light of the 

large therapeutic arsenal available nowadays. Molecular imaging differs from traditional 

imaging as it uses probes, known as biomarkers, to image particular targets inside organisms 

in order to give information about fundamental molecular pathways. The non invasive 

visualization and follow-up of molecular processes will contribute to treatment improvement 

of diseases such as cancer. Molecular imaging could show if a treatment has induced changes 

in tumor cell biology, physiology and biochemistry, long before changes in tumor size 

become visible. 
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When using MRI, several different types of images can be acquired within the same 

patient examination. Advantages of MRI are its good penetration depth, its high spatial 

resolution and its good soft tissue delineation in anatomical imaging. Additionally, MRI 

allows co-registration of anatomical images with functional information within the same 

imaging modality, including changes in metabolism or receptor expression associated with 

tumor response. MRI can be used to image early markers of tumor cell death or inhibition of 

cell proliferation using targeting ligands that are linked to magnetic labels. 

Failure of tumor cells to undergo programmed cell death can cause resistance to 

treatment. It is becoming increasingly clear that apoptosis is a significant mode of cell death 

in the response of tumor cells to various anti-cancer therapies. As apoptosis might possibly 

give an earlier indication of treatment success than tumor shrinkage, in this thesis we tried to 

assess tumor response to treatment by cell death-targeted MRI. For this purpose we evaluated 

a new magnetic biomarker based on ultrasmall iron oxide particles, which were targeted at 

phosphatidylserine, a phospholipid present on the surface of apoptotic cells. 
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1) Molecular magnetic resonance imaging 

 

 

The principle of nuclear magnetic resonance (NMR) techniques is based on the resonance 

phenomenon. This phenomenon occurs when nuclei, previously placed in a homogeneous 

magnetic field, absorb the energy of an emitted radiowave that has the same frequency as the 

precession movement of the nuclear spins. When the radiofrequency emission is interrupted, 

the system liberates the absorbed energy to return to its initial equilibrium state; this is called 

relaxation. Relaxation is composed of two different phenomena: the longitudinal relaxation 

and the transversal relaxation. Longitudinal relaxation denotes the return of the nuclei 

magnetization to its equilibrium in the direction of the magnetic field; it is also called 

spin-lattice relaxation. This type of relaxation is characterized by the relaxation time T1 that is 

the time needed to recover 63% of the initial value of longitudinal magnetization (Fig 1, left). 

The transversal component depends on the dephasing of the spins due to magnetic field 

heterogeneities. It is also called spin-spin relaxation and characterized by T2, the time needed 

to drop to 37% of the initial magnitude of transversal magnetization (Fig 1, right). Transversal 

relaxation time T2 is much lower than longitudinal relaxation time T1. 

 

 

 

 

 

 

 

 

Fig 1: Relaxation curves of the longitudinal (left) and transversal (right) component of the macroscopic 

magnetization, indicating T1 and T2 respectively (Hoa 2007). 

 

Actually, the “real” T2 is called T2*. It is the transversal relaxation time without any 

compensation for magnetic field inhomogeneities. T2* decay is much faster than T2 decay 

because it depends on both external field homogeneity and spin-spin interactions, whereas T2 

only depends on spin-spin interactions. T2* would only be equal to T2 if we had a perfect 

magnetic field without any disturbing inhomogeneities, which is virtually impossible. 
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In MRI, proton density-weighted images reflect the concentration of mobile hydrogen 

atoms within tissues. If this is not sufficient, one has to play with the contrast of different 

tissues by choosing T1-, T2-, or T2*-weighted sequences. In a given magnetic field, the 

relaxation times are characteristic for specific tissues because they depend on molecular 

mobility of water protons within tissues. Water for instance has long T1 and T2, whereas fat 

presents short relaxation times, which is why fat and water appear differently in MR images. 

 

A. Exogenous contrast in magnetic resonance imaging  

 

The term “contrast” denotes the relative difference in intensities between two neighboring 

regions. The intrinsic contrast in MRI is provided by differences in the local concentration of 

water protons, but also by differences in the intrinsic relaxation times of tissues. However, the 

endogenous contrast in MRI is often too weak to enable sensitive and specific diagnosis. For 

this reason MRI contrast agents (CAs) are increasingly used. Exogenous contrast agents are 

administered substances, mostly intravenously injected, that allow modification of the 

contrast of vessels or organs. CAs are considered as drugs and are subject to the same 

requirements of development and prescription. Unlike the CAs used in other imaging 

techniques, magnetic probes are indirect CAs because they do not become visible by 

themselves. Contrast modification comes from a shortening of relaxation times (T1 and/or T2), 

which CAs induce on hydrogen nuclei that are situated nearby (Fig 2). Efficiency of a contrast 

probe depends on its ability to modify relaxation times, known as their relaxivity “r”. The 

relaxivity (expressed in s-1.mM-1) is defined as the increase of the nuclear relaxation rate 

produced by a CA concentration of 1 mM. The term 1/T (inverse of relaxation time) is called 

the relaxation rate “R” with units of s-1 (Burtea 2008). 

 

 

 

 

 

 

 

 

Fig 2: Illustration of CAs with predominant T1 (left) or predominant T2 effect (right), producing a brightening or 

darkening in signal intensity of tissue A respectively (Kastler 2006). 
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1. Classes of MRI contrast agents 

 

Two major classes of CAs can be distinguished: 

� Paramagnetic manganese and gadolinium chelates, generally presenting a major 

signal enhancement effect on T1-weighted images (“positive contrast agents”). 

� Superparamagnetic iron oxide particles (SPIOs), mainly used for their signal loss 

effect on T2 and T2*-weighted images (“negative contrast agents”). 

 

a) Paramagnetic contrast agents 

 

A paramagnetic substance will be magnetized when exposed to a magnetic field. 

Paramagnetism is the consequence of unpaired electrons of metal ions, such as gadolinium 

(Gd3+) and manganese (Mn2+). The more unpaired electrons an ion has, the more its magnetic 

properties are important. The influence of CAs on relaxation rates of tissues is due to an 

interaction between their electronic spins and the nuclear spin of protons in tissues. For in 

vivo use though, heavy metals have to be chelated with hydrophilic ligands to reduce their 

toxicity. Paramagnetic CAs with low molecular weight (MW) have similar effects on R1 and 

R2, but at the low doses that are usually used, the predominant effect is T1 shortening. 

Paramagnetic CAs (most of them complexes of gadolinium) are frequently used in the clinic 

as extracellular, hepatobiliary or blood pool agents (Hoa 2007). 

 

Manganese chelates 

 

The first metal proposed as paramagnetic probe for proton MRI was the bivalent manganese 

cation. But even when using the minimum dose necessary to achieve enhancement in tissue 

relaxation, Mn2+ was unacceptably toxic. Therefore, complexation of Mn2+ to strong ligands is 

necessary before considering its in vivo use. After intravenous administration, Mn-DPDP 

(Teslascan®) allows diagnosis of hepatocellular liver tumors (Rofsky 1993). The metabolism 

of the parent compound Mn-DPDP results in release of free Mn2+ ions that are captured by the 

healthy liver tissue, where they produce a signal enhancement on T1-weighted images (Fig 3). 
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Fig 3: T1-weighted MR images of a patient with hepatic metastasis  
taken before and 2 hours after injection of Mn-DPDP (Kim 2006). 

 

Gadolinium chelates 

 

Gadolinium-based CAs are the most frequently used type of contrast media in MRI. Gd3+ 

shortens the relaxation times of surrounding protons, with a predominant T1 effect that leads 

to an enhancement on T1-weighted images. At a low concentration, the T2 effect of Gd3+ 

chelates is insignificant in comparison to the T1 effect. The T2 shortening becomes only 

visible at high Gd3+ concentrations, in the bladder after renal excretion for instance. 

Gd-DTPA (Magnevist®) and Gd-DOTA (Dotarem®) were the first compounds of this 

generation of imaging agents (Table 1). They are efficient agents for imaging a blood-brain-

barrier leakage because Gd3+ chelates are normally not able to pass the intact blood-brain 

barrier. For this reason, they are typically used for detection of brain tumors (Fig 4).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4:  Patient with brain tumor before (top row) and after 

(bottom row) injection of Gd-DTPA (Burtea 2008). 
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Major applications of Gd-based contrast media include perfusion and angiographic 

studies, using extracellularly-distributed agents for dynamic contrast-enhanced MRI 

(DCE-MRI). They are typically small MW compounds that are distributed non specifically in 

the blood plasma and extracellular space after administration. New low MW contrast probes 

with high vascular circulating time are now available (Vasovist®). Their residence time in the 

intra-vascular space is increased due to non covalent binding to serum proteins, which leads 

to the formation of a macromolecular complex with blood pool distribution. Another 

approach for DCE-MRI consists in the use of intermediate size blood-pool agents 

(Vistarem®). Their bigger size limits the passage through normal endothelium fenestration; 

they are therefore also used for characterizing cancerous lesions since they are known to have 

a higher vascular permeability. 

Extracellular agents are rapidly eliminated through the kidneys due to their 

hydrophilic binding agent, except for Gd-BOPTA and Gd-EOB-DTPA, which are partly 

eliminated by biliary excretion (Table 1). These lipophilic agents are therefore used as hepato-

specific CAs as illustrated in figure 5 (Reimer 2004, van Montfoort 1999).  

 

 

  

 

 

 

 

 
 
 

 

Fig 5:  MR images of a patient with hepatic metastasis acquired at 1.5T before contrast  

material injection and 20 minutes after administration of Gd-EOB-DTPA (Huppertz 2005). 

 

It is furthermore important to mention the fact that the Gd3+ ion is toxic. This is the 

reason why it is administered in chelated form (linear or macrocyclic, ionic or non ionic), 

with linear Gd3+ chelates being less stable than macrocyclic systems. Besides nausea, 

headache and taste alterations, free Gd3+ can cause nephrogenic systemic fibrosis in patients 

presenting severe renal failure and in liver transplants, which can lead to death. But in general 

this group of CAs is considered to be safe and well tolerated in the vast majority of patients.  
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Table 1: Summary of commercialized Gd-based preparations. 

Trade name Acronym Structure Charge Biodistribution 
Magnevist® Gd-DTPA linear ionic extracellular 
Omniscan® Gd-DTPA-BMA linear non ionic extracellular 
Optimark® Gd-DTPA-BMEA linear non ionic extracellular 
Dotarem® Gd-DOTA macrocyclic ionic extracellular 
ProHance® Gd-HP-DO3A macrocyclic non ionic extracellular 
Gadovist® Gd-BT-DO3A macrocyclic non ionic extracellular 

Multihance® Gd-BOPTA linear ionic hepatic/extracellular 
Primovist®/Eovist® Gd-EOB-DTPA linear ionic hepatic/extracellular 

Vasovist® MS-325 linear ionic blood pool agent 
Vistarem® P792 macrocyclic ionic blood pool agent 

Abbreviations of Gd-chelating agents: BMA: bismethylamide, BMEA: bismethoxyethylamide, BOPTA: 

benzyloxy propionic tetraacetic acid, BT: butyrol, DO3A: tetraazacyclododecane, DOTA: tetraazacyclododeca 

tetraacetic acid, DTPA: diethylene triamine pentaacetic acid, EOB: ethoxybenzyl, HP: hydroxypropyl . 

 

b) Superparamagnetic contrast agents 

 

Characteristics 

 

Paramagnetism is a property of one single atom, whereas superparamagnetism emanates from 

a group of numerous atoms contained inside particles. The resultant magnetic moment of the 

entire superparamagnetic iron oxide particle is greater than the sum of the magnetic moments 

of each single iron atom constituting the particle. Superparamagnetic iron oxide particles 

possess a high magnetic moment generating microscopic field inhomogeneities (magnetic 

susceptibility effect), which causes a hyposignal on T2/T2*–weighted images. Although T2-

weighted contrast generated by these particles has been highly investigated, several 

examinations demonstrated that there is sufficient T1 contrast for imaging too. According to 

their size, these particles are classified into two main groups: superparamagnetic iron oxide 

particles (SPIOs, >50 nm) and ultrasmall superparamagnetic iron oxide particles (USPIOs, 

<50 nm). The particles contain a mono- or polycrystalline core of iron oxides and are 

surrounded by a polymer coating. The core synthesis that is most commonly used, involves an 

alkaline co-precipitation of ferrous and ferric ions in aqueous solution (Babes 1999). The 

T2/T1 relaxivity will be controlled by the core size (Weissleder 1990). The use of surface 

coating, typically hydrophilic, is often required to obtain better stability and to improve 

dispersion of the particles.  
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Pharmacokinetic profile 

 

After their intravenous administration, SPIOs are covered with plasma opsonins and are 

rapidly cleared from the circulation by the macrophages of the reticulo-endothelial system 

(RES). Kinetics of their plasma clearance is dose-dependent and is also much faster in mice 

and rats than in humans due to differences in RES organ distribution (McLachlan 1994). 

Whether SPIOs are administered by bolus injection or by slow infusion has no impact on 

pharmacokinetics; the pharmacokinetic profile is rather determined by the iron oxide particle 

size and coating. In studies using radiolabeled 59Fe-USPIOs, 25% of the injected dose was 

found in the liver of rats compared to 89% with SPIO particles, which are mainly taken up by 

Kupffer cells of the liver within 1-2 hours of administration. The same studies also showed 

important distribution of USPIOs in spleen (40%) and lymph nodes (10%) compared with 

20% in spleen and negligible amounts in lymph nodes for larger SPIOs (Bourrinet 2006, 

Weissleder 1989b). The half-life of 59Fe-detection in the liver was about 3-4 days, whereas 

the T2 effect was only detectable during 1-2 days. This means that after 1-2 days, iron oxides 

are metabolized into other non magnetic forms of iron. As mentioned earlier, the coatings also 

play a major role in the in vivo fate of particles.  Prevention of particle aggregation and 

improvement of their hydrophilicity can be obtained by attaching biocompatible polymers to 

the particle surface by physical or chemical adsorption (Sonvico 2005). Particles with 

hydrophobic surfaces are covered with opsonins, whereas particles that have hydrophilic 

surfaces are cleared more slowly from the blood compartment (Gaur 2000). Moreover, the 

blood half-life is shorter for ionic polymers than for non ionic coatings. The most frequently 

used polymers for biocompatible SPIOs are derivatives of dextran or polyethylene glycol 

(PEG) (Di Marco 2007). Feruglose (Clariscan®), with a PEGylated starch coating, can be 

considered as true “stealth nanoparticles” as they are barely recognized by macrophages 

(Bjornerud 2001). By playing with particle size and nature of coating, it is possible to modify 

biodistribution and pharmacokinetics, and consequently clinical application. 

 

Medical applications 

 

Liver imaging is the principal application of SPIOs. After injection, the negative contrast 

agents are recognized by plasma proteins and easily captured by Kupffer cells of the liver. As 

figure 6 shows, the darkening of signal is only displayed in healthy parts of the liver due to 

the uptake of SPIOs by functional macrophages, and not in tumor regions, where the signal 
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intensity remains the same as before (Bach-Gansmo 1993). Liver tumors or metastases even 

as small as 2–3 mm can be detected with this method (Yoshikawa 2006). The amount of 

SPIOs administered for imaging of hepatic tumors is 8-15 µmolFe/kg. 

 

 

 

 

 

 

 

Fig 6:  Transversal images of liver and spleen before and after administration of SPIOs. After administration, 

signal loss of normal spleen and liver occurs and tumors (T) become sharply delineated (Weissleder 1989a). 

 

Furthermore, intracellular macrophagic accumulation of SPIOs via phagocytic 

internalization allows potential MR imaging of degenerative disorders and inflammation, as 

well as other diseases associated with high macrophage presence. Regions of up-regulated 

macrophage activity include sites of atheroma, multiple sclerosis, stroke, graft rejection, 

glomerulonephritis, and so on (Corot 2004, Dousset  2002, Kooi 2003). 

Due to their small size and their hydrophilic coating, USPIOs are generally able to 

partly avoid their early and massive uptake by the macrophages of the RES and therefore they 

have a greater vascular persistence. Moreover, the smaller size enables them to reach lymph 

nodes and bone marrow by crossing the capillary wall (Harisinghani 2006, Seneterre 1991). 

The intended human dose of ferumoxtran-10 (Sinerem®) for lymph node imaging was 

45µmolFe/kg (Islam 2009). Even so, these small-sized USPIOs (7–30 nm) can also be used 

for angiographic applications. Their prolonged half-life presents optimal properties for blood 

pool imaging. The properties of a new preparation of very small USPIOs (VSOP-C184), in 

which the particles are stabilized by a citrate coat, are currently being investigated (Table 2) 

(Kaufels 2008). VSOP-C184 particles produce a signal enhancement on T1-weighted images 

because their ratio of T1- to T2-shortening is much higher than with other SPIOs. 

Another class of SPIOs are orally administered large particles that are used to 

differentiate between the gastrointestinal tract and surrounding tissues (Table 2) (Jacobsen 

1996, Johnson 1996). 
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Table 2: Currently used iron oxide preparations (already commercialized or still in 

development). 

Generic name Trade name Class Size  Coating 
AMI-121/Ferumoxsil Lumirem®/Gastromark® Oral SPIOs 300 nm silicone 

OMP/Ferristene Abdoscan® Oral SPIOs > 300 µm polystyrene 
AMI-25/Ferumoxide Endorem®/Feridex® SPIOs 80-150 nm dextran 

SHU555A/Ferucarbotran Resovist®/Cliavist® SPIOs 62 nm carboxydextran 
AMI-227/Ferumoxtran Sinerem®/Combidex® USPIOs 20-40 nm dextran 
NC100150/Fergulose Clariscan® USPIOs 20 nm starch and PEG 

CODE 7228/ 
Ferumoxytol 

/ USPIOs 18-20 nm 
polyglucose 

carboxy-
methylether 

VSOP-C184 / USPIOs ~8 nm citrate 
SHU-555C Supravist® USPIOs 20 nm carboxydextran 

 

Besides all these applications, iron oxide particles can also be used for cell tracking 

with SPIOs being better suited for cell labeling than USPIOs (Sun 2005). Cells of any 

particular type can be loaded with nanoparticles ex vivo and then cells can be tracked once 

implanted in vivo. The ability to follow cells after implantation is useful in therapies 

including stem cells, dendritic cells or T-lymphocytes (Bos 2004, Daldrup-Link 2005a, 

Daldrup-Link 2005b, de Vries 2005).  

 

Toxicity 

 

The biocompatibility of SPIOs has been widely investigated (Weissleder 1989b). Cell 

tracking experiments have shown that SPIOs have little effect on cell viability, proliferation 

or cell function. However, more recent studies report that SPIOs taken up by cells generally 

lead to a transient induction of reactive oxygen species (ROS) caused by the Fenton reaction, 

which can result in DNA damage, impaired cell proliferation, cellular dysfunction, and 

eventually leads to cell death (Soenen 2009). Interpretation of data is not easy. As results 

depend on the cell line, particle type and particle concentration used, it is difficult to draw a 

general conclusion about the biocompatibility of SPIOs. Surface coating of particles can 

reduce their toxicity by reducing cellular internalization. Given the fact that iron is an 

essential element for human beings, it is not surprising that after their uptake by the RES, 

SPIOs can enter the body’s normal iron metabolism cycle and are progressively found inside 

red blood cells (Runge 2000). Iron, from endogenous or exogenous origin, is eliminated very 

slowly. The safety profile of USPIOs was assessed using pooled data from 37 clinical studies 

in 1777 adults (Bernd 2009). The reported adverse effect rate was similar to the one reported 

in the placebo group (23.2% versus 25.3% respectively). Adverse effects reported with this 
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CA were mainly back pain, headache and hypersensitivity reactions. Symptoms of flushing 

are probably due to typical infusion-related reactions. Toxicity was only observed after very 

high concentrations and related to iron overload (Bourrinet 2006). In hemochromatosis, total 

body iron exceeds 15 g, and cirrhosis and hepatocellular carcinoma can ensue if liver iron 

concentration exceeds 4000µg/g wet weight. But the amount of iron administered by a single 

injection of the CA is negligible and far below the amount needed to induce liver toxicity 

(Weissleder 1989b). Acute toxicity of SPIOs was not evident at doses up to 3000 µmolFe/kg 

and the LD50 would exceed this dose. The safety index (ratio of the toxic dose to the 

therapeutic dose) is greater than 1:150 (Weissleder 1989b). In experimental conditions SPIOs 

were also devoid of mutagenic potential, even when injected with doses more than 150 times 

the human dose. However, they did show maternal toxicity and teratogenic potential in rats 

and rabbits at dose levels of 15 to 50 mgFe/kg/day (Bourrinet 2006).  But in general, USPIOs 

are well tolerated CAs when administered by slow infusion. They also appeared to have a 

good safety profile in patients generally considered to be at high risk of adverse events.  

 

2.  Targeted contrast agents 

 

Molecular imaging is a fast evolving field that shifts the focus from anatomical imaging to 

reporting the biological processes. Some successful approaches have involved the 

development of molecular probes that can address paramagnetic Gd chelates or SPIOs to 

certain targets in a specific manner. 

 

a) Principles 

 

Passive targeting relies on natural pharmacokinetic mechanisms. For certain applications this 

may be sufficient, but active targeting allows imaging of biomedically relevant molecules. 

Active targeting is based on contrast probes coupled to specific ligands that selectively bind to 

a given target. Information about the localization and expression level of molecular markers 

could allow the early detection of a disease, accurate pathological staging or monitoring of 

treatment efficiency, and it can be used as drug development tool as well. High concentrations 

of CAs at the target site will especially be needed in MRI because of its lower sensitivity 

compared to other imaging techniques. Targeted magnetic probes should therefore present 

high relaxivity, high affinity for the target and the target of interest should be overexpressed. 
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Table 3 summarizes some main criteria that should be taken into account for a successful 

development of new molecular biomarkers. 

 

Table 3: Considerations for a successful development of molecular biomarkers. 

Good signal to noise ratio 
Low non specific binding 
High target affinity and specificity 
Low nano- to micromolar concentrations needed 
Wash out sufficiently slow to allow accumulation at the target site 
Wash out rapid enough to provide adequate target to background contrast 
Favorable pharmacokinetic profile 
Labeling should not change the binding properties of the ligand to its target 
Binding between ligand and contrast probe should be stable in vivo 
Avoid immunogenic reactions (sometimes caused by antibodies) 

 

In this thesis, USPIOs were chosen as magnetic reporters. The following lines will 

elucidate why these particles are attractive reporters for molecular imaging.  First of all, 

USPIOs are very sensitive to MR detection because of their high relaxivity, thus only low 

doses are required for efficient detection. Besides, they have a good biocompatibility since 

they enter the normal metabolic iron pathway of the body.  USPIOs are easy to synthesize, 

inexpensive and have a good capacity for derivatization to targeting particles. The problem 

arising for in vivo use of USPIOs is their fast capture by macrophages after intravenous 

injection, even if their size is relatively small. For our studies, the hydrophilic polymer PEG 

was grafted onto the particles to prevent plasma protein adsorption and to reduce 

phagocytosis. PEG molecules are neutral and allow relatively strong binding of water 

molecules around the polymer chain, leading to high steric repulsion. In addition, PEGylated 

surfaces are biocompatible and not immunogenic (Bhadra 2002, Moghimi 2002). Moreover, 

surface groups are also useful for derivatization with targeting agents or can be conjugated to 

other imaging agents.  

 

b) How to assure selectivity 

 

First of all, selectivity of a new biomarker should be tested in vitro. Radiolabels 

(radioimmunoassay) or target-coated ELISA (enzyme-linked immunosorbent assay) plates 

can be used to prove selective binding of the biomarker to the molecule of interest instead of 

to a related molecule, such as phosphatidylserine (PS) and phosphatidylcholine (PtdC) for 

instance (Laumonier 2006). Competition experiments can also be carried out, observing a 

displacement of the biomarker from the target molecule when adding increasing 
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concentrations of its endogenous ligand. A similar experiment can be performed in vivo, 

when blocking the receptor with the endogenous ligand or even with an excess of non labeled 

compound that competitively block binding of the targeted contrast probe, and thus 

demonstrate the specificity of binding (Wang 2009). Biodistribution also plays an important 

role; the target-to-background ratio should be as high as possible. One should assure oneself 

that the targeted CA does not accumulate in the corresponding control tissues. Another 

negative control consists in comparing results to those obtained with non targeted reporters 

(Kresse 1998). An important validation of new biomarkers is histological correlation, a 

method used in almost all molecular imaging studies. First, expression of the target molecule 

in the tissue of interest has to be proved and secondly the co-localization of the biomarker 

should also be demonstrated, for instance by coupling the probe to a fluorescent or radioactive 

marker to become detectable by fluorescence microscopy or autoradiography respectively 

(Jun 2010).  

 

c) Illustrative examples  

 

There are many cancer-specific targets that are clinically relevant. Avidin-Gd-DTPA 

complexes were shown to allow binding to specific targets, which were pre-labeled with a 

biotinylated antibody. This technique was used for instance to image tumor cells expressing 

the HER-2/neu receptor in an animal model of breast cancer (Artemov 2003b). Gd-based CAs 

were also used for imaging activated vessels in an animal model of angiogenesis by targeting 

the highly-expressed adhesion molecule αvβ3 via its antibody (Anderson 2000). The 

endothelial integrin αvβ3 can also bind with the RGD motif (arginine-glycine-aspartic acid). 

The highly popular αvβ3 was targeted in neoplastic tissues with RGD-Gd conjugates (Ke 

2007) and the radioactive tracer 18F-FDG-RGD (fluoro-2-deoxy-D-glucose) has already been 

used in positron emission tomography (PET) for human trials (Beer 2006). Another study 

done by Jun et al. has demonstrated the in vivo detection of tumor angiogenesis by using Gd 

conjugates linked to an anti-VEGF receptor 2 antibody (Jun 2010). 

Molecular targeting was also attempted by conjugating specific ligands to iron oxide 

nanoparticles. Cells with accelerated metabolism, like rapidly dividing cancer cells, have 

upregulated transferrin receptors. SPIOs conjugated to transferrin accumulated intracellularly 

by transferrin-receptor-mediated endocytosis (Högemann 2000, Kresse 1998). Folate receptor 

overexpression is another target for rapidly dividing cancer cells, as folate is needed for the 

production of new cells (Choi 2004). As already targeted by avidin-Gd-DTPA, the  
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over-expressed HER-2/neu tyrosine kinase receptor was also targeted by SPIO-herceptin with 

strong applications in breast cancer imaging (Artemov 2003a). Non receptor ligands have also 

been imaged. A peptide presenting high affinity for the underglycosilated MUC-1 tumor 

antigen, a ligand found in numerous tumor types, was bound to SPIOs (Moore 2004). One can 

also use the inverse strategy: accumulation of contrast media in healthy cells. To highlight 

pancreatic tumors for instance, SPIOs were labeled with cholecystokinin (CCK), a hormone 

that specifically binds to CCKA, a receptor that is only expressed on healthy acinar cells 

(Reimer 1994).  

There is a growing arsenal of other ligands that may be interesting for MR imaging. In 

the course of this thesis, we will especially focus on the detection of tumor cell death after 

anti-cancer treatment. But molecular imaging of inflammation with targeted USPIOs has also 

been performed in order to become familiar with the technique of targeted MR contrast 

probes.  

 

A. Targets of molecular imaging followed in the course of the thesis  

 

1.  Inflammation 

 

In the first study of the thesis, we tested a new magnetic reporter targeted at inflammation. 

However, as early recognition of inflammation does not present our main focus, only a small 

part of the introduction is dedicated to this matter.  

 

a) Imaging of inflammation 

 

Imaging of inflammation can be useful for pathologies presenting an inflammatory 

background, such as infection, atherosclerosis, ischemia, multiple sclerosis, graft rejection, 

rheumatoid arthritis etc. and for monitoring their therapy (Beckmann 2003a, Beckmann 

2003b, Dousset 2006, Kleinschnitz 2003, Kooi 2003). Early indication of inflammation, 

before irreversible anatomical changes occur, is very important (Rennen 2001). Physical 

examination is quite subjective and serum markers of inflammation do not provide 

information about the localization of the inflamed zone. Different kinds of approaches have 

been attempted to visualize inflammation with specific radiopharmaceuticals. Among the 

strategies used was the labeling of leukocytes moving towards the site of inflammation and 

the 18F-FDG-PET confirmation of an increased glucose uptake by infiltrated granulocytes and 
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tissue macrophages (Rennen 2001). As inflammation is associated to a high presence of 

macrophages, passive macrophage targeting by SPIOs can also enable visualization of 

inflammatory foci by MRI (Dousset 1999a, Kooi 2003, Ruehm 2001). Cellular imaging of 

SPIO-labeled macrophages in vivo was already translated to human patients (Kooi 2003, 

Modo 2005, Saleh 2004), but the sensitivity and specificity of MRI with non specific agents is 

limited (Rovaris 2000).  

 

b) E-selectin expression during inflammation 

 

During inflammatory processes, cells (leukocytes) and plasma proteins are recruited 

by vasoactive and chemotactic mediators generated at the inflammation site. Extravasation is 

facilitated by vasodilation and increased endothelial permeability at the inflamed site. Specific 

adhesion molecules, such as integrins, selectins, and immunoglobulins mediate the adhesion 

of leukocytes on the vascular endothelium, as well as their diapedesis through the 

endothelium as shown in figure 7 (Albelda 1990, Smith 1993). All these adhesion molecules 

expressed during inflammation present potential targets for molecular imaging of 

inflammation (Sipkins 2000). 

The endothelial (E-)selectin protein is an inflammatory marker expressed on the cell 

surface of endothelial cells. The members of the selectin family (leukocyte (L-), platelet (P-), 

and E-selectin) mediate the slow rolling of leukocytes along the endothelium, which 

constitutes the first step of leukocyte recruitment towards the inflamed site (Ebnet 1999). The 

natural ligand of these selectins is the sialyl Lewis X (sLex), a carbohydrate moiety, located 

on the surface of leucocytes (Foxall 1992). 

 

 

 

 

 

 

 

 

 

 

Fig 7: The role of E-selectin in leukocyte recruitment towards sites of inflammation (Janeway 2005). 
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Both glycoproteins, E-selectin and P-selectin, are expressed on activated endothelium, 

but not on resting endothelium, and P-selectin is also present on platelets. P-selectin is stored 

constitutively within endothelial cells and may be recruited to the cell surface within minutes, 

following stimulation with inflammatory mediators. E-selectin is synthesized de novo by 

endothelial cells in response to interleukin-1 (IL-1), lipopolysaccharide (LPS), or tumor 

necrosis factor α (TNFα), and is therefore detectable shortly after P-selectin expression to 

augment leukocyte recruitment. L-selectin on the other hand is concentrated on most 

leukocyte surfaces to interact with carbohydrate ligands on activated endothelium at 

inflammation sites (Kelly 2007). Expression of E-selectin peaks within 6 hours in response to 

inflammatory stimuli and lasts up to 30 hours (Leeuwenberg 1992). The role of E-selectin in 

leukocyte extravasation has been affirmed by studies in E-selectin-deficient mice or in mice 

injected with anti-E-selectin antibodies (Ley 1998). Smaller atherosclerotic lesions were 

observed with E- and P-selectin knock-out mice, compared with mice lacking either selectin 

alone (Manka 2001). The specific interaction between E-selectin and the sLex molecule can 

be blocked to efficiently alter the progression of inflammatory disease (Palma-Vargas 1997). 

Its temporal and spatial expression profile may render E-selectin useful for diagnosis and 

therapy of inflammatory diseases.  

 

c) Targeting E-selectin 

 

E-selectin expression was imaged in human endothelial cells using cross-linked iron oxide 

nanoparticles (CLIOs) linked to anti-human E-selectin antibodies (Kang 2002a).  The same 

group also conjugated Gd chelates to a specific antibody fragment to image E-selectin in vitro 

(Kang 2002b). Reynolds et al. conjugated USPIOs to anti–murine E-selectin monoclonal 

antibodies in order to measure E-selectin expression by MRI in a mouse model with contact 

hypersensitivity to oxazolone in the ear (Reynolds 2006). For imaging of inflammation in 

rheumatoid arthritis, a monoclonal antibody against E-selectin radiolabeled with 111In was 

successfully tested in an animal model (Jamar 1995) and subsequently in humans too 

(Chapman 1996). 

Instead of using anti-E-selectin antibodies, one could also use the endogenous ligand 

sLex, but large-scale synthesis of it is difficult, just like the synthesis of other 

oligosaccharides. Therefore, mimetic molecules with an active conformation similar to sLex 

have been designed and synthesized (Kogan 1995, Laurent 2004). Synthesis of such new Gd-

based CAs has been described to target sites of inflammation in which E-selectin is expressed 
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(Fu 2002). This synthetic mimetic molecule of sLex has shown to target activated endothelial 

cells in vivo in an inflammatory model of the brain, in a focal stroke model, and in a model of 

fulminant hepatitis (Barber 2004, Boutry 2005, Sibson 2004). Figure 8 represents an example 

of MR images obtained after targeting of hepatitis-related E-selectin expression by a 

magnetically-labeled sLex mimetic. 

 

 

 

  

 

 

 

 

 

 

 

Fig 8: Left: Coronal MR images of a mouse with hepatitis before and at two different points in time after 

intravenous injection of the Gd-bound sLex mimetic (Boutry 2005). Right: Structure of the sLex (a) and of the 

mimetic molecule (b) (Boutry 2006). 

 

The same sLex mimetic molecule was also covalently bound to the dextran coating of 

USPIOs to specifically recognize the E-selectin molecule in a mouse model of hepatitis 

(Boutry 2006). The same mimetic ligand has been linked to our own PEGylated 

superparamagnetic particles to provide early detection of inflammation in the rear leg muscle 

of mice.  

 

2.  Tumor cell death 

 

Besides surgery, often used as main cancer treatment, cancer therapy involves chemotherapy, 

radiotherapy, immunotherapy and monoclonal antibody therapy. Treatment strategy is based 

on the type of cancer, the location, the grade of the tumor and the stage of the disease, as well 

as the general condition of the patient (De Saint-Hubert 2009). Unfortunately, treatment is not 

always effective and can also have severe side-effects. One has to find the most efficient 

treatment for each individual patient and thereby avoid useless and toxic therapy.  

Meyn and his co-workers have suggested that an acute response in the form of 

apoptosis may occur in some tumors that respond well to irradiation (Meyn 1993). 

Nevertheless, their study revealed intra- and intertumor heterogeneity in the apoptotic 
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response. The major form of cell death actually occurring after irradiation was shown to be 

mitotic catastrophe, which can lead to other forms of cell death at later stages (van der Kogel 

2009). Two years later, Meyn et al. have shown that in some tumors apoptosis is also an 

important response to different cytotoxic agents. The degree of apoptosis occurring after 

treatment correlated well with tumor growth delay and tumor regression (Meyn 1995). 

Molecular imaging of cell death could therefore be valuable for the assessment of tumor 

response to anti-cancer therapy. Not every treatment can be evaluated by cell death of course; 

some of the more recent treatments are based on cytostatic properties, in which case detection 

of cell death will be useless. 

Apoptosis, the so-called programmed cell death, is a physiological mechanism to 

control the number of cells. Apoptosis is an organized self-disassembly into small sealed 

membrane vesicles called apoptotic bodies. Apoptosis is usually characterized by specific 

changes such as cell shrinking, chromatin condensation, nucleus fragmentation, and 

morphological changes of the cell membrane. Apoptotic cells are rapidly removed as intact 

cells or as apoptotic bodies by professional phagocytes or by neighbouring cells. Engulfment 

prevents inflammation by removing dead cells before they release their intracellular content 

into the interstitium. Necrosis, on the contrary, is an accidental and passive form of cell death 

resulting from damage and metabolic failure. Cell swelling, flocculation of chromatin and loss 

of the cell membrane integrity is characteristic for necrosis. Necrotic cells swell because of 

water influx and ion redistribution, which ultimately causes the cell to disintegrate. It is 

assumed that the release of the cell content induces inflammation. However, the two 

processes of cell death described are not as unconnected to each other as it may seem since 

ATP (adenosine triphosphate) depletion leads to a switch from apoptosis to necrosis (Eguchi 

1997). Another common form of cell death is the active process of autophagy, in which 

cytosolic components are degraded into essential constituents inside lysosomes in order to 

protect the damaged cells from altered macromolecules. If the cell is too impaired, it can be 

removed from tissue by autophagy (Cuervo 2004). Autophagy is frequently referred to as 

programmed cell death type II. Besides these well-studied types of cell death, many other 

forms have been discovered and need to be further characterized, such as mitotic catastrophe, 

which occurs shortly after deregulated mitosis (Bröker 2005). There is not always a clear 

distinction between these different forms; several types of cell death can share the same 

features. There were many attempts to discriminate between apoptosis and necrosis, but often 

these approaches failed because apoptotic pathways are very complex (Grasl-Kraupp 1995). 
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Therefore, when attempting detection of one specific type of cell death, recognition of other 

forms of cell death cannot be excluded. 

A number of genetic mutations in the cell cycle or in the cell death process contribute 

to the immortalization and progression of cancers. Imaging of apoptosis or cell death in 

general could provide an early indication about cancer progression or regression and by this 

manner it could be used to determine treatment efficacy. Imaging can be used to screen for 

events that are characteristic of apoptosis, such as caspase-3 activation or phosphatidylserine 

(PS) exposure. All these emerging methods to image tumor cell death will be elucidated later 

on in this introduction. 

 

 

2) Evaluation of anti-cancer treatment outcome 

 

 

A. Morphological imaging  

 

Most cancer patients will have some kind of surgery, because it offers the greatest chance for 

cure, especially if the cancer has not yet produced metastases. Surgery can be used alone or 

together with an adjuvant treatment such as irradiation or chemotherapy. Treatments that are 

able to reduce tumor size have been considered as beneficial, although tumor shrinkage 

should not be considered as the only criterion for treatment efficiency. Some treatments may 

indeed have an impact on tumors, without displaying any obvious reductions in tumor size 

however.  

The World Health Organisation (WHO) wanted to standardize tumor responses in the 

late 1970s (Miller 1981). According to WHO methodology, one measures the maximum 

diameter of a tumor and its largest perpendicular diameter. These two diameters are 

multiplied to obtain a cross product. These two-dimensional criteria were more recently 

revised and updated into the Response Evaluation Criteria In Solid Tumors (RECIST) that 

include important changes such as one-dimensional measurements, selection of lesions, 

details about imaging modalities and new thresholds for determining the progression or 

regression of the disease (Table 4) (Therasse 2000). One-dimensional measurements (longest 

diameter) decrease the possibility of errors because measurements are based on adding the 

lengths of the different lesions and not their surfaces.  
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Table 4: Comparison of WHO and RECIST response criteria (O’Connor 2008). 

 WHO RECIST 
Method   

Lesions Two dimensional. 
One dimensional;  
target lesions identified. 

Measurement 
Product of longest diameter and 
longest perpendicular diameter. 

Longest diameter. 

Response criteria   

Complete response 
Disappearance of all known disease. 
Confirmed ≥4 weeks later. 

Disappearance of all known disease. 
Confirmed ≥4 weeks later. 

Partial response ≥50% decrease in size. 
≥30% decrease in the sum of longest 
diameters from baseline. 

Stable disease 
Patient does not meet criteria for 
partial response or progressive 
disease. 

Patient does not meet criteria for 
partial response or progressive 
disease. 

Progressive 
disease 

≥25% increase in size of at least one 
measurable lesion; appearance of new 
lesions. 

≥20% increase in the sum of longest 
diameters from baseline; appearance 
of new lesions. 

 
Computed tomography (CT) and MRI are now routinely used to report tumor size, so 

that clinicians can determine whether patients will continue to benefit from their current 

therapy (stable or shrinking lesions) or not (new or progressive lesions). But tumors will not 

uniformly decrease in size as lesions are not perfectly spherical. Due to improvements in 

imaging methods, new response criteria have to be defined. Volumetric measurements 

alongside the three cardinal axes have been suggested after advances in CT and MRI 

technology have been made, but a number of studies have shown conflicting results about the 

benefit of volumetric tumor measurements added to 1D or 2D measurements. Different 

formulas for volume estimation are needed when considering non-spherical tumors and 

drawing tumor margins is time consuming. However, in some clinical studies volume-based 

measurements were more effective than 1D or 2D measurements. Volumetric changes have 

predicted overall survival in patients with high-grade glioma and with locally advanced breast 

cancer, whereas WHO or RECIST criteria did not predict outcome in either study (Dempsey 

2005, Partridge 2005).  

Recently RECIST criteria were updated. Besides some minor changes, such as the 

maximum number of target lesions, inclusion of pathological lymph node assessment and the 

new definition of progressive disease, it was concluded that volumetric measurements of 

response and functional imaging by PET or by MRI need further investigation and 

standardization before they can officially be accepted as surrogate endpoints. The only 

method accepted as complement to CT scan in detection of new lesions is the evaluation of 

glucose metabolism by 18F-FDG-PET (Eisenhauer 2009). 
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Timing of tumor shrinkage can be quite variable. Sometimes it can take two or three 

cycles (6-8 weeks) of therapy before meaningful changes can be expected. Moreover, a small 

residual tumor mass can be highly aggressive, and on the other hand, a more voluminous 

mass can be stable because of fibrosis, cysts or necrosis, suggesting potential benefit despite 

no apparent changes in lesion size. In addition, activity of anti-proliferative, anti-angiogenic, 

anti-vascular, or immunomodulating agents may not be reflected by changes of size. In 

summary, the current method accepted as tumor response marker in clinical trials is not 

without limitations. As a result of these deficiencies, newer imaging methods assessing 

physiological changes are increasingly investigated. A surrogate endpoint is needed to predict 

benefit at an earlier time; therefore functional and/or molecular imaging can be used to obtain 

valuable information about treatment outcome (Brindle 2008).  

 

B. Functional imaging 

 

1. Imaging of glucose metabolism by 18F-FDG 

 

Functional imaging detects molecular signals indicating biochemical activity and changes. 

The most universally available tracer for molecular positron emission tomography (PET) is 
18F-FDG with numerous applications in oncology, cardiology, neurology and imaging of 

inflammation. PET imaging has a lower spatial resolution than other imaging modalities 

(autoradiography, CT, MRI), but the sensitivity in the detection of emitted radiations is very 

high. The development of combined PET and CT scanners has joined the morphological data 

from CT with the functional images from PET. 18F-FDG is an excellent marker of tumor 

glycolysis as FDG easily substitutes the glucose in both aerobic and anaerobic conditions. 

After intravenous bolus injection, cellular FDG uptake is governed by glucose transporter 

proteins (GLUTs) and, inside the cell, FDG is phosphorylated by a hexokinase to FDG-6-

phosphate. Unlike natural glucose, the FDG-6-phosphate will not enter the Krebs cycle. It will 

rather accumulate inside the cell proportionally to the level of glycolysis of the cell (Fig. 9).  
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Fig. 9: Mechanisms of 18F-FDG accumulation in tumor cells. 

 

It is well known that tumor cells consume more glucose subsequent to an 

overexpression of GLUTs and enzymes of the glycolytic pathway. Due to this important 

accumulation in tumors, 18F-FDG can be detected with high sensitivity by PET-scan. 18F-FDG 

is not entirely specific for malignant cells and false positives from inflammatory processes 

can occur. A high uptake can also be seen in highly active healthy tissues such as the heart 

and the brain. 18F-FDG-PET has shown to be a valuable tool in the differentiation of benign 

and malignant tissues, in staging, in the detection of recurrent disease, and more recently in 

the identification of early tumor response (Fig. 10). 18F-FDG-PET is now approved for 

staging of several tumor types, as well as for monitoring treatment response to breast cancer 

(Juweid 2006), and standardized response criteria for PET in clinical trials have been 

published (Young 1999). In Belgium, 18F-FDG is the most utilized PET tracer in clinical 

routine in the field of oncology.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Example of 18F-FDG-PET used for 

treatment response evaluation in Hodgkin 

patients scanned at baseline (left) and after 

one cycle of chemotherapy (right), with a 

complete resolution of FDG avidity after 

treatment (Hutchings 2009). 
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Functional images of glucose metabolism can already be obtained one hour after 
18F-FDG injection. Several studies have demonstrated a negative correlation between 18F-

FDG capture by tumor cells and the early response to treatment. 18F-FDG-PET of imatinib-

treated gastrointestinal stromal tumors (GISTs) showed little or no 18F-FDG uptake after 

treatment although lesion size remained large due to necrotic areas (van den Abbeele 2002). 

Loss in 18F-FDG tumor uptake within hours after gefitinib treatment was also observed in non 

small cell lung cancer (Su 2006), but this decrease can also represent reduced glucose 

utilization instead of tumor cell death (Workman 2006). Some targeted therapies have direct 

effects on glucose metabolism (treatment with tyrosine kinase inhibitors (TKI) such as 

imatinib and gefitinib) inducing internalization of the glucose-receptor (Prenen 2006). 18F-

FDG-PET may also be inaccurate during the first two weeks after chemotherapy because of a 

temporary metabolic shutdown. For monitoring of chemosensitivity by metabolic imaging it 

is recommended to wait at least 2-3 weeks (Cremerius 1998). Another fact that should be 

taken into account is that some slow-growing tumors are not FDG-avid, in which case 18F-

FDG is of no use. In patients with high serum glucose levels, tumor-to-background ratio may 

be reduced because of a possible competition between 18F-FDG and endogenous glucose 

(Lindholm 1993). 

In table 5, the main advantages and disadvantages of using 18F-FDG for evaluation of 

treatment outcome, and also of the PET technique in general, are listed. Furthermore, possible 

explanations for false positive and false negative interpretations of 18F-FDG–PET studies are 

discussed below (table 6). 

 

Table 5: Advantages and disadvantages of the 18F-FDG–PET technique. 

Advantages Limits 
High sensitivity High noise in brain and heart 
 Inflammatory diseases 

 
High noise in urinary tract because of urinary 
elimination 

 
Poor sensitivity in tumors with low 
malignancy or low metabolic activity 

Improved by CT-PET coupling Lack of anatomical details 

 
Low spatial resolution, small tumors (4-6 
mm) are difficult to detect by PET 

Performable in any clinical environment Exposure to radioactivity  
Entire body scan to detect potential 
metastases 

Impossible to distinguish chemical species 
bound to the radionuclides 

Quantification by means of complex kinetic 
models 
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Table 6: Causes of false positives and false negatives in measuring tumor glucose metabolism 

False positives False negatives 
Bowel activity Low GLUT expression 
Muscle contraction Small lesions (<5 mm) 
Endometrial and ovarian hotspots High background (e.g. in the brain) 
Atherosclerosis Hyperglycemia (diabetics) 
Infection Metabolic shut-down after chemotherapy 
Inflammation Low grade tumors 
Intervention-related uptake: after surgery, 
biopsy, radiotherapy or chemotherapy 

 

            

2. Cell proliferation markers  

 

Treatment-induced diminutions in cell proliferation may be more specific than changes in 

glucose consumption (Barthel 2003, Shields 1998). This supports the need for a direct marker 

to image cell proliferation, which can be measured by tracers involved in DNA synthesis and 

cell division. 

 

a) 18F- fluorothymidine 

 

Several new PET tracers are now being evaluated to study other metabolic pathways than 

glucose metabolism. Thymidine and other related molecules have received the most interest 

as imaging agents of cell proliferation. The pyrimidine analog thymidine is incorporated into 

DNA, (deoxyribonucleic acid) but not into RNA (ribonucleic acid). The utilization of 3H- or 
14C-labeled labeled thymidine has widely been established for cell proliferation 

measurements. This led to the development of 11C-labeled thymidine, enabling cellular 

proliferation measurements in humans by PET-scan (Caroli 2010, Vander Borght 1991). 

Although studies using 11C-thymidine have demonstrated the potential of the tracer to image 

tumor proliferation and response to therapy, the tracer is rapidly metabolized in vivo and the 

presence of multiple metabolites has disturbed its wider use. This led to the development of 

3’-deoxy-3’-18F-fluorothymidine (18F-FLT), which remains unchanged during in vivo 

administration, and whose radioisotope has a longer half-life (Buck 2003, Caroli 2010, 

Francis 2003, Grierson 2000). Cellular uptake of 18F-FLT occurs through facilitated 

Na+-dependent transport or through passive diffusion. Subsequently, FLT is phosphorylated 

by highly activated thymidine kinase 1 (TK1) into FLT-monophosphate (FLT-MP), which is 

trapped inside the cell (Fig. 11). 
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Fig. 11: Mechanisms of FLT uptake into proliferating tumor cells (Been 2004). 

 

TK1 activity is increased in the late G1 and S phase of non malignant proliferating 

cells and even higher (3-4 times) throughout the whole cell cycle in malignant cells, whereas 

its activity is absent in quiescent cells (Boothman 1994, Munch-Petersen 1995). This increase 

in TK1 activity in neoplastic tissues is responsible for higher levels of FLT phosphorylation 

and subsequent intracellular trapping of FLT in tumor cells. FLT is not directly incorporated 

into the DNA because it acts as a chain terminator due to the absence of the 3′-hydroxyl 

group. It only visualises the first step of the salvage pathway of DNA synthesis, which makes 

it an indirect proliferation marker. In one study though, 3H-FLT uptake showed a good 

correlation with 3H-thymidine uptake, meaning that 3H-FLT uptake is well able to provide a 

good representation of the salvage pathway (Rasey 2002).  

First biodistribution studies using 18F-FLT in humans have shown physiological 

uptake in bone marrow (high proliferation rate), in liver (glucuronidation), in the urinary tract 

(excretion) and in reactive lymph nodes (Shields 1998, Weber 2010). In contrast to 
18F-FDG-PET, no uptake is seen in the brain, skeletal muscles or myocardium. Overall 

selectivity for tumors is greater for 18F-FLT than for 18F-FDG, especially in the brain, but on 

the other hand, the signal increase induced by 18F-FDG uptake in tumors was higher than by 
18F-FLT uptake (Fig. 12) (Lee 2009, Seitz 2002, Weber 2010 ). 

 

 

 

 

 

 

 

 

Fig. 12: Imaging of high-grade glioma by A: contrast-enhanced T1-weighted MRI,  

B: 18F-FDG-PET and C: 18F-FLT-PET (Chen 2005). 
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PET-images can already be acquired 5 to 10 minutes after 18F-FLT injection. 

Reduction in 18F-FLT uptake has allowed to identify responders and non-responders in a 

study of glioma patients treated with bevacizumab and irinotecan (Chen 2007). The same was 

achieved in another study of non small cell lung cancer patients treated with gefitinib (Sohn 

2008). 18F-FLT-PET was also allowed to visualize radiation effects on the bone marrow and 

to distinguish inflammation from recurrent disease (Yue 2010). Different types of anticancer 

therapy have been studied and the results of these studies may seem inconsistent. Sometimes 

TK1 activity remains high, although tumor cell proliferation is compromised. Drugs such as 

methotrexate and 5-fluorouracil arrest cells in S phase and impede the de novo pathway of 

DNA synthesis. The result of this shutdown is a compensatory upregulation of the salvage 

pathway with increased TK1 activity (Mirjolet 1998, Dittmann 2002). Different tumors also 

vary in the respective contributions of the salvage pathway and the de novo pathway to DNA 

synthesis (Bardot 1994, Cole 2002). Schwartz et al. showed that 30% of the tumor cell types 

tested showed less TK1-dependent proliferation and subsequently no significant correlation 

was found between TK1 activity and the S phase fraction of cells (Schwartz 2003). Today, 

clinical studies about 18F-FLT-PET are still limited, but results are promising in general. 

Further studies are needed to assess the value of 18F-FLT for evaluating early response to 

therapy.   

Low overall uptake in tumors, the variability in 18F-FLT uptake in tumors after therapy 

and the indirect measurement of DNA synthesis represent the limitations of 18F-FLT-PET 

imaging. Newly developed tracers, such as 2′-fluoro-5-methyl-1-β-D-arabinofuranosyluracil 

(FMAU) and 2′-deoxy-2′-fluoro-5-bromo-1-β-D-arabinofuranosyluracil (FBAU), are 

incorporated into DNA and therefore directly reflect DNA synthesis, which is a potential 

advantage over 18F-FLT (Mangner 2003). 

 

b) Radiolabeled amino acids 

 

Additionally to proliferation markers, other targets related to protein synthesis and amino acid 

transport have been identified (Caroli 2010, Herholz 1998, Narayanan 2002). Proteins are 

composed of amino acids and several amino acid tracers, such as 11C-methyl-methionine 

(MET), have been developed. Like 18F-FLT, the primary application of 11C-MET is in brain 

tumors, since 18F-FDG induces high background signal in normal brains (Kawai 2009). 
11C-MET imaging in the abdominal region will be more complicated because natural amino 

acids, such as methionine, are taken up by pancreas and liver (Kubota 2001). 
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O-11C-methyl-L-tyrosine (OMT), a non metabolized amino acid analogue, has also been 

developed (Ishiwata 2004). When compared with 18F-FDG-PET, 11C-OMT-PET had smaller 

signal-to-noise ratios but may have potential for improved specificity by reducing the rate of 

false positives (Fig. 13, left). 11C-OMT showed similar uptake compared to 11C-MET in 

PET-images of brain tumors (Fig. 13, right). As 11C requires the disposability of a cyclotron 

nearby, tyrosine has also been labeled with an 18F isotope (Caroli 2010). 

 

  
 

 

 

 

 

 

 

 

Fig. 13:  Left: Coronal (A and C) and sagittal (B and D) slices of whole-body PET-imaging in order to detect 

tumor metastasis by 11C-OMT or 18F-FDG. Right: Representative PET images of obtained with 11C-OMT and 
11C-MET presenting gliomas of different grades (G2, G3, G4) (Hayat  2007). 

 

c) Choline derivates 

 

Exogenously administered choline actively enters cells via choline transporters, is then 

metabolized to generate phosphocholine (PC), and is finally transferred to diacylglycerol 

(DAG) to synthesize phosphatidylcholine (PtdC), which is integrated into the cell membrane 

(Roivainen 2000). Once 11C-labeled choline has entered tumor cells, it is rapidly 

phosphorylated by a choline kinase (ChoK) and chemically trapped inside the cells (Hara 

1997). An increased choline uptake has been demonstrated in malignant tumor cells, which 

have higher cell proliferation and an increased synthesis of cell membranes (Podo 1999). 

Overexpression of ChoK has been found in most tumors, providing the basis for cancer 

imaging with choline PET (DeGrado 2001). Studies have shown that 11C-choline PET may 

offer a new approach to follow tumor response, as the decrease of choline uptake represented 

an early response to treatment (Fei 2010). In prostate cancer for instance, the use of 18F-FDG 

is limited due to high urinary excretion and frequently occurring inflammatory lesions. 
11C-labeled choline has low urinary excretion and its uptake in recurrent prostate cancer after 



 31 

radiotherapy showed good correlation with PSA (prostate-specific antigen) levels, prostate 

biopsies and morphological imaging (Breeuwsma 2010). To circumvent the short half-life of 
11C-choline, 18F-fluoro(methyl)choline (18F-FCH) was developed. 18F-FCH could be 

considered for response evaluation with main applications in the pelvic region because of 

lower urinary elimination compared to 18F-FDG. Until now, 18F-FCH is only used for 

diagnosis of locally advanced or metastatic prostate cancer and not for response evaluation 

(Breeuwsma 2010, Cimitan 2006, Kwee 2009). 

                                                                                                                                                                                                                                                                                                                                                                  

3. Perfusion imaging by dynamic contrast-enhanced MRI 

 

The main use of DCE-MRI in oncology is to be an early marker of tumor response, notably to 

anti-angiogenic treatments. The gold standard measurement of angiogenesis is the histological 

estimation of microvascular density, which is invasive, suffers from sampling bias, and 

cannot determine parameters such as flow or permeability. DCE-MRI involves the acquisition 

of sequential images during the passage of an intravenously injected CA through a particular 

tissue of interest. CAs used for these studies are Gd chelates that do not penetrate inside cells 

and therefore directly reflect microcirculation. After the passage of the contrast probe into the 

tumor, parameters were gathered from the kinetic curve. Clinical studies have shown that the 

parameter Ktrans, reflecting the “wash in” of the CA into the tumor, could be used for in vivo 

evaluation of tumor response (Galbraith 2003). Ktrans can be influenced by blood flow, 

endothelial permeability and endothelial surface area. 

One has to distinguish diffusible probes from blood pool agents, since they behave 

differently after intravenous injection. Low MW chelates of gadolinium (<1 kDa) are 

diffusible tracers; blood pool tracers (> 30 kDa) are larger molecules, hence extravasation is 

reduced. Macromolecular contrast media have less unspecific extravasation in normal vessels 

(< 1%) compared to small gadolinium chelates (45%), which could enhance the sensitivity of 

tumor characterization and treatment monitoring by DCE-MRI, at least in experimental 

models (Brasch 2000). 

Similarly, the use of DCE-CT can be a method for assessing tumor perfusion; 

especially in strongly moving areas such as the lungs were CT images are of better quality 

than MR images (Marcus 2008). DCE-CT’s major advantage over DCE-MRI is a direct linear 

correlation between signal enhancement and CA concentration. The DCE-ultrasound 

technique developed more recently uses pure intravascular microbubbles and is therefore 

suitable for measuring blood flow and perfusion (Broumas 2005). 
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C. Determination of molecular profiles by MR spectroscopy 

 

Currently, metabolites in tumors are analysed by taking surgical biopsies for western blots or 

ELISA assays. A major limitation of this approach is the dependence on sampling of a 

heterogeneous disease, not to mention the risk and discomfort that may be caused to the 

patient (Workman 2006). The use of plasma samples is another approach providing a source 

for many serum markers such as circulating tumor cells, proteins, metabolites and so on. 

However, this technique does not allow in situ detection of tumor cells. MR spectroscopy 

(MRS) is a non invasive tool, which can be used to repeatedly study metabolic processes in 

vivo. Initially developed for non-tumoral applications, the technique is now being evaluated 

for a large number of tumors. Several nuclei (1H, 13C, 14N, 19F, 23Na, 31P) can be studied by 

MRS, but 1H is the most used nucleus for the assessment of tumor response. Metabolites can 

be identified by their characteristic chemical shift, which corresponds to the modified 

resonance frequency of nuclei depending on their chemical surrounding. The presence of the 

electronic surrounding slightly influences the magnetic field experienced by the nuclei. This 

way, the chemical shift informs the investigator about the molecular group that is carrying the 

studied nucleus. Results are then displayed on a spectrum, which shows a series of peaks 

corresponding to the resonance frequencies of the different metabolites. Frequencies are 

expressed in terms of the dimensionless unit parts per million (ppm), a value independent of 

the static magnetic field strength (Gadian 1995a). Unlike MRI, that provides imaging of 

anatomy, MRS does not provide spatial information. Localized spectra are acquired and 

analysed in order to determine precise chemical shifts and peak integrals. In vivo, results are 

mostly expressed as metabolite ratios. In vitro acquisitions have improved spectral resolution; 

furthermore reference compounds can be added to quantify metabolite concentration and to 

calibrate the chemical shift. 

 

1. 1H MRS 

 

Although spectroscopy can be performed on different types of nuclei, the major application of 

this technique is spectroscopy of the hydrogen nucleus. A spectrum is represented by the peak 

amplitude on the y-axis in function of the chemical shift of metabolites on the x-axis, 

expressed in ppm (Fig. 14). Previous to spectrum acquisition, the signal of the water peak, 

situated at 4.7 ppm, has to be suppressed because the signal coming from protons of water 

molecules is so important that it would mask the spectroscopic signal from the other 
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metabolites, which is 10,000 times lower (Fig. 14). Excellent field homogeneity is required to 

ensure that the “wings” of the water signal do not interfere with the metabolite signals, and 

that there is adequate spectral resolution between the signals of interest. A heterogeneous 

magnetic field results in a dispersion of resonance frequencies and therefore in peak 

broadening. The volume of interest is determined by the intersection of three orthogonal 

sections. The larger a region of interest is, the more difficult it is to homogenize the field 

inside this region. Spectrum quality is evaluated by two main criteria: signal-to-noise ratio 

(peak height) and spectral resolution (peak width). The surface area of the peak depends on 

metabolite concentration and on T1 of protons carried by the metabolite. The peak width is 

inversely proportional to the relaxation time T2*. Because of the low signal-to-noise ratio, 

multiple acquisitions have to be done.  

 

 

 

 

 

 

 

Fig. 14: On 1H spectra from brain acquired without solvent suppression, only the water signal can be seen (left). 

With water suppression (right), the spectrum displays signals from N-acetylaspartate (NAA), choline-containing-

compounds (Cho) and creatine+phosphocreatinine (Cr) (Gadian 1995b). 

 

Table 7: Most relevant metabolites observed in vivo by 1H MRS (adapted from Marcus 2008). 

Metabolite Frequency 
(ppm) Function Aberration 

Choline Cho 3,2 
Marker of cell membrane 

metabolism ↑: tumors, demyelination 

Creatine, 
phosphocreatine 

Cr, 
PCr 

3,0 
Marker of energetic 

metabolism 
Often used as reference peak  

N-acetyl-
aspartate 

NAA 2,0 
Marker of healthy 

neurons ↓: neuronal disease 

Myo-inositol mI 3,6 Glial marker 
↑: glioma, MS 

↓: herpetic encephalitis 

GABA,glutamate, 
glutamine 

Glx 2,1-2,5 
Marker of intracellular 

neurotransmitters ↑: herpetic encephalitis 

Citrate Ci 2,6 
Marker of healthy 

prostate ↓: prostate cancer 

Lactate Lac 1,3 
Ischemia, convulsions, 

tumors 
Mobile lipids Lip 0,9 and 1,3 Apoptosis, necrosis 

Pathologic 
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The number of metabolites detectable in vivo by 1H MRS is limited (table 7). Peaks observed 

by proton MRS in almost all types of tumors are mainly corresponding to choline-containing 

compounds (Cho), creatine and phosphocreatine (Cr, PCr), lactate (Lac), and CH2 mobile 

lipids. The results of metabolic peaks obtained by MRS are often expressed as ratios. 

Measurement of the real metabolite concentration requires precise determination of the peak 

area and conversion into metabolite concentration after calibration.  

Lipid proton MRS was the first MR technique applied for the detection of apoptosis 

(Blankenberg 1996, Blankenberg 1997, Engelmann 1996). In these studies, investigators 

observed an apoptosis-related increase in mobile lipids with an increased methylene (CH2) 

peak at 1.3 ppm relative to the methyl (CH3) peak situated at 0.9 ppm. Both, in vitro and in 

vivo studies showed accumulation of lipid vesicles during apoptosis (Griffin 2003, Griffin 

2006, Schmitz 2005), but also in necrotic tumors (Zoula 2003). The rise in CH2 resonance 

occurred with a wide range of anti-cancer treatments and in different cell types. Therefore, an 

increase of the signal ratio of CH2 to CH3 was considered as a measurement of the degree of 

apoptosis. Although there was a rise in methylene resonance, no detectable changes were 

found in the total lipid composition or in new lipid synthesis in tumors. The increased 

methylene signal was shown to come from the formation of cytoplasmic lipid droplets (0.2–

2.0µm) during apoptosis (Hakumäki 1998). Lipids in cell membranes are not detectable by 

MRS because of their limited mobility. Release of fatty acids from cell membranes and their 

storage in lipid droplets in the form of triglycerides renders them visible on MR spectra. 

Overall therapy-induced cell death can thus be detected through an increase in mobile lipids 

in apoptotic cells (Callies 1993). A major limitation of this method is the relatively small 

change in lipid signal; therefore clinical studies will be restricted to organs that are detectable 

to surface coils, or to organs that are free of motion. The lipid methylene signal in tumors may 

be contaminated by the presence of lactate. The peak of mobile lipids is actually the only peak 

that is characterized by an increase during apoptotic cell death. During apoptosis, a significant 

decrease in metabolite concentration can be observed for the other chemical species displayed 

on 1H MR spectra. On the other hand, metabolites behave completely different during 

necrotic cell death: The proton spectrum displays a general increase of metabolite peaks, 

except for the glutathione peak (Strauss 2008).  

Today, many studies are also focusing on measurements of choline-containing 

metabolites using water suppressed MRS. Several chemical resonances contribute to the total 

choline peak (tCho), including choline, PC, and glycerophosphocholine (GPC). Separation of 

the single choline peak into its different contributors can be obtained in ex vivo acquisitions, 
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Fig. 15: Metabolic pathways of choline-containing compounds. 
ChoK: choline kinase 
PC: phosphocholine 
CDP-Cho: cytidine diphosphate-choline 
DAG: diacylglycerol 
PtdCho: phosphatidylcgoline 
PL: phospholipases (A, C et D) 
FAs: fatty acids 
GPC: glycerophosphoscholine 
G3P: glyceraldehyde-3-phosphate 
PA: phosphatidic acid 
(adapted from Beloueche-Babari 2010) 

where higher spectral resolution can be achieved (Gribbestad 1999, Sitter 2002). The choline 

level increases with increased tumor cell proliferation and cell density (Jackowski 1996, 

Rutkowski 2003). High levels of choline are characteristic of increased membrane turnover, 

possibly representing increased malignant potential of cells (Aboagye 1999, Podo 1999, 

Ronen 2001). Choline-containing metabolites are essential substrates in the metabolism of 

lipids. Choline and PC are precursors and breakdown products of PtdC, the major 

phospholipid component of the cell membrane. PC can be produced by phosphorylation of 

choline through ChoK (Beloueche-Babari 2010, Podo 1999) (Fig. 15).  

 

 

 

 

 

 

 

 

 

 

 

In many cancers an increase in choline-containing metabolites was observed by proton 

spectrscopy (Howe 2003, Leach 1998, Vilanova 2009). Al-Saffar et al. applied the approach 

of choline spectroscopy to mice treated by the ChoK inhibitor MN58b and found a positive 

correlation between choline decrease and tumor growth inhibition (Al-Saffar 2006). 

Furthermore, it has been reported that hypoxia can be a regulating factor of ChoK expression 

(Glunde 2008). This observation could explain the decrease detected in choline-containing 

metabolites in mice treated by PX-478, an inhibitor of HIF-1α (hypoxia-inducible factor) 

(Jordan 2005a). After several preclinical studies, decreases in choline signals were also 

observed in patients treated by chemo- or radiotherapy (Table 8).  

High glucose consumption, forming the basis for metabolic imaging by 18F-FDG-PET, 

and lactate production are other characteristics of cancer cells. Glucose metabolism was also 

monitored by 1H-MRS in animal cancer models (Aboagye 1998, Rivenzon-Segal 2002). 

PX-478 treatment, inhibiting HIF-1α, led to a trend of decreased glucose uptake and lactate 

production in tumor xenografts (Jordan 2005a). However, the clinical measurement of lactate 

production by MRS in humans requires further development.  
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Table 8: Listing of human studies wherein response to anti-cancer treatment was evaluated by 

changes in the total choline peak as measured by proton MRS. 

Author Tumor type Treatment Follow-up Result 
Kurhanewicz 1996 Prostate tumor Cryosurgery 3-6 months ↓ [Cho+Cr]/Ci = necrosis 

Parivar 1996 Prostate tumor Cryosurgery 10-79 weeks ↓ [Cho+Cr]/Ci > 0.86 = 
recurrence 

Yoshino 1996 Brain tumor RT 5-19 months ↓ Cho 

Nelson 1999 Brain tumor RT 2-12 months 
↓ Cho in responders 

↑ Cho when 
progression/recurrence 

Preul 2000 Glioma Tamoxifen 
Pretherapy and 
2-4 weeks after ↓ Cho in responders 

Coakley 2001 Prostate tumor RT 14-48 months ↑ Cho when recurrence 
Graves 2001 Brain tumor CT + radiosurgery 2-14 months ↑ Cho when recurrence 

Jagannathan. 2001 Breast tumor CT After 3 cycles ↓ Cho in responders 
Mueller-Lisse 2001 Prostate tumor HT 1-16 weeks Loss of Cho, Cr, Ci = atrophy 

Schwarz 2002 Lymphoma CT during first cycle ↓ Cho in responders 
Kimura 2004 Brain tumor Radiosurgery 1-3 months Early ↓ Cho 

Meisamy 2004 Breast tumor CT 
24h of cycle 1-
end of cycle 4 ↓ Cho in responders 

Murphy 2004 Brain tumor CT 3-12 months ↓ Cho at 12 month 

Pucar 2005 Prostate RT 1-6 months ↑ [Cho+Cr]/Ci when 
recurrence 

Chen 2006 HCC CE 2-3 days ↓ Cho 
Wu 2006 HCC CE 1 week ↓ Cho and ↑ lipids 

Zeng 2007 Glioma tumor RT 
6 weeks 
4 months ↑ Cho when recurrence 

Haddadin 2009 Breast tumor CT At 24h of cycle 1 ↓ Cho in responders 
CE: chemoembolization, Cho: choline, Ci: citrate, Cr: creatine, CT: chemotherapy, HCC: hepatocellular 

carcinoma, HT: hormonotherapy, RT: radiotherapy. 

 

2. 31P MRS 

 
31P MRS was first used to study cellular energetics in tissues like the heart and the brain 

(Gadian 1981). The sensitivity of 31P MRS is only about 7% of the sensitivity reached in 1H 

MRS but its chemical shift range is larger (30 ppm) and does not present the problem of water 

suppression. The most important peaks displayed by 31P MRS originate from PCr, nucleotide 

triphosphates (NTP) or inorganic phosohate (Pi). Other main contributors of the 31P spectrum 

are metabolites of membrane phospholipids including phosphomonoesters (PMEs), which 

comprise PC and PE, and phosphodiesters (PDEs), comprising glycerophosphocholine (GPC) 

and glycerophosphoethanolamine (GPE) (Cox 1992, Daly 1989, Steen 1989).  

Characteristic for cancer are elevated concentrations of PMEs and PDEs as observed 

by in vivo 31P MRS, since PC and PE contribute to membrane synthesis (Leach 1998, 

Negendank 1992). These changes are often reversed on successful treatment with chemo- or 

radiotherapy (Fig. 16) and are now explored as biomarkers for tumor diagnosis, staging and 
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clinical response monitoring (Payne 2006, Shah 2006). A review of the literature has revealed 

that a decrease in PME occurred in 38 of 47 cancers that responded to treatment (Negendank 

1992), but as this technique is relatively insensitive, it requires long acquisition times and has 

a poor spatial resolution. With this technique, it will be difficult to detect tumor apoptosis in 

vivo since the percentage of apoptosis in treated tumors is relatively low. 

 

 

 

  

 

 

 

 

 

 

 

 

 

D. Molecular imaging of cell death 

 

As stated previously, many anti-cancer therapies exert their therapeutic effect by inducing 

apoptosis. For this reason, imaging of apoptosis or of cell death in general allows an early 

evaluation of treatment outcome in cancer patients. A number of steps in the cell death 

process could potentially be imaged. DW-MRI is sensitive to a loss in tumor cellularity and 

proton MRS can measure lipid droplets formed during programmed cell death. Besides, 

changes in cell membrane or activation of apoptosis-related enzymes can also be imaged by 

targeted CAs. Major modifications of apoptotic cells include: (1) activation of cysteine 

protease enzymes (caspases) to cleave specific intracellular proteins; (2) degradation of DNA 

molecules into 50- to 300-kb-sized pieces by activated endonucleases; (3) PS expression on 

the external leaflet of the cell membrane, (4) decrease in cell size due to loss of intracellular 

water. Pieces of cells undergoing apoptosis are packaged in small vesicles that are derived 

from the cell membrane. These pieces of cells are called “apoptosomes.” Unlike in necrosis, 

apoptotic cells are removed without release of cytosolic content and without induction of 

inflammation. Some of the following techniques try to selectively image apoptosis. As the 

Fig. 16: In vivo 31P MRS of tumor 

xenografts before and after anti-cancer 

treatment (Chung 2008). Metabolites: 

PME: polymonoester, Pi: inorganic 

phosphate, PDE: phosphodiester, PCr: 

phosphocreatine, NTP: nucleotide 

triphosphate. 
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hallmarks of apoptosis are often not really specific for apoptosis, except for DNA laddering, 

detection of cell death in general is more probable. Since every type of cell death is beneficial 

to anti-cancer treatment response, it does not matter very much by which kind of cell death 

tumor cells actually die. 

 

1. Diffusion-weighted MRI 

 

Randomly moving water molecules (Brownian motion) encounter different obstacles within 

an organism (cell membranes, proteins, macromolecules, fibres…) that vary depending on the 

type of tissue or pathological modifications of tissues. It can be considered, approximately, 

that mainly extracellular water is explored in diffusion imaging, thus diffusion gives indirect 

information about the structure surrounding these water molecules. Tumor treatments that 

damage or kill cells increase the fractional volume of interstitial space.  

In DW-MRI, two symmetrical gradients are added to the MR sequence. The first 

gradient induces a phase shift of the water protons and the second rephases them. The water 

protons will only be completely rephased if they have stayed at the same initial location, in 

which case signal intensity will be maximal. Any molecular movement during the period of 

time elapsing between the application of the two gradients will lead to signal attenuation. 

Water mobility will thus be displayed as signal loss. The degree of diffusion-weighting is 

expressed by the b-value (in s/mm²), a parameter that depends on strength, duration and 

separation of the two additional gradients. A b-value of 0s/mm² represents no 

diffusion-weighting and a b-factor of 1000s/mm² indicates high diffusion-weighting. As DWI 

is based on T2-weighted sequences, the contrast on DW images has a diffusion component but 

also a T2 component, which has to be considered for interpretation of the results. This means 

that a hypersignal on DW images can signify restricted diffusion but also a lesion that appears 

as hypersignal on T2-weighted images (T2-shine-through). With two diffusion images 

acquired at different b-values, the apparent diffusion coefficient (ADC, expressed in mm²/s) 

can be calculated to quantitatively evaluate mobility of water molecules. The ADC does not 

depend on T2 any more and it can be represented as an ADC map. The relation between 

b-value and signal intensity on DWI is: S(b) / S(0) = e -b.ADC , where S(b) is the signal 

intensity in DW images of a given b-value and S(0) the initial signal intensity on images 

without diffusion-weighting (b-value of 0s/mm²). ADC can be calculated based on this 

equation. A hyposignal on DW images is displayed as hypersignal on ADC maps, 

corresponding to an increase in diffusion (Fig. 17). 
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For the moment, clinical DWI is essentially used for cerebral applications (stroke, 

multiple sclerosis, traumas…). However, new applications other than those in neuropathology 

emerge in the field of oncology. Loss of membrane integrity and increased cell death caused 

by cytotoxic treatments increase the diffusion of water molecules and therefore also increase 

the ADC value.  

Apoptosis and necrosis have the same effect on ADC, as they both have a decreased 

intracellular volume either through shrinkage in the case of apoptosis or through membrane 

disruption in necrosis. ADC is an attractive marker of response because it is independent of 

the magnetic field, scanner and operator and does not require injection of external contrast 

probes, allowing longitudinal follow-up studies (Fig. 18). The difficulty is to detect 

microscopic water movements while physiological macroscopic motions, such as respiration, 

occur (Bammer 2003).  

 

 

 

 

 

 

 

 

Fig. 18: ADC maps of tumor before 
and after docetaxel treatment at day 0, 
2, and 4 displaying increased ADC 
values after therapy (Jennings 2002). 

Fig. 17: Diffusion imaging of cerebral 

edema presenting increased diffusion 

(arrow). a: diffusion-weighted image 

with b=0s/mm², b: b=500s/mm², 

c=1000s/mm², d: ADCmap (Hoa 2007). 
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The first preclinical detection of tumor response by DW-MRI was shown in chemotherapy-

treated brain tumors (Ross 1994). The work of Zhao and co-workers also showed an increased 

ADC prior to tumor shrinkage in a mouse RIF-1 tumor model after cyclophosphamide 

treatment (Zhao 1996). Chenevert et al. estimated that an ADC increase of 60% corresponds 

to 10% of remaining tumor cells after treatment (Chenevert 1997). Because of strong 

preclinical findings, DW-MRI monitoring of therapy has been investigated in clinical settings 

(Table 9).  

 

Table 9: Summary of some human studies wherein treatment outcome was assessed by 

changes in ADC. 

Author Tumor type Treatment N Follow-up Result 
Dzik-Jurasz 

2002 
Rectal cancer CT-RT 14 

Before and after 
CT/RT 

↑ in ADC in 
responders 

Hein 2003 Rectal cancer CR 9 
During 

chemoradiation 
↓ in ADC due to 

edema and fibrosis 

Kamel 2003 HCC CE 8 27-42 days ↑ in ADC correlated 
with necrosis 

Kremser 2003 Rectal cancer CR 8 1 week ↑ in ADC in 
responders 

Mardor 2003 Brain cancer RT 8 1 week ↑ in ADC in 
responders 

DeVries 2004 Rectal cancer CR 34 Pretherapy 
ADC predictive for 

outcome 

Mardor 2004 Brain cancer RT 12 Pretherapy 
ADC predictive for 

outcome 
Theilmann 

2004 
Breast (hepatic 

metastases) 
CT 13 4 days 

↑ in ADC correlated 
to ↓ in tumor size 

Hamstra. 
2005 

Glioma RT or CT 34 3-10 weeks ↑ in ADC predictive 
of overall survival 

Moffat. 2005 
Primary brain 

tumors 
CT or RT 20 3 weeks ↑ in ADC predictive 

of response 
Chen 2006 HCC CE 20 2-3 days ↑ in ADC after CE 

Pickles 2006 Beast cancer CT 10 
After cycle  

1 and 2 
↑ in ADC before ↓ in 

tumor size 

Tomura 2006 Brain cancer RT 19 2-4 weeks 
↑ in ADC correlated 

to ↓ in tumor size 

Uhl 2006 Osteosarcoma CT 8 After CT 
↑ in ADC correlated 
to ↓ in tumor volume 

Lee 2007 
Prostate (bone 

metastases) 
HT 1 2 and 8 weeks 

↑ in ADC correlated 
to ↓ in tumor size 

Yankeelov 
2007 

Breast tumor CT 11 
3-6 weeks after 
the last cycle ↑ in ADC after CT 

Lambrecht 
2010 

Rectal cancer CR 22 Pretherapy 
ADC predictive for 

outcome 
ADC: apparent diffusion coefficient, CE: chemoembolization, CR: chemoradiation, CT: chemotherapy, HCC: 

hepatocellular carcinoma, HT: hormonotherapy, RT: radiotherapy. 
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Chinnaiyan et al. observed higher water diffusion in breast cancer treated with a 

combination of radiotherapy and TRAIL (tumor necrosis factor–related apoptosis-inducing 

ligand) (Chinnaiyan 2000). The taxol response in brain tumor patients was also monitored by 

DW-MRI, and increases in ADC value were correlated with treatment-induced necrosis 

(Mardor 2001). The same group also monitored the effects of irradiation on early malignant 

brain lesions and all responding patients showed increases in ADC (Mardor 2003). However, 

another study monitoring response of primary rectal carcinoma to chemoradiation showed a 

decrease of ADC (Hein 2003). The investigators concluded that treatment-related fibrosis 

should be responsible for this decrease. These results were consistent with other studies 

monitoring chemoradiation response of rectal cancer (Dzik-Jurasz 2002, Kremser 2003). In 

treated glioblastoma multiforme, reduced interstitial edema has also been postulated as an 

explanation for reduced ADC (Batchelor 2007). In general, interpretation of changes in water 

ADC has shown to be hampered by a reduction in tumor size (Hakumäki 2002). Although 

decreases and increases in ADC can have multiple interpretations, DWI might be a useful 

technique in targeted therapeutics.  

Determining diffusion coefficients of intracellular metabolites can also be attractive 

because their extracellular concentration is insignificant. Choline-containing species, for 

instance, are strictly cytoplasmic (Kent 1990). When cells are dying, one could expect that 

choline is trickling out to the interstitium, which leads to an increased diffusion of 

choline-containing metabolites. Contrary to expectations, choline diffusivity has shown to be 

restricted within apoptotic cells because of reduced intracellular volume and an intact cell 

membrane (Hakumäki 1998). 

 

2. Targeting phosphatidylserine (PS) 

 

a) PS exposure  

 

PS is one of the four major phospholipids that make up the cell membrane; the other three are 

PtdE, PtdC, and sphingomyelin (SM). PS usually constitutes less than 10% of the total 

phospholipid content in the membrane. PS plays a role in blood coagulation, phagocytosis of 

red blood cells and activation of protein kinase C (Zachowski 1993). The removal of 

apoptotic cells by macrophages involves the formation of apoptotic bodies and the exposure 

of specific molecules on the surface of the apoptotic cell. Among these molecules, the 

exposure of the anionic phospholipid PS is the best characterized (Fadok 1992). The lipid 
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composition of plasma membranes is asymmetric in healthy mammalian cells. An ATP-

dependent aminophospholipid translocase, called flippase, ensures that PS and PtdE remain 

on the inner leaflet of the plasma membrane (Seigneuret 1984). Floppase, also an ATP-

dependent enzyme, pumps the cationic phospholipids (PtdC and SM) to the cell surface to 

maintain the asymmetry between inner and outer leaflets (Tait 1994). Cells undergoing 

apoptosis lose this polarization, resulting in the redistribution of PS from the inner to the outer 

leaflet of the cell membrane. However, inhibition of flippase and floppase alone cannot cause 

phospholipid scrambling (Bratton 1997). The simultaneous activation of scramblase, a 

hypothetical protein, is responsible for the facilitated transport and the symmetrical repartition 

of phospholipids between the two leaflets of the cell membrane (Bevers 1999, Zhou 1997) 

(Fig. 19). The enzymatic activity of scramblase is believed to depend on an increase in 

intracellular Ca2+ concentration (Bevers 1999, Gleiss 2002, Martin 1995). However, some 

studies suggest that increased cytosolic calcium is well needed, but not enough to stimulate 

scrambling (Wurth and Zweifach 2002).  

 

 

 

 

 

 

 

 

 

 

 

 

Although PS has widely been known as “eat-me” signal of apoptotic cells that have to 

be cleared by phagocytes (Fadok 1992), Böse et al. demonstrated that PS-receptor-deficient 

macrophages were well able to engulf apoptotic cells (Böse 2004). Nevertheless, the exposure 

of PS remains one of the hallmarks of apoptosis. During apoptosis, PS scrambling occurs 

immediately after activation of the caspase cascade, but before DNA fragmentation takes 

place. Even if PS exposure is not the earliest event in the apoptotic process, it is an easily 

accessible target, since PS is situated on the outer membrane surface and the probe does not 

need to enter the cell. The PS molecule can be detected in necrosis too because of cell 

Fig. 19: Schematic illustration of enzymes involved in the phospholipid scrambling process (Zwaal 1997). 
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membrane rupture. It has even been documented in necrotic cells before membrane 

disintegration (Cocco 2001). This same feature was also demonstrated in other forms of cell 

death, including mitotic catastrophe, autophagy, and cell senescence (Corsten 2006, Verheij 

2008). The ability to recognize all forms of cell death is an advantage in treatment 

monitoring. Transient PS exposure can also be observed in non apoptotic cells, including 

platelets, lymphocytes, granulocytes, mast cells, during myotube formation or after B cell 

receptor activation without any ensuing cell clearance (Dillon 2001, van den Eijnde 2001). 

Vascular smooth muscle cells (VSMC) have been observed to express PS in tumor vessels 

while alive (Ran 2002). This is further evidence that PS exposure alone is not sufficient to 

promote engulfment. PS can reversibly be expressed under conditions of cell stress, which 

does not necessarily mean that cells will die, but PS rather defines tissues at risk for cell death 

(Hammill 1999, Lejeune 1998, Martin 2000, Yang 2002).  

 

b) The natural ligand annexin V 

 

Annexin V (AnxV), a 36-kDa endogenous human protein, is known to bind PS exposed on 

apoptotic cell surfaces with a very high affinity (Kd = 6×10–9M). For this reason, this 

molecule has been widely used for imaging of apoptosis. Owing to its PS-binding, AnxV 

plays a role in the inhibition of blood coagulation, of protein kinase C and of phospholipase 

A2 (Boersma 2005). Exogenously administered AnxV, normally found inside cells, is 

suggested to bind to PS and enter the cell by an energy-dependent internalization (Kenis 

2004). The extent to which AnxV binds to a membrane depends on the free AnxV 

concentration, membrane PS content, and Ca2+ concentration (Tait 1992).  

The first apoptosis detection assay was designed in vitro by fluorescence-labeled 

AnxV, allowing identification of apoptotic cells with fluorescence microscopy or flow 

cytometry (Koopman 1994). The first imaging studies of therapy-induced tumor apoptosis 

were carried out with human recombinant AnxV radiolabeled with 99mTc (Blankenberg 1998). 

Another group investigated the kinetics of 99mTc-AnxV uptake and observed two peaks of 

AnxV uptake in tumors after doxorubicin treatment: an early increase in AnxV between 1 and 

5 hours and a second peak lasting from 9 to 24 hours (Mandl 2004). After 48 hours AnxV 

uptake became insignificant. This emphasizes the importance of early AnxV imaging before 

clearance of PS-expressing cells by macrophages occurs. Preparation of the radiolabeled 

material is quite complex, therefore hydrazino nicotinamide (HYNIC) was selected as 

alternative vectorizing approach (Fig. 20) (Kemerink 2003).  
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Fig. 20: 99mTc-HYNIC-AnxV scintigraphic images of lymphoma-bearing mice before (A) 

 and after irradiation (B). The white arrows indicate the implanted tumor (Guo 2009). 

 

Multiple clinical trials have confirmed the clinical utility of 99mTc-HYNIC-AnxV in 

determining the efficacy of chemotherapy in oncology patients. The first clinical 99mTc-AnxV 

study was carried out before and within 3 days after chemotherapy (Belhocine 2002). After 

therapy, increased uptake of radiolabeled AnxV was detected and results were correlated with 

tumor response evaluation by CT and 18F-FDG-PET 3 months later, suggesting that 
99mTc-AnxV may be an early marker for tumor response. Another observation was that the 

presence of 99mTc-AnxV uptake in the lesions shortly before chemotherapy also correlated 

with tumor response. These data suggested that the lesions with high spontaneous levels of 

apoptosis have a higher probability of responding to therapy. Another explanation could be 

the targeting of PS, which is expressed by VSMC of the tumor vasculature, since highly 

perfused tumors show a better response to chemotherapy (van de Wiele 2003). Other clinical 

studies in patients with head and neck cancer (van de Wiele 2003), lymphoma (Haas 2004) 

and breast cancer (Rottey 2006) also demonstrated the feasibility of evaluating tumor 

treatment response by 99mTc-labeled AnxV (Table 10). However, tumor to background ratio 

and biodistribution profile were not optimal with 99mTc-AnxV, therefore investigation into 

better suited radiolabels continues. Tait et al. investigated the structural requirements of AnxV 

and developed mutant forms of AnxV with endogenous chelating sites for the 99mTc-labeling 

(Tait 2005). PET imaging is more sensitive and has a better spatial resolution than SPECT, 

therefore researchers designed 18F-labeled AnxV probes (Grierson 2004, Lorberboym 2006, 

Murakami 2004). AnxV clearance from blood is slow, requiring imaging studies at 4 to 6 

hours after administration of the radiotracer, which is not compatible with the short half-life 

of radionuclides used in PET. Nevertheless, 18F-AnxV was able to successfully highlight 

apoptotic regions by PET in cycloheximidine-induced hepatitic apoptosis and myocardial 
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ischemia (Murakami 2004, Yagle 2005). Further optimization and standardization of the 

labeling procedure of 18F-AnxV are necessary however. Other investigators labeled AnxV 

with another PET-isotope, 124I, and measured its accumulation in the liver of anti-Fas treated 

mice, but this radionuclide was rapidly abandoned because of high radiation doses, a 

cumbersome labeling method and enzymatic deiodination (Keen 2005).  64Cu-labeled 

streptavidin PET imaging after pretargeting of PS with biotinylated AnxV has also been 

attempted (Cauchon 2007). In a similar approach, near-infrared probes and magnetic CAs 

were conjugated to AnxV to target apoptotic cells in vitro and in vivo (Hiller 2006, Petrovsky 

2003, Schellenberger 2002, van Tilborg 2009). In several studies bimodal probes such as 

AnxV-CLIO-Cy5.5 or AnxV-conjugated parmagnetic quantum dots were used for combined 

MR and fluorescence imaging of apoptosis (Schellenberger 2004, Sosnovik 2005, Sosnovik 

2009, van Tilborg 2006). So far, AnxV is the most extensively used means of measuring 

apoptosis in vitro and in vivo, and it has been coupled to several contrast agents (magnetic, 

radiolabeled or fluorescent probes) to image apoptosis in vivo. 

 

Table 10: Summary of AnxV studies performed in patients in order to evaluate the therapeutic 

impact on tumors. 

Author Tumor type Treatment N Follow-up 

Belhocine 2002 
SCLC and NSCLC, metastatic 

breast cancer, lymphoma, 
hodgkins 

CT 15 After first cycle of CT 

Belhocine 2003 
Lung cancer, breast cancer and 

lymphoma 
CT 15 1-2 days after CT 

Haas 2004 Follicular lymphoma RT 11 24-48h after RT 

Kartachova 2004 
Malignant lymphoma, leukaemia, 

NSCLC, H&NSCC 
RT , CT, 

CR 
33 

Before and early after 
the start of treatment 

Rottey 2006 

Breast cancer, melanoma, 
H&NSCC, bladder cancer, liver 
metastases, esophageal cancer, 

SCLC, colon cancer… 

CT 19 
5-7h and 40-44h after 

treatment 

Kartachova 2007 NSCLC CT 16 
Before and within 48 

hours after CT 
Kartachova 2008 Lymphoma, NSCLC, H&NSCC CT 38 2 days after treatment 

Hoebers 2008 H&NSCC CR 13 48h after CR 
CE: chemoembolization., CR: chemoradiation, CT: chemotherapy, H&NSCC : head and neck squamous cell 

carcinoma, NSCLC: non small cell lung cancer, RT: radiotherapy, SCLC: small cell lung cancer. 
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c) Recognition of PS by the C2A domain of synaptotagmin I 

 

Proteins such as protein kinase C, a regulator of signaling pathways, and synaptotagmin I, 

implicated in membrane fusion and proposed as regulator in neurotransmitter release, 

specifically interact with the PS molecule in the presence of calcium (Davletov1993). The 

C2A domain in protein kinase C and in synaptotagmin I was revealed as the sequence 

responsible for PS-binding. Like AnxV, the 14 kDa C2A domain binds in a Ca2+-dependent 

manner and with nanomolar affinity to PS, but displays a 10-fold weaker PS binding capacity 

than AnxV (Zhao 2006). This C2A domain was at first conjugated with SPIOs to specifically 

bind to apoptotic tumor cells in vitro and in vivo, and to permit detection of treatment 

efficiency by reducing signal intensities on T2-weighted MR images (Zhao 2001). The same 

group also used avidin-labeled Gd chelates complexed to biotinylated C2A domains to detect 

cell death by MRI. The advantage of this latter marker is the small size of the imaging 

complex (110 kDa, ca. 5 nm) and positive contrast enhancement in T1-weighted images (Jung 

2004, Neves 2007). The same C2A domain was also labeled with 99mTc to image apoptosis by 

SPECT in acute myocardial infarction and in paclitaxel-treated NSCLC xenografts (Fang 

2007, Wang 2008, Zhao 2006).  

 

d) Cationic contrast agents targeting negatively charged cell membranes 

 

The anionic nature of the PS molecules is largely attributed to its negatively-charged 

CO2 and PO4 groups (Kimura 2006). Therefore Bose et al. used non selective cationic 

liposomes composed of a cationic surfactant and a fluorescent dye, thereby suggesting an 

electrostatic interaction between the positively charged head group of cationic liposomes and 

the translocated anionic phospholipid PS (Bose 2004). The liposome diameter varied from 

400 nm to 2.5 mm. The major limitation of this method is the fact that liposomes are widely 

known to passively accumulate in tumors, which are characterized by excessively leaky 

microvasculature. Over-expression of VEGF in tumors results in both increased vascular 

permeability and chaotic tumor vessel architecture. In combination, these effects cause 

enhanced permeation and retention (EPR) (Yaghini 2009), resulting in high local liposome 

concentrations, regardless of the fact if tumor cells are undergoing apoptosis or not (Fig. 21). 

Based on these findings, the development of cationic liposomes has contributed to novel 

formulations for encapsulation of cytotoxic drugs such as paclitaxel, etoposide and cisplatine 

to obtain superior therapeutic efficacy (Thurston 1998). 
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More recently, Zn(II) di-2-picolylamine (DPA) coordination complexes have shown to 

target anionic PS-enriched membrane surfaces, which could be useful for the detection of 

apoptosis (Hanshaw 2005, Quinti 2006). Multiple zinc complexes are able to bind to one 

single PS molecule, thereby increasing the generated signal. Hanshaw et al. monitored 

apoptosis in treated murine lung carcinoma by using Zn2+-DPA coordination compounds with 

fluorescein or biotin groups as reporter elements, or conjugated directly to quantum dots.  

 

e) PS-binding peptides discovered by phage display screening 

 

Peptides discovered by the phage display technique represent an alternative solution for 

imaging of apoptosis. Phage display is an extremely promising technology because it enables 

to select peptides interacting with any given target. (Laumonier 2006). This technique is 

based on a phage library, where different foreign DNA inserts are incorporated into the DNA 

of different phages and therefore each phage displays different peptides on its surface. The 

expressed peptide is fused to coat proteins of phages, resulting in several copies of the 

displayed peptide per phage (Fig. 21). 

 

 

 

Fig. 21: Illustration of the 
enhanced permeation and 
retention effect in tumor tissues 
that are characterized by leaky 
endothelium (Malam 2009). 
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Selection of the specific peptide is carried out by “panning” the phage library against 

purified receptors, intact cells, or organs. The advantages of small peptides over bigger 

antibodies are better stability, lower immunogenicity, lower cost and facilitated tissue 

penetration (Ladner 2004). Thus, the discovery of a peptide with PS avidity could be useful, 

and may result in the development of a diagnostic means for non-invasive imaging of 

apoptosis.  

Laumonier and colleagues found a PS-binding phage through ex vivo biopanning of a 

hexapeptide phage library in perfused apoptotic mouse livers. The phage clone that exhibited 

the best PS-binding capacity carried the TLVSSL peptide, called E3. In our thesis, we will use 

this PS-targeted hexapeptide (Kd for PS: 4x10-7M) as targeting moiety of PEGylated USPIOs. 

Another study also identified a PS-binding peptide by panning a 15-mer phage library (Nakai 

2005).  In most reported sequences, the basic amino acids arginine and lysine appeared to be 

critical for interaction with PS, and ionic interaction was suggested. PS3-10 also possesses 

two basic amino acids (lysine and arginine), suggesting that its binding to negatively charged 

PS may be mediated through ionic interaction (Shao 2007). However, since the scrambled 

peptide, containing two Arg and two Lys units, presented significantly lower binding to PS 

than the PS3-10 peptide, it is likely that ionic interaction is not the only factor determining 

binding activity. Results of other studies using neutral peptides support the notion that the 

presence of charge is not an absolute requirement for selective binding of peptides to PS 

(Laumonier 2006, Thapa 2008). Thapa and co-workers were the first group evaluating 

treatment efficiency in tumor-bearing mice with a fluorescein-labeled peptide, which had 

previously been discovered by phage screening on PS-coated plates. The same group also 

assessed a 131I-labeled 9-mer peptide in a murine stroke model by autoradiography (Hong 

2008). 

Fig. 21: Illustration of an M13 
bacteriophage expressing the 
fusion protein after insertion of 
the foreign DNA into the gene 
coding for the coat protein pIII 
(Yoo 2006). 
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3. Other methods used for assessment of cell death 

 

a) Targeting phosphatidylethanolamine 

 

Concurrently to PS exposure in apoptotic cells, PtdE also flips from the inner to the outer 

leaflet of the membrane by virtue of the same mechanism. PtdE is thought to play a regulatory 

role in membrane structure remodeling during apoptotic blebbing. PtdE exposed on dividing 

Chinese hamster ovary cells during telophase was specifically recognized by cinnamycin 

(Ro09-0198), an antibiotic acting against Gram-positive bacteria (Emoto 1996). Cinnamycin 

also enabled binding to apoptotic cells via formation of a tight equimolar complex with PtdE 

and recognition could be specifically inhibited by PtdE-containing liposomes (Emoto 1997). 

Closely related to cinnamycin is duramycin, another 19-amino-acid antibiotic, that was also 

able to target PtdE-containing liposomes (Iwamoto 2007). Both antibiotics require the 

hydrophilic headgroup and the hydrophobic tail of PtdE for specific recognition and their 

binding seems to be dependent on membrane curvature (Iwamoto 2007). 99mTc-labeled 

duramycin was recently shown to selectively bind to PtdE in vivo, as demonstrated in a rat 

model of acute myocardial infarction (Zhao 2008). Like PS-binding compounds, duramycin 

recognizes an overall degree of cellular injury, rather than an exact mode of cell death.  

 

b) Visualization of caspase-3 activation  

 

Other new tracers of apoptosis focus on the development of molecules binding to caspase-3, 

as the initiation of the caspase cascade occurs prior to the exposure of PS. The caspases, 

responsible for the regulation and execution of apoptosis, exist as inactive pro-caspases in the 

cytosol and become activated when cells receive an apoptotic signal. Activated caspases are 

responsible for the proteolytic cleavage of proteins necessary for cellular function. Caspases 

can serve as potential targets inside the apoptotic cell. The hurdle of this method is the 

entrance of the caspase activity reporter into the cell. Currently, a couple of caspase-substrates 

based on luminescent, fluorescent or radioactive probes are investigated (Bauer 2005, Bullok 

2005, Hickson 2010, Laxman 2002, Lee 2007). These agents most commonly include a small 

membrane permeate, a Tat-based permeation peptide, fused to the caspase-cleavable peptide 

sequence Asp-Glu-Val-Asp (DEVD) (Bullok 2005, Coppola 2008). Perhaps the biggest 

challenge for these probes is to develop peptide sequences that are specific for caspases, 
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because the DEVD sequence is also efficiently recognized by several other cysteine proteases, 

including the cathepsins and legumain (Kato 2005).  

Apoptosis has also been detected in vivo by optical imaging using luminescent 

reporter systems. In one approach, luciferase activity was abolished by its fusion to two 

estrogen-regulated domains, which were linked to the enzyme by a DEVD cleavage site 

(Laxman 2002, Lee 2007). Other preclinical methods for in vivo monitoring of apoptosis used 

a split luciferase model and its utility was shown in a glioma model responding to various 

chemotherapy and radiotherapy regimens (Coppola 2008). In this system, two domains of 

luciferase are fused to strongly interacting peptides that are linked by a DEVD sequence. 

Cleavage of the linker will permit the interacting peptides to associate, allowing reconstitution 

of luciferase activity. Hickson et al. showed the effect of docetaxel on two oncology models 

by using a bioluminescence marker, which was this time a modified firefly luciferase 

substrate (Z-DEVD-aminoluciferin) instead of a split luciferase protein (Hickson 2010). After 

cleavage by caspase-3, the aminoluciferin can be consumed by luciferase. Similarly, a 

multimodal imaging reporter was also recently described to be composed of fluorescent, 

bioluminescent, and PET reporters, all separated by DEVD linkers (Ray 2008). 

Bioluminescent contrast agents can potentially serve as preclinical tool for drug development, 

but they cannot be used in clinical studies because this method requires reporter transfection.  

Besides substrates, several small inhibitors have been used to label caspase activity. 

These include agents such as membrane-permeant fluorochrome-labeled inhibitors of 

caspases (FLICA), the 125I-labeled irreversible caspase inhibitor M808, and WC-II-89, a non 

peptidic inhibitor based on isatin sulfonamide analogs (Bedner 2000, Lee 2008, Methot 2004, 

Smolewski 2001, Zhou 2006). Apoptosis induced in the thymi of mice, as well as in mouse 

tumors, was detected by FLICA probes that covalently bind to the active center of caspases, 

but these irreversible caspase inhibitors also recognize cathepsins and legumain (Edgington 

2009). All these fluorescent strategies need yet to be entirely validated for longitudinal in vivo 

imaging of apoptosis, because tissue absorption of the emitted fluorescence will lead to 

detection problems. Though, small inhibitors of caspase-3 were also labeled with PET tracers, 

such as 11C or 18F, for potential imaging of apoptosis in vivo (Chen 2009). WC-II-89, an isatin 

analogue, has been labeled with 18F for PET imaging of cycloheximidine-induced apoptosis in 

livers (Zhou 2006). Although this molecule has to pass the cell membrane to recognize 

activated caspases, a huge advantage is its non peptidic nature and its favorable 

biodistribution (Haberkorn 2001). Further pre-clinical research is necessary to show the 

potential of 18F-WC-II-89 as a PET radiotracer for imaging apoptosis in patients. 
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c) The ApoSense family 

 

 A family of small amphipathic molecules discriminating between vital and apoptotic cells 

has been developed (Reshef 2010). These non peptidic fluorescent molecules selectively 

target and accumulate within apoptotic and/or necrotic cells and are suitable for attachment of 

different reporters allowing imaging of cell death. It should be further investigated to which 

target ApoSense molecules bind and how they cross the cell membrane in early apoptosis. 

Hydrophobic moieties seem to provide a membrane anchor, while charged moieties prevents 

the crossing of the hydrophobic cell membrane in viable cells. Authors suggested that 

membrane crossing in apoptotic cells is associated with the scrambling process of the 

membrane phospholipids. Intracellular accumulation of ApoSense molecules may produce a 

stronger signal compared to AnxV, which only binds peripherally. 

First results showed that ApoSense is able to recognize apoptosis in different animal 

models, independent of cell type or trigger. One member of the ApoSense family, NST-732, 

was developed with a fluorophore for fluorescence detection and a fluorine atom, which can 

potentially be replaced by an 18F-isotope for PET imaging. NST-732 recognition of dying 

cells was evaluated in several rodent models of apoptosis: irradiated lymphoma, renal 

ischemia/reperfusion and cerebral stroke (Aloya 2006), as well as in diagnosis of 

neurodegenerative disorders such as Alzheimer's disease or amyotrophic lateral sclerosis 

(Shirvan 2009). Another non peptide compound with inherent fluorescent properties, didansyl 

cystine (DDC), allowed evaluation of cell death in various preclinical models of disease, such 

as acute renal failure (Damianovich 2006), cerebral stroke (Reshef 2007), brain injury (Reshef 

2008a), chemotherapy-induced enteropathy (Levin 2009) and also in a murine melanoma 

model treated with chemotherapy (Cohen 2007). The same group also designed the even 

smaller ML-9 (butyl-2-methyl-malonic acid), based on the alkyl-malonate motif of the amino 

acid γ-carboxyglutamic acid (Gla) that has previously be shown to mediate binding of clotting 

factors to anionic phospholipids (Sahu 2007). Ex vivo assessment of 3H-ML-9 distribution 

and uptake following chemotherapy was tumor-specific. The radiolabeled analog of γ-

carboxyglutamic acid (18F-ML-10) was specifically designed for clinical imaging of apoptosis 

by PET. After observation of selective uptake in the region of cerebral ischemia in mice 

(Reshef 2008b), 18F-ML-10 has now entered phase II in clinical trials to detect brain 

metastasis response to treatment. However, its applicability as regards detection of cell death 

in other diseases is difficult to estimate, as information about its mode of action is still 

limited. 
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d) Necrosis-avid contrast agents 

 

In most cases, in vivo imaging of necrosis has taken advantage of the loss of cell membrane 

integrity, which allows access to intracellular macromolecules. For years, porphyrin 

derivatives have been used for photodynamic therapy, based on tumor accumulation and 

photosensitizing properties of the agents (Gomer 1989, Kessel 1984, Neslon 1990). In 

consequence of their tumor-localizing properties, metalloporphyrins were developed for 

tumor detection by MRI (Nelson 1991, Organ 1987, Saini 1995, Van Zijl 1990). Ni and 

co-workers found out that the reported specific contrast enhancement could only be attributed 

to non viable (typically necrotic) instead of viable tumor cells, an observation just opposite to 

the assumption raised earlier (Ni 1995). As the dark porphyrin-based pigments are responsible 

for the adverse reactions caused by these necrosis-avid contrast agents (NACAs), less-colored 

derivates were developed, as the porphyrin structure does not seem to be required for tumor 

targeting. A few promising compounds such as the light yellowish ECIII-60 (bis-Gd-DTPA-

pamoic acid) and the colorless ECIV-7 (bis-Gd-DTPA-bisindole) have been synthesized by 

the same group (Ni 2002). In most studies NACAs were used for identifying acute myocardial 

infarction by discriminating between viable and non viable myocardium. The targeting 

mechanisms of NACAs still remain to be elucidated. Most probably, NACAs interact with 

tissue debris after disintegration of the cell membrane (Ni 2005).  

Among the numerous other molecules that firmly bind to nonviable tissues, or more 

specifically to necrotic tissues, are the synthetic dye Evans Blue used for intravital staining 

(Hamer 2002), the botanical extract hypericin, and glucarate, the natural endogenous 

end-metabolite catabolized from uridine-diphosphate-glucose. It was shown that 
99mTc-glucarate selectively recognizes necrotic cells in the infarcted myocardium, because it 

binds to positively charged histones after disintegration of the nucleus (Okada 2004, Orlandi 

1991). Hypericin is a polyaromatic quinine that can be isolated from St. John’s wort 

(Hypericum perforatum). Hypericin was labeled with 123I to detect necrotic cells in reperfused 

hepatic infarctions in rats (Estorch 1990) and also in acute myocardial infarction in rabbits 

(Fonge 2008). Markers of necrosis are mainly used in models of acute myocardial infarction 

because infarction induces necrosis rather than apoptosis due to intensive energy exhaustion. 

However, all these necrosis-detecting contrast probes could also potentially be used as 

imaging agents of tumor necrosis. 
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The aim of this thesis is to validate new non invasive biomarkers of therapeutic response. In  

recent advances, various targeted magnetic probes were shown to be useful for imaging of 

tumor response to treatment. However, as specificity and sensitivity of these biomarkers are 

often insufficient, new targeted contrast agents are still greatly needed.  

This work is actually a collaboration between our group and the NMR and Molecular 

Imaging Laboratory at the University of Mons (Professor R. N. Muller), where the new 

targeted contrast agents were synthesized and characterized. Our specific role was to assess 

the value of these agents in vitro and in animal models. 

In a first study, we evaluated a new molecular biomarker of inflammation in order to 

become familiar with the techniques needed for the assessment of targeted magnetic 

nanoparticles. More specifically, USPIO particles, used as negative contrast agents in MRI, 

were linked to a sLex mimetic in order to selectively recognize E-selectin, an adhesion 

molecule implicated in the early inflammatory process. 

The main emphasis though, was the early detection of tumor response, and thus the 

prediction of the likely outcome of anti-cancer treatments, with particular focus on cell death. 

It is now well established that cytotoxic anti-cancer therapies induce apoptosis, or cell death 

in general, and that disruption of apoptotic programs can reduce treatment sensitivity. In our 

studies, we attempted to investigate whether or not we were able to detect cell death in treated 

tumors, which accounts for the tumor response. A hallmark of apoptosis is the exposure of 

phosphatidylserine on the outer leaflet of the plasma membrane bilayer. This event can be 

detected by MRI when using appropriately targeted magnetic agents that bind to this 

externalized phospholipid. In the course of this thesis, we followed the accumulation of 

phosphatidylserine-targeted and control USPIO particles in treated and untreated tumors by 

using a combination of electron paramagnetic resonance (EPR) and MRI and results were 

correlated with apoptotic fractions in tumors. We were also interested in the value of the 

biomarker in tumor models that have a totally different response to various anti-cancer 

treatments. First we evaluated the value of this biomarker in different tumor models 

presenting different sensitivities to radiotherapy, and then in tumors treated with different 

chemotherapeutic agents. Results were correlated with survival curves or with the fraction of 

dead cells after treatment. We also compared this new targeted system with other markers of 

therapeutic response, such as diffusion MRI and choline spectroscopy, in terms of specificity, 

selectivity and local heterogeneities of response. 
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1)  Early in vivo detection of inflammation  
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2)  Magnetic resonance imaging of cell death: a proof of principle  
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3)  Early assessment of tumor response to irradiation: comparison of tumor 

models presenting different sensitivities to radiotherapy  
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ABSTRACT  

 

Purpose: In a previous study, a new molecular marker of apoptosis has been evaluated in 

vivo by MRI. This new contrast probe is based on ultrasmall particles of iron oxide particles 

(USPIO) that were coupled to the phosphatidylserine-targeted peptide E3. In the present 

study, the impact of irradiation on different tumor models, presenting different responses to 

radiotherapy, was assessed by monitoring tumor cell death. 

Materials and methods: Three murine tumor models presenting different degrees of 

radiosensitivity were used: a radioresistant fibrosarcoma (FSaII), a moderately radiosensitive 

hepatocarcinoma (TLT), and a highly radiosensitive lymphoma (EL4). Five animals per group 

were used and tumor cell death was induced by X-ray irradiation (10 Gy). Mice were bearing 

two tumors, one in each leg. One tumor was irradiated while the other tumor was not treated 

and was used as an internal control. The accumulation of the contrast agent in tumors was 

determined on T2-weighted MR images, by histology and by Electron Paramagnetic 

Resonance (EPR) spectroscopy 24 hours after irradiation. 

Results: Radioresistant FSaII tumors accumulated USPIO-E3 to the same extent when 

irradiated or untreated, whereas TLT and EL4 tumors showed a marked increase in USPIO-

E3 uptake after irradiation. These MRI results were confirmed by histology and EPR.  

Conclusions: USPIO-E3 particles were able to distinguish different levels of radiotherapy-

induced response in experimental tumor models. This molecular targeted system could 

constitute a potential biomarker for the early assessment of tumor response to treatment, and 

should be further characterized with a larger panel of cytotoxic treatments. 

 

Key words: MRI, EPR, cell death, molecular imaging, tumor response. 
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INTRODUCTION 

 

The standard procedure in the evaluation of tumor response to treatment is based on 

measurements of tumor size (1). Functional imaging, assessing physiological or molecular 

processes, could assess therapeutic response long before the occurrence of morphological 

changes. To assess treatment efficacy, in addition to morphological imaging, several 

techniques are currently available: dynamic imaging of tumor vascularisation, diffusion-

weighted magnetic resonance imaging (DW-MRI) of tumor cellularity, magnetic resonance 

spectroscopy (MRS) of  molecular components in  tumors, positron emission tomography 

with radiolabeled [18F]-fluoro-deoxy-glucose (FDG-PET) to provide information about the 

glucose metabolism of tissues or apoptosis detecting imaging using radiolabeled annexin A5 

(anxA5) (2-6), caspase-3 seeking tracers (7-9), ApoSense probes (10,11) or 

phosphatidylserine (PS) recognizing peptides and proteins. Among the latter, novel 

approaches include the C2A domain of synaptotagmin I that binds to anionic phospholipids in 

cell membranes (12,13), zinc coordination complexes (14) and cationic liposomes (15).  

In a previous study, peptide-expressing bacteriophages were used to detect 

phosphatidylserine in some treatment-receptive tumor cells. After phage display, the affinity 

and specificity of the hexapeptide E3 (TLVSSL) for the PS molecule was tested and 

competition assays with anxA5 were carried out on PS-coated ELISA plates (16). In our 

previous study, the PS-targeted peptide E3 was conjugated to the surface of PEGylated 

ultrasmall iron oxide particles (USPIO), a magnetic reporter detectable by MRI and also by 

electron paramagnetic resonance (EPR). EPR spectroscopy has already been proposed as a 

method of quantifying the accumulation of iron oxide inside tissues (17). PEGylation of 

USPIO particles improved blood circulation time and therefore potential nanoprobe 

accumulation in the tumor (18, 19). The ability of PEGylated USPIO-E3 to specifically detect 

cell death by EPR and MRI has already been demonstrated in vitro, ex vivo and in vivo. In 

that former study, a set of control experiments was performed to confirm the selectivity of 

recognition; including control groups and non-targeted USPIO particles (20). We also 

previously established that the accumulation of USPIO-E3 in irradiated tumors correlated 

well with an increase in apoptotic cells (20). 

The aim of the present study was to assess the value of USPIO-E3 to detect different 

degrees of responsiveness to radiotherapy. For that purpose, three experimental tumor models 

presenting different degrees of sensitivity to radiotherapy were used to evaluate whether this 

contrast agent was able to distinguish between different levels of cell death. Tumor models 
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include a highly radiosensitive EL4 lymphoma (21), a moderately radiosensitive TLT tumor 

(22), and a radioresistant fibrosarcoma FSaII (23). Two tumors were injected per mouse, one 

in each gastrocnemius muscle to provide a non irradiated control tumor for each mouse. 

Conjugation of FITC, a fluorescent dye, to the USPIO-E3 nanoparticles enabled to achieve 

histological correlation to magnetic resonance imaging.  

 

MATERIALS AND METHODS 

 

Targeted iron oxide nanoparticles 

PEGylated nanoparticles grafted with the E3 peptide (with or without FITC) were synthesized 

as previously described (20). The physicochemical properties of the USPIO-E3 included a 

hydrodynamic size of 24 nm, an r1 of 32.9 mM-1s-1 and r2 of 72.1 mM-1s-1 at 20 MHz 

(37°C), and an r1 of 15.5 mM-1s-1 and r2 of 70.4 mM-1s-1 at 60 MHz (37°C).  

 

Animal tumor models 

Three different murine tumor models were implanted i.m. into both rear leg muscle of 4-

weeks-old male mice (Janvier, France): hepatocarcinoma cells “TLT” (ascites; 24) were 

injected in NMRI mice, fibrosarcoma cells “FSaII” (2.107cells/ml; 25) were injected into C3H 

mice and lymphoma cells “EL4” (2.107cells/ml; ECACC, United Kingdom) in C57/Bl6 mice. 

Minimum five mice were used for each group. The procedure was approved by a local ethics 

review committee according to national animal care regulations. 

 

In vivo magnetic resonance imaging 

All tumor models were used for in vivo MRI experiments (n=5-7). When tumor diameters 

reached the size of 8±0.5mm, tumors were treated by X-ray irradiation (RT-250 device, 

Philips Medical Systems, Hamburg, Germany). Animals were anesthetized by isoflurane 

inhalation (2.5% in air for induction and 2% for maintenance). The tumor of the right rear 

paw was placed in a 3x3 cm lead-shielded irradiation field and tumors were irradiated with 

10Gy (1.2Gy/min). The tumor of the left paw muscle was used as an internal control. The day 

after radiotherapy, mice were again anesthetized with isoflurane and placed in a whole-body 

antenna of a MRI system (Bruker Biospec 4.7T, Ettlingen, Germany). A CuSO4 (100mg/liter) 

phantom, used as reference tube, was placed between the paws of the mouse. The position of 

the mouse was checked by coronal and axial anatomical slices using a T2-weigthed fast spin-

echo sequence (repetition time (TR): 4090.7 ms; echo time (TE): 50.5 ms; matrix:128x128; 
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field of view (FOV): 4x4cm; slice thickness: 2mm; total acquisition time (TA):1 min 2 sec). 

Pre-contrast images were taken by a multi-echo T2-weighted fast spin echo sequence (TR: 

3197.4 ms; TE: 6.69 ms; number of echoes 30; matrix:128x128; FOV: 4x4cm; slice 

thickness: 2mm; bandwidth 50 kHz; average 1; TA: 6 min 49 sec). The multi-echo sequence 

collects several data points at different echo times and T2-weightening increases with the 

echo time (30 TE points from 6.69-200.7ms with a 6.69ms interval). After the pre-contrast 

image the PS-targeted contrast agent USPIO- E3 or USPIO-E3-FITC for ensuing histological 

correlation was injected at a dose of 7.7mgFe/kg through the tail vein of mice via a catheter to 

maintain the animal in the same position. Several post-contrast images were acquired by the 

same multi-echo sequence at 0, 0.5, 1, 2 and 3 hours post contrast. Mean signal intensity was 

measured within hand-drawn regions of interest (ROI), delimitating the tumor region and 

expressed as a percentage of the signal intensity measured in the corresponding pre-contrast 

images (Paravision, Bruker). Relative intensities were calculated using the intensity of the 

phantom tube as reference. Subtraction of images, evaluation of the transversal relaxation 

time T2 and T2 mapping were obtained using a home-developed routine in MATLAB. 

 

Iron oxide determination by X-band EPR 

After MRI experiments, the same tumors were also used for iron oxide measurement by EPR 

spectroscopy. For that purpose, mice were sacrificed immediately after MRI experiments, 

tumors were excised, weighted and frozen at -180°C. After freeze-drying, the tumors were 

crushed into a fine powder and inserted in the cavity of an X-band EPR spectrometer (Bruker, 

EMX®, 9.4 GHz) for sensitive quantification of the iron concentration (n=3-5). Except for 

thin tissue homogenates, freeze-drying is an essential step for in vitro or ex vivo X-band EPR 

because of the dielectric loss observed in large aqueous samples. Iron content per mg of tumor 

was calculated using an established calibration curve, as previously described (24). The EPR 

parameters used were: frequency, 9.4 GHz; microwave power, 5.05 mW; center field, 3150 

G; field width, 5000 G; modulation amplitude, 30.81 G; time constant, 20.48 ms; conversion 

time, 20.48 ms; modulation field, 100 kHz; total acquisition time, 83 s. Measurements were 

performed at room temperature. Iron content ranged from 20 to 50 ng of iron per mg of tissue. 

 

Histology 

After MRI experiment, two mice per tumor model were assigned to histology. Tumors were 

rapidly excised at the end of the in vivo imaging experience, embedded in OCT freeze 

medium (Tissue Tek®, Sakura Finetek, Zoeterwoude, The Netherlands) and frozen at -180°C. 
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Five-micrometer tissue slides were cut, nuclei were stained with 4′,6-diamidino-2-

phenylindole (DAPI) and slides were observed under a fluorescence microscope (Zeiss 

Axioskop) to confirm presence of USPIO-E3-FITC in the tumor sections. 

 

Statistical Analysis 

All results were expressed as mean ± SE. EPR and T2 results were compared by a two-tailed 

student test and MRI signal loss curves by a two-way ANOVA with p<0.05: �, p<0.01: ��; 

and p<0.005: ���. 

 

RESULTS 

 

In vivo magnetic resonance imaging 

Pre- and post-contrast images were compared to evaluate the contrast enhancement in 

untreated tumor and irradiated tumor grown in the same animal. The signal reduction in T2-

weighted imaging and shortening of the T2 value were used to follow and estimate the 

accumulation of USPIO-E3 nanoparticles in the tumor area. After image subtraction (pre-

post), the strongest signal was obtained for the irradiated EL4 tumor which is the most 

radiosensitive tumor (Fig 1A). The analysis of the regions of interest showed that, 3 hours 

after injection of the contrast agent, signal loss in  treated versus untreated mice was 54% 

versus 39% for EL4, and 44% versus 31% for TLT (Fig 1B). In FSaII-bearing mice, the 

signal loss was identical in irradiated and untreated tumors. Multi-echo T2 images of axial 

slices were used for calculation of T2 maps (Fig 2A). Quantitative analysis of the changes in 

T2 relaxation times (∆T2 = T2 before injection − T2 after injection of USPIO-E3) in tumors 

revealed significantly higher shortening of T2 in irradiated TLT and EL4 tumors than in 

control tumors, indicating a higher uptake of targeted nanoparticles (Fig 2B). Again, there 

was no difference in ∆T2 between irradiated and untreated radioresistant FSaII tumors. We 

also observed that the effect of USPIO-E3 on T2-shortening in FSaII tumors was comparable 

to the effect observed in the treated radiosensitive tumors EL4 and TLT (Fig 2B).  

 

Iron oxide determination by X-band EPR 

EPR provides a simple and highly sensitive approach to determine the iron oxide 

concentration inside the tumor (Fig 3). Differences in iron oxide accumulation (untreated 

versus irradiated) were significant only for the two radiosensitive tumor models EL4 and 

TLT, where the iron concentration doubled after irradiation. The differences between 
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irradiated tumors and untreated tumors were not significant for the radioresistant FSaII model. 

Moreover, it could be observed that the % increase in iron oxide content in tumors in 

irradiated tumors compared to untreated tumors was in accordance with their radiosensitivity 

(EL4>TLT>FSaII) (Fig 3).  

 

Histology 

Histology on tumor specimens harvested after MRI studies confirmed the presence of USPIO-

E3-FITC in irradiated tumors (Fig 4). In control tumors, only a few nanoparticles were found 

for EL4 and TLT. There was a large increase in USPIO-E3-FITC after irradiation in these two 

tumor models. In the radioresistant FSaII model, the fluorescent staining was almost the same 

for treated and untreated tumors. Moreover, the fluorescent staining was rather large in 

untreated FSaII tumors. 

 

DISCUSSION 

 

Individualization of treatment in patients will largely benefit from the availability of 

biomarkers that can early assess the response of tumors to cytotoxic treatments. In our 

previous work, we already evaluated the value of iron oxide particles targeted at 

phosphatidylserine, USPIO-E3, to detect treatment-induced apoptosis in vitro and in vivo: 

Increased accumulation of PS-targeted particles in treated TLT cells correlated well with 

FITC-labeled AnxA5 binding in vitro, as shown by flow cytometry, and with apoptotic cell 

fractions quantified on TUNEL-stained histological slices, whereas no increase was found in 

irradiated tumors when using ungrafted control particles or USPIO particles linked to a 

scrambled peptide (20).  

To mimic different clinical situations in this new study, we used 3 different tumor 

models which present different degrees of response after irradiation. To get an unambiguous 

assessment, we used a multi-modal approach: the accumulation in treated and untreated 

tumors was achieved by the measurement of iron oxide by EPR spectroscopy; fluorescent 

particles were visualized by histology; and the effect of the contrast agents was determined by 

T2-weighted MRI sequences. Every mouse was injected with two tumors, whereof one was 

irradiated and the other one served as untreated control tumor within the same animal. In all 

experiments, it was observed that accumulation of USPIO-E3 was increased in irradiated 

tumors, compared to untreated tumors, in the two radiosensitive tumor models TLT and EL4. 

This was in sharp contrast with the results obtained using the radioresistant fibrosarcoma 
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FSaII: the irradiation did not lead to any increase in the accumulation of USPIO-E3 in 

irradiated tumors compared to untreated tumors. Another observation is the rather large 

accumulation of USPIO-E3 in untreated FSaII tumor model. Histology and analysis of MRI 

measurements (signal loss, T2 evaluation and T2 mapping) showed clearly that accumulation 

of particles targeted to cell death is as high in treated and control FSaII tumors as in irradiated 

TLT and EL4 tumors. We first assumed that the initial level of PS-exposure in this type of 

tumor is relatively high even before radiotherapeutic treatment. This result would be 

concordant with some publication, wherein authors found out that treatment-resistant solid 

tumors can paradoxically present high levels of apoptosis (26). On the other hand, other 

groups correlated high apoptotic levels at baseline with positive treatment outcome, as 

demonstrated by tumor regrowth delay (27,28). After browsing the literature, we found two 

publications that reported apoptotic fractions of 0.3% for FSaII and 6% for EL4 in untreated 

control tumors (29,30), meaning that higher spontaneous levels of apoptosis in FSaII can not 

be the correct explanation for the observed results. Possibly, the increased accumulation is 

simply due to the fact that different mouse strains were used in this study, which can lead to 

an inter-strain variability in kinetic profiles, perfusion or permeability. Nevertheless, the 

USPIO-E3 biomarker enabled to point out treatment resistance of the FSaII model, as the 

accumulation of targeted particles did not increase after irradiation, contrary to the 

radiosensitive models TLT and EL4. 

Some minor discrepancies were observed using the different techniques. The relative 

difference between treated and untreated EL4 and TLT tumors was more important with X-

band EPR than with MRI. With EPR, we could observe that the USPIO-E3 accumulation was 

twice as high in irradiated tumors compared to control tumors, whereas for MRI the signal 

loss effect after irradiation was only about 40% higher than for untreated tumors. This is 

probably due to the fact that EPR measurements have no background signal in the conditions 

used (room temperature, EPR signal specific of iron oxide particles).  

A likely limitation in the use of USPIO-E3 is the partly non specific uptake of this 

compound by the tumors. Previously, we tried to improve the pharmacokinetic properties by 

grafting PEG chains to the particle surface, and we reported that the accumulation in liver and 

spleen was less pronounced and that plasma half-time was longer for PEGylated USPIOs 

compared to unPEGylated USPIOs (19). Yet, the accumulation in untreated tumors could be 

due to several factors: accumulation can stem from apoptotic and necrotic cells already 

present in the tumor before any treatment was launched; it could be due to an unspecific 

nanoparticle-uptake by the macrophages present at the tumor site; another possible role is 
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probably played by the so called enhanced perfusion and retention (EPR) effect (31). The 

nanoparticles will be guided in a non specific manner to the tumor site because they can 

extravasate through the leaky endothelium of tumor vessels but not penetrate through vessels 

in normal tissues. This could cause non specific retention of the contrast agent inside the 

tumor region because of slow venous return and low lymphatic drainage.  

Another question is to know if the accumulation of USPIO-E3 in irradiated tumors 

correctly reflects the cytotoxic effect of the irradiation. Besides cell toxicity and induced 

apoptosis, X-ray irradiation may produce changes in tumor blood flow (32,33) and increase 

macrophage presence at the tumor site (34,35). This fact could misleadingly increase the 

accumulation of the targeted contrast agent in irradiated tumors. However, in our previous 

study on TLT tumors (20), we found out that there was a large increase in uptake USPIO-E3 

after irradiation, an effect that was not observed using non-targeted USPIO particles or 

particles grafted with a scrambled peptide. Now, transferring this approach into a clinical tool 

will still face the problem of correlating the accumulation of USPIO-E3 to cell death. In our 

study, we used two tumors in the same animal which gave us a direct comparison of the 

distribution of the contrast agent in control and treated tumors. In practice, there will be the 

difficult task to link a given parameter (i.e. change in T2 after administration of USPIO-E3) 

and the response of the tumor to the treatment. In patients, it could be interesting to have 

longitudinal follow-up of a tumor during the treatment to monitor its response. After injection 

of magnetic reporters such as USPIO-E3, longitudinal follow-up will require several days 

between MRI protocols to allow the clearance of the contrast agent. This specific point will 

require further research to characterize the pharmacokinetic properties of USPIO-E3 in slowly 

growing tumors to determine the wash-out period. Another interesting perspective will be to 

compare the value of USPIO-E3 with other markers of cell death such as DW-MRI. The 

combination of several imaging technologies could also be helpful to evaluate anticancer 

treatment outcome.  
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FIGURE LEGENDS 

 

Figure 1: 

A: Axial slices of T2-weighted MR imaging in tumor-bearing mice before (pre) and 3 hours 

after injection of the PS-targeted contrast agent (3h post). The column “pre-post” shows the 

resulting subtraction images, on which the highest accumulation of USPIO-E3 is represented 

by red-colored areas. The red encircled area indicates the irradiated tumor (right paw), the 

white line delimits the zone of the untreated tumor which served as control (left paw) and a 

reference tube (R) was placed between both rear paws. 

B: MR signal intensity loss was followed in function of time in murine tumors after i.v. 

injection of the phosphatidylserine-targeted contrast agent USPIO-E3. Black squares 

represent the irradiated tumors and white squares the untreated tumors. Three tumor models 

with different radiosensitivities  were used: EL4 (a), TLT (b) and FSaII (c). 

 

Figure 2: 

A: Anatomical MR black and white images of mice overlaid by colored T2 maps of the 

tumors. Images show the treated (right paw, red circle) and untreated (left paw, white circle) 

tumors of the three different tumor models (EL4, TLT, FSaII). 

B: Diminution in transversal relaxation time T2 caused by the presence of the negative 

contrast agent USPIO-E3 3 hours after injection. Black bars represent the irradiated tumors 

and white bars the untreated tumors and delta T2= T2pre-T2post. 

 

Figure 3: 

Measurement of USPIO-E3 accumulation in tumors ex vivo by X-band EPR. Mice bearing 

three different types of tumors (EL4, TLT, FSaII) were intravenously injected with the 

contrast agent targeting cell death. The bars represent the iron oxide accumulation in 

irradiated tumors expressed as percentage relative to the accumulation in untreated control 

tumors. 

 

Figure 4: 

Histologic evaluation of USPIO-E3-FITC accumulation in irradiated (D, E and F) and 

untreated control tumors (A, B and C). Fluorescent staining corresponding to FITC-labeled 

USPIO-E3 accumulation was observed in FSaII (A, D), TLT (B, E) and EL4 (C, F) tumor 

models 3 hours after i.v. injection of the contrast probe. PS-positive nuclei are stained in 

green (magnification: 400x). 
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4) Comparing the new biomarker with other MR modalities used for 

evaluation of anti-cancer treatment outcome, such as proton spectroscopy 

of choline and diffusion-weighted MRI  
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ABSTRACT 

 

The aim of the present study was to determine the value of different Magnetic Resonance 

protocols to assess the early tumor response to chemotherapy. For that purpose, we used a 

murine tumor model (TLT) presenting different degrees of response to three different 

cytotoxic agents. As demonstrated by survival curves, cyclophosphamide (CP) was the most 

efficient drug, followed by 5-fluorouracil (5-FU), whereas the etoposide treatment had almost 

no impact on TLT tumors. Different MR protocols were used at 9.4 Tesla 24 hours post-

treatment: Diffusion-Weighted (DW)-MRI, choline measurement by 1H MRS and contrast-

enhanced MRI using ultrasmall iron oxide nanoparticles (USPIO) targeted at 

phosphatidylserine. The accumulation of the contrast agent in apoptotic tumors was 

monitored by T2-weighted images and quantified by EPR spectroscopy. Necrosis and 

apoptosis were also assessed by histology. Large variations were observed in the 

measurements of choline peak area and could not be directly correlated to tumor response in 

our study. Although the targeted USPIO particles were able to significantly differentiate 

between the efficiency of each cytotoxic agent and correlated the best with the survival 

endpoint, they present the main disadvantage of non specific tumor accumulation which could 

be a source of problems when transferring the method into the clinic. DW-MRI presents a  

better compromise by combining the advantage of allowing longitudinal studies along with a 

high dynamic range, but DW-MRI was not able to show any significant effect for 5-FU. This 

work illustrates the need for multi-modal imaging in assessing tumor response to treatment to 

compensate for individual limitations.  

 

 

Abbreviation list: 5-FU, 5-fluorouracil; ADCw, apparent diffusion coefficient of water; CP, 

cyclophosphamide; CTL, control; DW, diffusion-weighted; EPR, electron paramagnetic 

resonance; ET: etoposide; FLASH, fast low angle shot; H&E, haematoxylin and eosin; PEG, 

polyethylene glycol; PRESS, point-resolved spectroscopy; PS, phosphatidylserine; RARE, 

rapid acquisition with relaxation enhancement; ROI, region of interest; SI, signal intensity; 

TLT, transplantable liver tumor; TUNEL, terminal deoxyribosyl transferase dUDP nick end 

labeling; USPIO, ultrasmall particles of iron oxide. 
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INTRODUCTION 

 

The strategy of anticancer treatments is based on the type of cancer, the location and the grade 

of the tumor, stage of disease, as well as the general condition of the patient (1). For this 

reason the best treatment has to be found for each individual patient. The prediction of tumor 

response to therapy is usually determined from measurements of tumor size evidenced by 

morphological imaging (2). However, tumor shrinkage can take several weeks to manifest. 

Therefore earlier indication of tumor treatment response has become a major area of research. 

One method widely used in clinic relies on the decrease in [18F]-fluorodeoxyglucose uptake in 

treatment-sensitive tumors by positron-emission tomography (3,4).  

Imaging of apoptosis also allows an early evaluation of treatment response in cancer 

patients. During early apoptosis, the phosphatidylserine (PS) exposure on the outer leaflet of 

the cell membrane serves as a recognition signal for phagocytes (5). To assess apoptosis in 

vivo, the use of radiolabeled annexin A5 has been the most popular. Clinical trials using 

radiolabeled annexin A5 have been carried out in cancer patients (6-10). Other compounds 

targeting the early loss of cell membrane asymmetry and exposure of phosphatidylserine on 

the cell surface are peptides isolated by phage display (11-13) and the C2A domain of 

synaptotagmin I (14). Other potential tracers are caspase-3 specific binding molecules 

(18,19), or small amphiphatic molecules of the so-called ApoSense group that accumulate 

inside the cell from where they emit a fluorescent signal (20,21). The PS-targeting 

hexapeptide, E3, has been isolated by phage display on apoptotic murine livers and tested for 

its selectivity and binding capacity to PS (11). This peptide has been coupled to pegylated 

ultrasmall particles of iron oxides (USPIO), since it has previously been demonstrated that 

USPIO pegylation was able to prolong blood circulation time and therefore to increase the 

possibility of achieving its target by a decreased hepatic capture (22). This new MR contrast 

agent (USPIO-E3) was already tested in vitro, ex vivo and in vivo on irradiated transplantable 

liver tumors (23). Results from this previous study showed that due to the targeted 

superparamagnetic particles, distinction between irradiated and control tumors could be made 

by magnetic resonance imaging (MRI) and electron paramagnetic resonance (EPR).  

Other MR methods, such as diffusion-weighted MRI (DW-MRI) and 1H MR 

spectroscopy, have been proposed to assess tumor response to treatments (24). Biophysical 

phenomena such as molecular diffusion can be useful in assessment of cell viability and 

integrity (25). Physical boundaries such as cell membranes and subcellular structures restrict 

diffusion. DW-MRI can evaluate tumor response to radiation and chemotherapy (26-29). 
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Biochemical processes such as metabolism of membrane choline can be monitored by MR 

spectroscopy in tumors in vivo to provide metabolic information on tumor cell proliferation 

and membrane degeneration (30-32). High levels of choline-containing compounds have been 

observed in tumors by in vivo 31P- and 1H MRS (33-35) which can be reversed after 

successful treatment. Choline is being explored as biomarker for tumor diagnosis, staging and 

clinical response monitoring (36,37).  

Because there is a critical need for comparing the respective value of imaging 

biomarkers that may early assess the response of tumors to cytotoxic treatments, our study 

was designed to compare various MR methods applied to one tumor model that presents 

different degrees of response to different chemotherapeutic agents (cyclophosphamide, 5-

fluorouracil and etoposide). In this study, we compared DW-MRI, 1H MRS and the recently 

developed contrast agent USPIO-E3 targeted at phosphatidylserine. 

 

EXPERIMENTAL 

 

Animals 

 

Transplantable liver tumors (TLT) were induced in the gastrocnemius muscle of 5-week-old 

male NMRI mice (Elevage Janvier, France). Mice were divided in 4 groups, one untreated 

control group and three different treatment groups.  When the hind leg diameter reaches a size 

of 8±0.5mm, mice were either treated with cyclophosphamide (CP: 160mg/kg i.p.), with 5-

fluorouracil (5-FU: 100mg/kg i.p.) or with etoposide (ET: 20mg/kg i.p.). All cytotoxic agents 

used in this study were obtained from St. Luc Hospital (Brussels, Belgium). USPIO-E3 

particles were prepared from nanoparticles with carboxylated groups on the surface as 

previously described (38). USPIO particles were functionalized in two successive steps with 

the E3 peptide (TLVSSL, Neomps, Strasbourg, France), and then with an aminoPEG 750 

(Fluka, Bornem, Belgium). Characterization of the contrast probe has previously been 

described (23). For EPR and T2-weighted MRI experiments, the contrast agent was 

intravenously injected (7.7mg Fe/kg) 21 hours after injection of the respective treatment. The 

procedure was approved by a local ethics review committee according to national animal care 

regulations. 
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Survival Curve 

 

At day 0, tumor-bearing mice (n=8-9/group) were intraperitonealy injected with one of the 

chemotherapeutic drugs or remained untreated. The diameter of the hind leg was measured 

every day in order to visualize a potential tumor growth delay occurring after treatment. When 

the rear leg diameter reached a size of 15mm, mice were sacrificed and this day was 

considered as endpoint of the survival curve.   

 

USPIO-E3 quantification by EPR 

 

Iron oxide particles were injected into the tail vein of mice, 21 hours after injection of the 

chemotherapeutic agent. The animals (n=10-11/group) were sacrificed three hours after 

contrast agent injection and tumors were excised and weighted. The excised tumors were 

freeze-dried and crushed into a fine powder. The powder was weighted and then placed into 

the X-band EPR cavity. We calculated the iron oxide content in each tumor by comparison 

with a calibration curve. The instrument settings were: Frequency: 9.4GHz; microwave 

power: 5.05mW; center field: 3150G; field width: 5000G; modulation amplitude: 30.81G; 

time constant: 20.48ms; conversion time: 20.48ms; modulation field: 100kHz; total 

acquisition time: 83s. Measurements were performed at room temperature. 

 

MR 

 

All MR experiments were performed using the same 9.4T small animal Biospec MR system 

(Bruker, Ettlingen, Germany) equipped with a 20cm horizontal bore, a whole body transmitter 

and a surface coil receiver for signal reception. The animals (n=4-5/group) were anesthetized 

by isoflurane inhalation (4% in O2 for initiation and 1-2% in O2 for maintenance; isuflurane 

was provided by St Luc Hospital, Brussels, Belgium) and their hind legs were fixed by clay. 

Animals were lying on a warm water bed to maintain their body temperature at 37°C. A 

temperature probe was inserted in the rectum of mice and a pressure cushion was placed near 

to the chest of animals to monitor respiration. Positioning of the mice was checked using a 

FLASH sequence in the three directions of the space (TR/TE: 3000/200ms). A T2-weighted 

axial turbo RARE sequence (TR/TE: 3500/9.065ms; effective TE: 27.20ms; RARE factor: 7) 

was used to provide anatomical images of the mice.  
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T2-weighted MRI and T2 measurements 

 

A multi-spin-echo-sequence was applied for accurate assessment of signal intensities (SI) and 

T2 relaxation times before and three hours after contrast agent injection  (TR/TE: 2500/10ms; 

number of echoes: 16; echo spacing: 10ms; slices: 7; slice thickness: 1mm; interslice distance: 

1.5mm; in-plane resolution: 0.117mm²/pixel; acquisition time: 8min). Mean SI of the tumors 

was measured within manually-drawn regions of interest (ROI) on images arising from the 7th 

echo (TE: 70ms) of the multi-echo sequence and normalized to the noise using a MatLab 

program (version 7.9). Mean T2 relaxation times for tumors were also calculated from the 

multi-spin-echo datasets using MatLab. T2 values were obtained by an exponential fit of the 

signal amplitudes versus echo time. T2 maps were established on a pixel-by-pixel basis in the 

ROI. 

 

Diffusion-weighted imaging 

 

For DW-MRI, a transverse echo planar imaging sequence was utilized with the following 

acquisition parameters: TR/TE: 3000/27.96ms; duration of diffusion gradients (δ): 7ms; 

separation of diffusion gradients (∆): 14ms; slice number: 7; slice thickness: 1mm; interslice 

distance: 1.5mm; in-plane resolution: 0.234mm²/pixel; acquisition time: 4min12s. DW images 

were acquired using b values of 0, 200, 400, 600, 800 and 1000 s/mm². The b value is equal to 

γ²Gd²δ²(∆-(δ/3)), where Gd is the strength of the diffusion weighting gradient and γ is the 

gyromagnetic ratio for protons. Mean apparent diffusion coefficient (ADCw) and ADCw 

maps were calculated from the DW images. By using a MatLab program, the exponential 

decay of signal as a function of the b-value was measured according to the Stejskal-Tanner 

equation,  

S = S0e
-bADCw, where S0 is the signal intensity achieved without gradient and S is the signal 

intensity with diffusion weighting. 

 

Single voxel 1H MRS 

 

For single voxel spectroscopic data acquisition, voxel localization was performed on the 

corresponding anatomical images obtained by the FLASH and turbo RARE sequences. Proton 

MR spectra were acquired using a PRESS sequence (TR/TE: 2500/15ms). Voxel size of 

2x2x2mm³ and 256 averages were used for MRS studies in all cases, the water-fat-shift was 
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0.52mm and a spectral resolution of 0.98Hz/point was achieved. Spatially localized saturation 

bands were used to suppress signal from surrounding areas (gap to voxel: 0.5mm). Field 

homogeneity was optimized over the selected volume of interest by shimming on the water 

signal for each tumor to a line width of <20 Hz. Automatic shimming and water suppression 

(VAPOR) were used. Acquisition time for spectroscopic studies was about 11 minutes.  

 

MR data analysis 

 

Review of T2-weighted and DW images was performed on an independent workstation using 

the MatLab software to define ROIs. The same program was also used to establish signal 

intensity, T2 and ADCw maps and to calculate signal loss, transversal relaxation time T2 and 

mean ADCw values. Signal intensities, T2 and ADCw values were determined and averaged 

for every slice on which the tumor was seen. MR spectra were also analysed on an 

independent workstation using the Topspin software (version 2.0, Bruker Biospin). For data 

processing, Fourier transformation,  5Hz-linebroadening and phase and baseline correction 

were applied. Peak areas were measured for the choline peak (at 3.21 ppm). Metabolic ratios 

were calculated based on measurements of the unsuppressed water peak area. All results were 

finally expressed as percentage compared to the values obtained for the untreated control mice 

in order to allow an easier comparison between the different MR methods used in this study. 

 

Histology 

 

Tumor-bearing animals were treated with CP, 5-FU, ET or remained untreated and tumors 

were excised 24 hours post-treatment. Tumors (n=3/group) were either fixed in 4% 

paraformaldehyde for standard paraffin sections or embedded in O.C.T. compound for 

cryosectioning. In both cases the samples were cut into 5 µm sections. The paraffin sections 

were stained with H&E and photographed on a Zeiss MIRAX microscope to have a global 

overview of the necrotic regions in the tumors. The frozen slices were probed for apoptosis by 

TUNEL assay using a commercially available in situ cell death detection kit (Roche 

Diagnostics, Vilvoorde, Belgium). Nuclei were also counterstained with 4,6-diamidino-2-

phenylindole (DAPI). Slides were photographed using a Zeiss Axioskop microscope equipped 

for fluorescence. Quantification of necrotic and apoptotic regions, expressed as percentage of 

the whole tumor area, was obtained using Image J. 
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Statistical analysis 

 

All values were expressed as mean ± standard error. A logrank test was used to compare the 

survival curves. For other experiments the statistical differences between groups were 

evaluated by a two-way ANOVA. A P-value less than 5% was considered as significant, the 

following symbols are used in the figures: �P ≤ 0.05, ��P ≤ 0.01, ���P ≤ 0.001. 

 

RESULTS 

 

Survival curve 

 

The chemosensitivity of TLT tumors to the different cytotoxic drugs (cyclophosphamide CP, 

5-fluorouracil 5-FU, etoposide ET) was compared by evaluating survival after treatment. As 

shown in Fig.1, the response was higher when using CP compared to 5-FU, the response to 5-

FU being higher than using ET. The ET curve was almost superimposed to the one obtained 

for the control tumors (CTL), thus the impact of ET treatment on these tumors at the dose 

of  20mg/kg is minimal. Compared to the CTL group, the survival was significantly higher for 

the CP-treated group (p ≤ 0.001), significant for 5-FU-treated group (p ≤ 0.05), and non-

significant for the ET-treated group. 

 

USPIO-E3 quantification by EPR 

 

X-band EPR was used to quantify the accumulation of the targeted iron oxide particles. The 

amount of USPIO-E3 particles in excised TLT tumors was measured three hours after 

injection of the contrast agent and 24 hours after treatment administration (Fig. 2). The signal 

intensity of the iron oxide spectrum acquired in excised tumors was correlated to a calibration 

curve established before (data not shown). The accumulation of the cell death targeted 

USPIOs was significantly higher in CP- and 5-FU-treated tumors (74±7ng/mg and 

64±9ng/mg, respectively) than in ET-treated and CTL tumors (40±5ng/mg and 33±6ng/mg, 

respectively).  
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T2-weighted MRI and T2 measurements 

 

To examine further whether USPIO-E3 might serve as a selective MR contrast agent for cell 

death, mice were imaged 24 hours after injection of the chemotherapeutic drugs. MR images 

were obtained before and three hours after i.v. injection of the USPIO-E3 particles. On all 

post-contrast images, a signal decrease was observed in treated and control tumors (Fig 3A-

B). However, the signal loss was more pronounced after CP- and 5-FU treatment than after 

ET treatment or in control tumors (CTL). Signal loss, normalized to the noise and expressed 

as percentage compared to the signal loss of untreated control tumors, are shown in Fig. 3C. 

Three hours after administration of the PS-targeted contrast probe the signal loss was -11±1% 

for CP-treated animals, -3±2% for 5-FU-treated mice and -1±2% for the ET-treated ones, 

when compared to the untreated tumors. To confirm these results, T2 maps were established 

for each tumor slice and mean T2 values were obtained from tumors before and 3 hours after 

administration of USPIO-E3. When compared to the T2 shortening of control tumors (Fig. 

3D), the T2 shortening in CP-treated tumors was about -11±1%, -5±2% in 5-FU-treated mice 

and 1±2% for the ET-treated mice. The results are consistent with the ones obtained for tumor 

signal loss. 

 

Diffusion-weighted imaging 

 

After the use of an efficient anticancer treatment, tumor cellularity should be reduced and 

should result in an increase of the apparent diffusion coefficient of water (ADCw). As a 

matter of fact, ADCw maps show a higher intensity 24 hours after CP- and 5-FU treatment 

when compared to the inefficient ET treatment or to control tumors (Fig. 4A). When average 

ADCw values of tumors were compared pre- and 24h post-treatment (Fig. 4B), a diminution 

of ADCw was observed for inefficient etoposide treatment and for untreated control tumors, 

whereas the ADCw value remained the same after 5-FU-treatment and even increased after 

CP treatment, representing a loss in tumor cellularity. All ADCw values were also compared 

to the ADC of control tumors. As shown in Fig. 4C, mean ADCw values were the highest in 

CP-treated tumors (37±4%), then followed by the 5-FU-treated mice (18±8%) and the lowest 

value was obtained for ET-treated mice (10±6%).  
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Single Voxel 1H MRS 

 

Figure 5A displays typical 1H MR spectra obtained from tumor-bearing mice before and 24 

hours after CP treatment. It can be observed that the total choline peak is slightly decreased 

for the post-treatment spectrum compared to the pre-treatment spectrum. The choline peak 

areas were normalized to the corresponding unsuppressed water signal and then again 

compared to the control group (Fig. 5B). CP- and 5-FU-treated animals showed a higher 

decrease of the choline peak area after treatment (-19±22% and -18±5% respectively) than 

ET-treated and control mice (-10±14% and 0±4% respectively). But because of the high 

standard error of the data obtained from the CP group, only the 5-FU-treated group was 

significantly different compared to the control group. 

 

Histology 

 

Figure 6 displays representative tumor slices after TUNEL (left column) and H&E (right 

column) staining for quantification of apoptosis and necrosis respectively. TUNEL staining of 

untreated and treated tumors clearly shows more positively stained cells after CP- and 5-FU 

treatment (26±8% and 21±4% respectively) than after ET treatment (10±5%) or than in 

control tumors (0.5±0.4%). For quantification of necrosis, areas occupied by necrotic regions 

were measured on H&E stained slices. None of the three chemotherapeutic drugs was able to 

increase the initial level of necrosis compared to the control tumor where 20±4% of the tumor 

area displayed necrotic features (CP: 20±4%, 5-FU: 21±1% and ET: 23±3%). 

 

DISCUSSION  

 

The activity of different clinically relevant chemotherapeutic drugs (cyclophosphamide, 5-

fluorouracil and etoposide) was evaluated on TLT tumor models using a cell-death targeted 

MR contrast agent, DW-MRI and single voxel 1H MR spectroscopy of choline. Survival 

curves were first established to evaluate the impact of the treatment. Etoposide treatment had 

almost no effect on these tumors, and mice died at the same rate than untreated tumor-bearing 

mice. 5-fluorouracil treatment induced a short delay in tumor growth and cyclophosphamide 

was the most efficient treatment (two mice out of nine were even cured). Overall, this offered 

a panel of tumor responses to evaluate the efficacy of MR methods to early assess the 

response to a treatment. 
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 USPIO-E3 particles induce considerable signal loss on T2-weighted MR images 

due to strong magnetic susceptibility effects. We also used EPR spectrometry as a highly 

sensitive method to quantify the iron oxide content in the tumor without any interference from 

background (39,40). The iron content in tumors was correlated with signal loss and T2 

shortening measured on T2-weighted MR images pre and post contrast. For both techniques, 

we observed statistically significant differences between the most successfully treated groups 

(CP and 5-FU) and the control group or the group treated inefficiently by etoposide. However, 

there was also a rather large iron oxide accumulation in untreated control tumors resulting in a 

large decrease in signal intensity. Overall, although significant, the difference in loss of signal 

intensity between responsive and unresponsive tumors was relatively small. In our previous 

study (23), we found out that USPIO-E3 particles presented a much higher affinity for dying 

cells (treated in vitro by staurosporine or in vivo by irradiation) than USPIOs grafted with a 

scrambled peptide or ungrafted USPIOs. Yet, the accumulation of USPIO-E3 in untreated or 

in unresponsive tumors is likely due to a non selective uptake by macrophages involved in 

tumor-related inflammation and to a rather large basal necrosis present in tumors before 

starting any treatment. The level of necrosis was indeed about 20% in untreated TLT tumors 

as shown by H&E histological staining. Since cell membrane integrity is lost during necrosis, 

the PS molecule becomes accessible and USPIO-E3 will potentially target necrotic cells. In 

practice, the basal uptake by untreated tumors may lead to uncertainty in determining areas 

with poor local response in tumors. Another possible explanation for non specific USPIO 

accumulation in tumors is the enhanced permeation and retention (EPR effect). Nanoparticles 

are known to passively diffuse and accumulate at sites with excessively leaky vasculature, 

such as in tumors, regardless of the fact that tumors are undergoing apoptosis or not. A 

parameter that will require further investigation in future work is the time needed to observe 

the washout of the USIO-E3 from the tumor in order to determine the frequency of injection 

of the contrast agent for chronic monitoring of cell death.  

DW-MRI is completely non invasive and relies on intrinsic contrast mechanisms 

rather than the injection of a contrast agent. This characteristic allows a daily monitoring of 

tumor response to treatment. DW-MRI has been used in the past and has been proven to be a 

good predictive value for therapy outcome in patients (41). In our tumor model, CP induced a 

substantial increase in ADCw 24 hours after treatment, reflecting an increase in extracellular 

water fraction, while the changes in ADCw were not significantly different after 5-FU 

treatment and ADCw even decreased in ET- and untreated tumors. The increase in ADCw 

could be the result of changes in cell membrane permeability, cell shrinkage, cell death or 
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vasogenic edema. It is difficult to separate shrinkage and necrosis from apoptosis (42). In our 

study, the increase in ADCw is likely correlated to the induction of apoptosis as the level of 

necrosis remained unchanged after treatment.  

In vivo MRS can be used to measure the metabolite content of tumors in living 

animals or patients, repeatedly and non-invasively. Elevation of the choline peak is thought to 

represent membrane phospholipid synthesis and therefore reflects cellular proliferation and 

cell density occurring during progression of cancer. In necrotic tumors, release of 

glycerophosphocholine due to cell membrane degradation contributes to increased total 

choline (tCho) concentrations. The usefulness of choline 1H MRS in evaluating response to 

treatment has been reported for different tumor types in patients (41,43,44). In the present 

investigation, mean choline to water ratios were higher for control tumors than for treated 

tumors, although this difference was not significant. When analyzing each mouse 

individually, we did not find a systematic decrease in the choline peak after efficient 

treatment. The standard deviation for choline levels was quite large, especially in treated 

tumors. In our study, the amount of choline-related compounds was assessed with the ratio 

method by using the unsuppressed water peak as internal standard. However, this method has 

its limitations because the tumor water content is highly variable. An additional critical factor 

is the timing used in the present study. We cannot exclude that a longer follow-up after 

treatment could possibly show a more distinct decrease in choline peak areas after therapy. 

Seierstad et al. (45) reported similar results 24 hours after irradiation of HT29 xenografts and 

explained the increase of choline metabolites by a break-down of cell membrane constituting 

lipids. Another explanation found in literature was the fact that during necrosis almost all 

metabolites, including choline, increase (46). Finally, another limitation of 1H single voxel 

MRS is the lack of spatial resolution of this method applied over a quite heterogeneous tissue. 

Multi voxel imaging would be a better method for future evaluation in order to take into 

account the heterogeneity of the tumor. Finally, even though choline was identified as a 

surrogate marker for some classic cytotoxic therapies and for drugs with specific molecular 

targets such as HIF-1alpha, choline kinase, or PI3K (47), unexpected opposite effects on tCho 

were observed following inhibition of HSP90 or HDAC, which are two broad-spectrum 

inhibitors. tCho changes may therefore not necessarily mirror the changes associated with the 

downstream signalling pathways of specific inhibitors (47). This illustrates the complexity of 

interpretation of the choline peak as a marker of response to treatment that is not likely to be 

‘universal’ for all therapies. 
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When comparing the change in parameters of CP-treated mice relative to the controls, 

the so-called dynamic range, there was a difference of 37% for DW-MRI, 19% for choline 

spectroscopy and 11% for T2-weighted MRI. Even though the dynamic range was the lowest 

for cell death detection by USPIO-E3 particles, this technique was more reliable than choline 

spectroscopy because differences were significant. Our MRS results study showed rather 

large variations which makes it impossible to be conclusive. In our study, ADCw was thereby 

found to be the most sensitive and reliable early marker of tumor response after chemotherapy 

treatment. It may be interesting to combine two or three protocols in one single MR session to 

gain insights into the complex tumor response. Yet no single technique is completely reliable, 

each of these techniques has its own limitations. An interesting perspective could be to 

determine the value of each marker of response at different time points, as the dynamic range 

could vary over the time after starting the cytotoxic treatment.  



 116 

 REFERENCES 

 

[1] De Saint-Hubert M, Prinsen K, Mortelmans L, Verbruggen A, and Mottaghy FM. 

Molecular imaging of cell death. Methods 2009; 48 : 178-87. 

[2] Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, Kaplan RS, Rubinstein L, 

Verweij J, Van Glabbeke M, van Oosterom AT, Christian MC, and Gwyther SG. 

New guidelines to evaluate the response to treatment in solid tumors. European 

Organization for Research and Treatment of Cancer, National Cancer Institute of the 

United States, National Cancer Institute of Canada. J Natl Cancer Inst. 2000 ; 92 : 

205-16. 

[3] Chaiken L, Rege S, Hoh C, Choi Y, Jabour B, Juillard G, Hawkins R, and Parker R. 

Positron emission tomography with fluorodeoxyglucose to evaluate tumor response 

and control after radiation therapy. Int J Radiat Oncol Bio. Phys. 1993; 27 : 455-64. 

[4] Berlangieri SU, Brizel DM, Scher RL, Schifter T, Hawk TC, Hamblen S, Coleman 

RE, and Hoffman JM. Pilot study of positron emission tomography in patients with 

advanced head and neck cancer receiving radiotherapy and chemotherapy. Head 

Neck. 1994; 16 : 340-6. 

[5] Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, and Henson PM. 

Exposure of phosphatidylserine on the surface of apoptotic lymphocytes triggers 

specific recognition and removal by macrophages. J Immunol. 1992; 148 : 2207-16. 

[6] Blankenberg F, Mari C, and Strauss HW. Imaging cell death in vivo. Q J Nucl Med. 

2003; 47 : 337-48. 

[7] Haas RL, de Jong D, Valdés Olmos RA, Hoefnagel CA, van den Heuvel I, Zerp SF, 

Bartelink H, and Verheij M. In vivo imaging of radiation-induced apoptosis in 

follicular lymphoma patients. Int J Radiat Oncol Biol Phys. 2004; 59 : 782-7. 

[8] Kartachova M, Haas RL, Olmos RA, Hoebers FJ, van Zandwijk N, and Verheij M. In 

vivo imaging of apoptosis by 99mTc-Annexin V scintigraphy: visual analysis in 

relation to treatment response. Radiother Oncol. 2004; 72 : 333-9. 

[9] Vermeersch H, Loose D, Lahorte C, Mervillie K, Dierckx R, Steinmetz N, 

Vanderheyden JL, Cuvelier C, Slegers G, and Van de Wiele C. 99mTc-HYNIC 

Annexin-V imaging of primary head and neck carcinoma. Nucl Med Commun. 2004; 

25 : 259-63. 

[10] Belhocine T, Steinmetz N, Green A, and Rigo P. In vivo imaging of chemotherapy-

induced apoptosis in human cancers. Ann N Y Acad Sci. 2003; 1010 : 525-9. 



 117 

[11] Laumonier C, Segers J, Laurent S, Michel A, Coppée F, Belayew A, Elst LV, and 

Muller RN. A new peptidic vector for molecular imaging of apoptosis, identified by 

phage display technology. J Biomol Screen. 2006; 11 : 537-45.  

[12] Thapa N, Kim S, So IS, Lee BH, Kwon IC, Choi K, and Kim IS. Discovery of a 

phosphatidylserine-recognizing peptide and its utility in molecular imaging of 

tumour apoptosis. J Cell Mol Med. 2007; 12 : 1649-60.  

[13] Hong HY, Choi JS, Kim YJ, Lee HY, Kwak W, Yoo J, Lee JT, Kwon TH, Kim IS, 

Han HS, and Lee BH. Detection of apoptosis in a rat model of focal cerebral 

ischemia using a homing peptide selected from in vivo phage display. J Control 

Release. 2008; 131 : 167-72. 

[14] Zhao M, Beauregard DA, Loizou L, Davletov B, and Brindle KM. Non-invasive 

detection of apoptosis using magnetic resonance imaging and a targeted contrast 

agent. Nat Med. 2001;  7 : 1241-4. 

[15] Bose S, Tuunainen I, Parry M, Medina OP, Mancini G, and Kinnunen PK. Binding 

of cationic liposomes to apoptotic cells. Anal Biochem. 2004; 331 : 385-94. 

[16] Hanshaw RG, Lakshmi C, Lambert TN, Johnson JR, and Smith BD. Fluorescent 

detection of apoptotic cells by using zinc coordination complexes with a selective 

affinity for membrane surfaces enriched with phosphatidylserine. Chembiochem. 

2005;  6 : 2214-20. 

[17] Quinti L, Weissleder R, and Tung CH. A fluorescent nanosensor for apoptotic cells. 

Nano Lett. 2006; 6 : 488-90. 

[18] Bullok KE, Gammon ST, Violini S, Prantner AM, Villalobos VM, Sharma V, and 

Piwnica-Worms D. Permeation peptide conjugates for in vivo molecular imaging 

applications. Mol Imaging. 2006; 5 : 1-15. 

[19] Zhou D, Chu W, Rothfuss J, Zeng C, Xu J, Jones L, Welch MJ, and Mach RH. 

Synthesis, radiolabeling, and in vivo evaluation of an 18F-labeled isatin analog for 

imaging caspase-3 activation in apoptosis. Bioorg Med Chem Lett. 2006; 16 : 5041-6. 

[20] Cohen A, Ziv I, Aloya T, Levin G, Kidron D, Grimberg H, Reshef A, and Shirvan A. 

Monitoring of chemotherapy-induced cell death in melanoma tumors by N,N'-

Didansyl-L-cystine. Technol Cancer Res Treat. 2007; 6 : 221-34. 

[21] Reshef A, Shirvan A, Waterhouse RN, Grimberg H, Levin G, Cohen A, Ulysse LG, 

Friedman G, Antoni G, and Ziv I. Molecular imaging of neurovascular cell death in 

experimental cerebral stroke by PET.  J Nucl Med. 2008; 49 : 1520-8. 



 118 

[22] Radermacher KA, Beghein N, Boutry S, Laurent S, Vander Elst L, Muller RN, 

Jordan BF, and Gallez B. Using Pegylated Iron Oxide Particles Targeted at E-

selectin. A Multimodal Approach Using MR Imaging and EPR Spectroscopy. Invest 

Radiol. 2009; 44: 398-404. 

[23] Radermacher KA, Boutry S, Laurent S, Vander Elst L, Mahieu I, Bouzin C, Magat J, 

Gregoire V, Feron O, Muller RN, Jordan BF, and Gallez B. Iron Oxide Particles 

Covered with Hexapeptides Targeted at Phosphatidylserine as MR Biomarkers of 

Tumor Cell Death. Contrast Media Mol Imaging. 2010; in press. 

[24] Brindle KM. Detection of apoptosis in tumors using magnetic resonance imaging and 

spectroscopy. Adv Enzyme Regul. 2002; 42 : 101-12. 

[25] Moseley ME, Cohen Y, Mintorovitch J, Chileuitt L, Shimizu H, Kucharczyk J, 

Wendland MF, and Weinstein PR. Early detection of regional cerebral ischemia in 

cats: comparison of diffusion- and T2-weighted MRI and spectroscopy. Magn Reson 

Med. 1990 ; 14 : 330-46. 

[26] Lidar Z, Mardor Y, Jonas T, Pfeffer R, Faibel M, Nass D, Hadani M, and Ram Z. 

Convection-enhanced delivery of paclitaxel for the treatment of recurrent malignant 

glioma: a phase I/II clinical study. J Neurosurg. 2004; 100 : 472-9. 

[27] Charles-Edwards EM and deSouza NM. Diffusion-weighted magnetic resonance 

imaging and its application to cancer. Cancer Imaging. 2006; 13 : 135-43.  

[28] Deng J, Miller FH, Rhee TK, Sato KT, Mulcahy MF, Kulik LM, Salem R, Omary 

RA, and Larson AC. Diffusion-weighted MR imaging for determination of 

hepatocellular carcinoma response to yttrium-90 radioembolization. J Vasc Interv 

Radiol. 2006; 17 : 1195-200. 

[29] Jordan BF, Runquist M, Raghunand N, Baker A, Williams R, Kirkpatrick L, Powis 

G, and Gillies RJ. Dynamic contrast-enhanced and diffusion MRI show rapid and 

dramatic changes in tumor microenvironment in response to inhibition of HIF-1alpha 

using PX-478. Neoplasia. 2005; 7 : 475-85. 

[30] Szwergold BS. NMR spectroscopy of cells. Annu Rev Physiol. 1992; 54 : 775-98.  

[31] Fulham MJ, Bizzi A, Dietz MJ, Shih HH, Raman R, Sobering GS, Frank JA, Dwyer 

AJ, Alger JR, and Di Chiro G. Mapping of brain tumor metabolites with proton MR 

spectroscopic imaging: clinical relevance. Radiology. 1992;  185 : 675-86. 

[32] Usenius JP, Vainio P, Hernesniemi J, and Kauppinen RA. Choline-containing 

compounds in human astrocytomas studied by 1H NMR spectroscopy in vivo and in 

vitro. J Neurochem. 1994; 63 : 1538-43. 



 119 

[33] Negendank WG, Brown TR, Evelhoch JL, Griffiths JR, Liotta LA, Margulis AR, 

Morrisett JD, Ross BD, and Shtern F. Proceedings of a National Cancer Institute 

workshop: MR spectroscopy and tumor cell biology. Radiology. 1992; 185 : 875-83. 

[34] Leach MO, Verrill M, Glaholm J, Smith TA, Collins DJ, Payne GS, Sharp JC, Ronen 

SM, McCready VR, Powles TJ, and Smith IE. Measurements of human breast cancer 

using magnetic resonance spectroscopy: a review of clinical measurements and a 

report of localized 31P measurements of response to treatment. NMR Biomed. 1998;  

11 : 314-40. 

[35] Jordan BF, Black K, Robey IF, Runquist M, Powis G, and Gillies RJ. Metabolite 

changes in HT-29 xenograft tumors following HIF-1alpha inhibition with PX-478 as 

studied by MR spectroscopy in vivo and ex vivo. NMR Biomed. 2005; 18 : 430-9. 

[36] Payne GS and Leach MO. Applications of magnetic resonance spectroscopy in 

radiotherapy treatment planning. Br J Radiol. 2006; 79 : 16-26. 

[37] Shah N, Sattar A, Benanti M, Hollander S, and Cheuck L. Magnetic resonance 

spectroscopy as an imaging tool for cancer: a review of the literature. J Am 

Osteopath Assoc. 2006; 106 : 23-7. 

[38] Port M, Corot C, Raynal I, and Rousseaux O. Novel compositions magnetic particles 

covered with gem-bisphosphonate derivatives. US Patent 2004/0253181 A1. 

[39] Iannone A, Federico M, Tomasi A, Magin RL, Casasco A, Calligaro A,  and Vannini 

V. Detection and quantification in rat tissues of the superparamagnetic magnetite 

resonance contrast agent dextran magnetite as demonstrated by electron spin 

resonance spectroscopy. Invest Radiol. 1992; 27 : 450-5. 

[40] Fujii H, Yoshikawa K, and Berliner LJ. In vivo fate of superparamagnetic iron oxides 

during sepsis. J Magn Reson Imag. 2002; 20 : 271-6. 

[41] Chen CY, Li CW, Kuo YT, Jaw TS, Wu DK, Jao JC, Hsu JS, and Liu GC. Early 

response of hepatocellular carcinoma to transcatheter arterial chemoembolization: 

choline levels and MR diffusion constants-initial experience. Radiology. 2006;  239 : 

448-56. 

[42] Kim YJ, Chang KH, Song IC, Kim HD, Seong SO, Kim YH, and Han MH. Brain 

abscess and necrotic or cystic brain tumor: discrimination with signal intensity on 

diffusion-weighted MR imaging. Am J Roentgenol. 1998; 171 : 1487-90. 

[43] Bizzi A, Movsas B, Tedeschi G, Phillips CL, Okunieff P, Alger JR, and Di Chiro G. 

Response of non-Hodgkin lymphoma to radiation therapy: early and long-term 

assessment with H-1 MR spectroscopic imaging. Radiology. 1995; 194 : 271-6. 



 120 

[44] Schwarz AJ, Maisey NR, Collins DJ, Cunningham D, Huddart R, and Leach MO. 

Early in vivo detection of metabolic response: a pilot study of 1H MR spectroscopy 

in extracranial lymphoma and germ cell tumours. Br J Radiol. 2002; 75 : 959-66. 

[45] Seierstad T, Røe K, Olsen DR. Noninvasive monitoring of radiation-induced 

treatment response using proton magnetic resonance spectroscopy and diffusion-

weighted magnetic resonance imaging in a colorectal tumor model. Radiother Oncol. 

2007; 85 : 187-94.  

[46] Strauss HW, Blankenberg F, Vanderheyden JL, and Tait J. Translational imaging: 

imaging of apoptosis. Handb Exp Pharmacol. 2008; 185 : 259-75. 

[47] Beloueche-Babari M, Chung YL, Al-Saffar NM, Falck-Miniotis M, Leach MO. 

Metabolic assessment of the action of targeted cancer therapeutics using magnetic 

resonance spectroscopy. Br J Cancer. 2010; 102 : 1-7. 

 

 



 121 

FIGURES 

 

 

Figure 1 

 

 

 

 

 

 

 

 

Fig. 1: Survival curve of mice (n=8-9/group) bearing untreated TLT tumors (black line) or 

mice bearing tumors either treated with cyclophosphamide (yellow line), 5-fluorouracil (green 

line) or etoposide (blue line). The treatment was started at a tumor size of 8±0.5mm. 

 

 

Figure 2 

 

 

 

 

 

 

 

 

Fig. 2: Iron accumulation (expressed in ng of iron per mg of tumor tissue) in 

hepatocarcinomas (n=10-11/group) as measured ex vivo by X-band EPR. EPR spectra of the 

different tumors were recorded 24 hours after i.p. injection of the chemotherapeutic treatment 

and 3 hours after i.v. injection of the contrast agent USPIO-E3. Yellow bars represent animals 

injected with cyclophosphamide, green bars tumors treated with 5-fluorouracil and blue bars 

etoposide treatment. Untreated tumors served as control (black bars)  
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Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: A: Twenty-four hours after injection of the cytotoxic drug, axial T2-weighted MR 

images of murine tumors (n=4.5/group) obtained before and 3 hours after USPIO-E3 

administration. B: Three hours after USPIO-E3 injection, mean negative contrast 

enhancement values were obtained from regions of interest that encompassed the entire tumor 

region on T2-weighted MR images. Signal loss of the CP (yellow bars), 5-FU (green bars) and 

ET group (blue bars) was expressed as percentage of the pre-contrast signal. C: Signal loss 

expressed as percentage compared to untreated control tumors. D: Shortening of T2 relaxation 

times in treated and control tumors after injection of the contrast material. The graph shows 

mean ∆T2 measurements, with ∆T2= T2 precontrast - T2 3 hours post contrast, expressed as 

percentage of the ∆T2 of control mice. (CP: yellow bars, 5-FU: green bars and ET: blue bars). 
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: A: ADCw maps of tumor-bearing mice before and 24 hours after injection of the 

treatment. Each image represents an axial DW image (b-value=0) of the mouse leg with the 

tumor area transformed as ADCw map. B: Delta of the average tumor ADCw observed pre- 

and 24 hours post-treatment. C: Tumor ADCw value expressed as percentage of the ADCw 

obtained for of untreated control tumors. (CP: yellow bars, 5-FU: green bars and ET: blue 

bars). 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: A: Typical in vivo 1H MR spectra as obtained from murine TLT tumor before (blue 

spectrum) and 24 hours after cyclophosphamide treatment (pink spectrum). Besides the total 

choline peak situated at 3.21 ppm, other peaks displayed on the spectrum were the lipid peaks 

(0.91 and 1.30 ppm), the creatine peak (3.01 ppm), and the taurine peak (3.41ppm). The 

presence of creatine and taurine suggests that, at least in part, intact muscle tissue was also 

present in these spectra. B: Evolution of the choline peak before and 24 hours after tumor 

treatment. The choline peak area was expressed as choline to water ratio and expressed as 

percentage of the ratio obtained for control mice. (CP: yellow bars, 5-FU: green bars and ET: 

blue bars).  
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Representative histological stainings performed on tumor slices. Fluorescent TUNEL 

stained section from untreated mouse (A) and from tumors 24 hours after etoposide (B), 5-

fluorouracil (C) and cyclophosphamide (D) treatment. TUNEL-positive nuclei are stained in 

red and the nuclear counterstain DAPI in blue (magnification: 50x). H&E stained section 

from untreated mouse (E) and from mice 24 hours after from tumors 24 hours after etoposide 

(F), 5-fluorouracil (G) and cyclophosphamide (H) treatment. Only tumor regions were used 

for quantification of necrosis, the surrounding muscle tissue was not taken into account. 

Figures I and J represent magnificated areas (yellow squares) from CP-treated tumors after 

TUNEL and H&E staining respectively. Black arrows on figure J indicate necrotic regions of 

the tumor. 
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Imaging of inflammation 

 

The thesis includes the development of new non invasive molecular biomarkers. Although the 

title of the thesis is the non invasive individual evaluation of tumor response to anti-cancer 

treatments, biomarkers of inflammation were studied at first in order to familiarize with the 

approach of molecular imaging and to become acquainted with the techniques used 

throughout the whole study.  

Targeting of E-selectin, a protein expressed on endothelial cells during inflammation, 

has been realized using a mimetic molecule of its natural ligand sLex, which has been grafted 

onto PEGylated USPIO particles. This biomarker has previously been tested in an in vitro 

model of HUVECs, over-expressing inflammatory adhesion molecules after stimulation by 

TNFα (Boutry 2006). To assess UPSIO binding to E-selectin in vivo, T2-weighted MRI was 

combined to highly sensitive EPR quantification. USPIOs are used as negative CAs in MRI 

and they can also be detected by EPR due to their unpaired electrons. The EPR method is 

much more sensitive than MRI and we were therefore able to quantify the iron content in 

tumors by EPR after establishment of a calibration curve. The spectral height is directly 

proportional to the amount of USPIOs, without any confounding noise. Using these agents we 

can combine both complementary techniques in order to assess the amount and the 

localization (mapping) of USPIOs. This association is innovative and to our knowledge only 

one study has reported in vivo detection of iron oxide particles by L-band EPR, but without 

any correlation to MRI (Fujii 2002).  

We first assessed biodistribution of USPIOs in vivo. To this end, grafted and ungrafted 

PEGylated particles were intravenously administered to mice and USPIO concentration was 

measured ex vivo in tissue homogenates (liver and spleen) and in blood samples by highly 

sensitive X-band EPR (detection limit: 1-2 ng of iron). As already extensively described, the 

major part of the injected particles accumulated in the liver and spleen, despite PEGylation. 

About 70% of the injected particles accumulated in these two organs of the RES. We also 

assessed the kinetics of several commercial or previously commercialized preparations and 

we concluded that particle size plays an important role in plasma circulation time. One hour 

after intravenous injection only 1% of the initially injected dose of ferumoxides (80-150 nm) 

and 3% of ferumcarbotran (60 nm) remained in the blood, whereas for the ultrasmall 

ferumoxtran-10 particles (20-40 nm) 5% were measured. As we wanted to increase the 

chances of attaining the targeted region, particles of small size were chosen. Particles of small 

size have increased blood circulation time by decreasing macrophagic capture. Moreover, the 
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particles were PEGylated to further decrease particle opsonisation in the blood by steric 

repulsion. After grafting PEG chains onto the particles, the iron oxide concentration measured 

in the blood one hour after intravenous injection was four times higher than for unpegylated 

ferumoxtran-10 particles. Even though our PEGylated particles have a similar size compared 

to ferumoxtran-10, about 17% of the dose initially injected was measured in the blood one 

hour after injection. 24 hours after injection of the contrast probe, particles were completely 

cleared from blood. 

Localized inflammation in murine muscles was induced by injection of Freund’s 

complete adjuvant, a substance used to enhance immune response to vaccines. The timing we 

chose after induction of inflammation was 24 hours because the up-regulation of E-selectin 

lasts from 4 to 30 hours after induction of inflammation (Leeuwenberg 1992). By combining 

EPR and MRI, we demonstrated that E-selectin-targeted USPIOs accumulated two times 

more in inflamed muscles than ungrafted control particles, whereas healthy muscle only took 

up very few particles. We observed a non specific accumulation of control USPIOs in 

inflamed muscles. This has numerous explanations such as increased vasodilatation and 

permeability occurring during inflammation, as well as non specific uptake by macrophages 

present at the inflammation site. Although we provided histological proof that inflammation 

was induced in the muscle, histological confirmation of E-selectin expression in the inflamed 

region is missing. It would be very useful to have a better understanding of the distribution 

and the timing of E-selectin expression. A co-localization of both, E-selectin and USPIO 

accumulation could be interesting to perform in future experiments. 

 

Tumor cell death 

 

The main part of the work was dedicated to magnetic probes recognizing 

phosphatidylserine by EPR and MRI. PS is exposed on tumor cells during treatment-induced 

apoptosis. As detected by phage display, the E3 hexapeptide (TLVSSL) used in this study is 

able to target the PS molecule with high affinity (Laumonier 2006). A library of 

bacteriophages, carrying several copies of aleatory hexapeptides on their surface, was exposed 

to apoptotic and healthy livers. After selection of the peptide with the highest affinity for the 

PS target, competition studies with AnxV were carried out on PS-coated ELISA plates. This 

peptide in question was grafted to our USPIO particles. Contrastophores were prepared from 

nanoparticles carrying carboxylate groups on their surface (Port 2004), on which the targeted 

peptide and aminoPEG chains were covalently bound. As control we used ungrafted USPIOs 
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and particles coupled to a scrambled peptide containing the same amino acids but arranged in 

a different order.  

Flow cytometry analysis showed that 90% of staurosporine-treated TLT tumor cells 

bound to FITC-labeled AnxV, whereas the nuclear stain propidium iodide was excluded from 

cells. This experiment demonstrated that PS exposure is higher on apoptotic cells than on 

untreated control cells. At the beginning of our study, healthy and apoptotic TLT tumor cells 

were incubated for 2 hours with the three different types of USPIOs. Measurements by  

X-band EPR showed that USPIO-E3 accumulation in apoptotic cells was higher than in 

healthy cells and also higher compared to the accumulation of control particles. We cannot 

affirm with certitude if increased concentrations of USPIO-E3 were due to specific membrane 

binding or to internalization, since it has been reported in the literature that cancer cells are 

able to endocytose SPIOs in a non specific manner (Heyn 2006). Furthermore, most of the 

endogenous ligands of PS, such as AnxV, were shown to be internalized after targeting PS on 

the cellular surface (Kenis 2004). In control cells, it is difficult to dissociate cellular uptake 

from specific binding, but as USPIO-E3 accumulation in apoptotic cells was higher, we 

assume that at least this increased fraction is due to specific PS-binding. To determine USPIO 

localization more precisely, electron microscopy should be carried out. 

 Thereafter, we took a step forward and 3 hours after injection we measured the 

particle accumulation in irradiated TLT tumors by EPR and MRI. Results were compared to 

the measurements obtained in untreated tumors. 24 hours after radiotherapy, USPIO-E3 

showed higher accumulation in irradiated tumors than ungrafted and scrambled particles. 

Even when the USPIO-E3 concentration was twice as high in irradiated tumors as in control 

tumors, there was a non specific accumulation of USPIO-E3 and control USPIOs in untreated 

tumors. This fact presents the major limitation of the use of USPIO-E3. Zhao et al. reported 

that both the PS-targeted C2A-SPIO and the correspondent control SPIOs produced a decrease 

by 10-15% on T2-weighted MR images, but for C2A-SPIO the decrease was more persistent 

in relatively well defined areas of the tumor (Zhao 2001). This example shows that other 

investigators encountered the same problems of non specific accumulation of iron oxide 

particles in tumors. 

Timing is a critical factor in this whole approach. Apoptosis occurs rapidly and 

apoptotic cells are removed quickly by phagocytosis. The time between trigger exposure and 

commitment to apoptosis depends heavily on cell type, trigger type, and environmental 

conditions. Little is known on exact time frames for anti-tumor therapy imaging. In apoptosis, 
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PS exposure is first localized (after 12-14 hours) and later generalized (~24 hours) (Shi 2007). 

Therefore, we chose a timing of 24 hours after tumor irradiation to visualize PS exposure. 

The accumulation of USPIO-E3 in tumors was correlated to histological slices stained 

by TUNEL or H&E to quantify apoptosis and necrosis respectively. Apoptotic fraction in 

tumors increased from 1 to 10% after X-ray irradiation, whereas the level of necrotic cells 

was 23% at baseline and did not change after treatment. According to the literature, only a 

minor proportion of cells immediately die by apoptosis after irradiation, most of them are still 

able to undergo one or more mitosis. In the meantime DNA is allowed to be repaired and it 

will be seen later on if the cell survives or fails to repair the damages. If the cell is not able to 

complete mitosis, mitotic catastrophe will be initiated, which eventually leads to late cell 

death (van der Kogel 2009). 

No feature seems to be unique to apoptotic cell death, except maybe for DNA 

laddering. For this reason, any method claiming to exclusively image apoptosis should be 

interpreted with caution (van der Kogel 2009). The same is true for PS; which is actually 

exposed in almost all forms of cell death. Since every kind of cell death will contribute to 

tumor destruction, it does not matter which type of cell death exactly occurs. Anyway, the 

different cell death pathways cannot necessarily be imaged separately, as they often cross 

over into each other.  

After these first promising results, the same biomarker was tested for its ability to 

discern different responses to treatment. For this purpose different tumor types with different 

responses to radiotherapy were used in order to see if different levels of radiation-induced cell 

death are detectable. Therefore, radiosensitive EL4 lymphoma and TLT hepatocarcinoma 

models, and a highly resistant FsaII fibrosarcoma were implanted intramuscularly into both 

mouse legs.  The right tumor-bearing leg was irradiated, whereas the left remained untreated 

to provide a control for each animal. After irradiation, accumulation of targeted USPIOs was 

followed by T2-weighted MRI. The signal difference between pre- and post-contrast images 

induced by USPIO-E3 was the highest for the irradiated lymphoma that is also the most 

radiosensitive. MR results were in agreement with data obtained by EPR and histology. The 

latter was obtained due to FITC-labeled USPIO-E3 particles. We observed that, although no 

difference in USPIO-E3 accumulation was seen between irradiated and control FSaII tumors, 

the basal level of USPIO-E3 accumulated inside the tumor was very high. First we assumed 

that, despite their radioresistance, the spontaneous level of apoptosis is higher for these 

tumors than for EL4 and TLT tumors. Meyn et al. reported that occurrence of apoptosis in 

untreated tumors can vary widely. In their study, spontaneous levels of apoptosis ranged from 
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0 to 9.5%, depending on tumor type (Meyn 1997). Other investigators already reported a 

relation between high apoptotic index and tumor malignancy (Boersma 2005). 

Contradictorily, other groups correlated high apoptotic levels in tumors at baseline with 

positive treatment outcome, as visualized by tumor regrowth delay (Meyn 1993, Milross 

1996). Moreover, we found a study in the literature, where only 0.3% of FSaII cells were 

stained positive for apoptosis at baseline (Schimming 1999) compared to 6% of EL4 

lymphoma cells (Saito 1999). Therefore, high spontaneous levels of apoptosis in FSaII cannot 

be the correct explanation for increased USPIO-E3 accumulation pre-treatment. Maybe 

differences result from the use of different tumor models or different mouse strains, meaning 

that differences in control tumors could also be caused by differences in the pharmacokinetic 

profile, in tumor perfusion or in permeability. To exclude this factor, experiments with 

untargeted control particles should have been carried out. But the important finding of this 

study was that USPIO-E3 uptake increased after irradiation of radiosensitive TLT and EL4 

models and that this increase was not due to treatment-related increase of permeability and 

vasodilation, as excluded in the previous study using control particles. We wondered if the 

lack of apoptosis induction in the radioresistant FSaII model was linked to mutated p53. The 

tumor suppressor gene p53, frequently mutated in treatment-resistant cancers, controls the 

genome integrity and the cell cycle and treatment-induced apoptosis may activate the p53 

pathway. However, in the literature it was suggested that the radiosensitive lymphoma EL4, 

as well as the resistant fibrosarcoma FSaII, have wild-type p53 proteins (Schimming 1999, 

Truksa 2003,). 

The next step of the work was to test the efficacy of different chemotherapies. 

Survival curves were established to have a first idea of the impact of the different agents on 

TLT tumors. They showed that cyclophosphamide was the most efficient drug, followed by  

5-fluorouracil, whereas the etoposide curve was almost similar to the one of the control 

tumors, at least at the doses used in this study. As assessed by EPR and by a 9.4T MR system, 

the accumulation of PS-targeted particles in chemotherapeutically treated tumors followed the 

same order as the survival curves, which means that the most efficient treatments have caused 

the highest USPIO-E3 accumulation inside the treated tumors. Here as well, a high non 

specific accumulation of USPIOs in control tumors was observed. It should be emphasized 

that EPR and MRI could already predict tumor behaviour 24 hours after the start of the 

therapy, which is much earlier than if we waited for the outcome of  survival curves, which 

took about one month in our study. In parallel experiments, our cell death recognizing 

contrast probe was compared to other well-known MR techniques of tumor response 
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evaluation: diffusion-weighted MRI and proton spectroscopy of choline. Diffusion imaging, 

reflecting cellularity, provides a functional diffusion map, in which each image pixel 

represents the spatially localized ADC. The present study confirmed: the more efficient a 

therapy was, the higher was the diffusion coefficient. According to the literature,  

choline-containing metabolites should decrease in tumors following some conventional 

chemotherapy and most of the recent targeted therapies. For relative measurements, the ratio 

of the choline peak area to the water peak area was calculated. Even if we could see a 

tendency, results of our spectroscopy experiment were too variable to rely on this technique. 

Comparing the different MR modalities, we noticed that DWI provides the highest dynamic 

range, meaning the biggest change induced in tumors after cytotoxic treatment.  

According to our histological quantification, the apoptotic fraction in TLT tumors 

increased from 0.5 to 26% 24 hours after injection of the most efficient chemotherapeutic 

drug, whereas the high initial level of necrosis (20%) did not change after injection of the 

different drugs. These findings evidenced that apoptosis is the major form of cell death 

induced by our chemotherapeutic agents. When the same tumor model was irradiated, 

apoptotic fraction was only about 10%, meaning that cyclophosphamide treatment at the dose 

used in our study had a greater capacity to induce apoptosis in TLT tumors than X-rays at a 

dose of 10Gy. Zhao et al. treated EL4 lymphomas with etoposide/cyclophosphamide, 

apoptosis increased from 4% to 32% and distribution of apoptotic cells was shown to be 

heterogeneous. They saw no evidence of necrosis, so they concluded that apoptosis was the 

predominant mode of cell death (Zhao 2001). In another publication, 20-30% of apoptosis in 

EL4 cells treated by chemotherapy was found too (Krishnan 2008). These results are 

comparable with apoptosis occurring in human tumors after treatment (Symmans 2000). Not 

all chemotherapeutic treatments mostly induce apoptosis. The major form of cell death can 

vary with cell type and cytotoxic drug. For instance, experiments on 15 mouse tumor models 

demonstrated that docetaxel is a potent inducer of cell lysis compared to paclitaxel, which 

mainly causes apoptosis (Schimming 1999). Tumor response to radiation therapy only results 

in modest levels of apoptosis in most tumor cell lines (Brown 2005, Gudkov 2003). On the 

other hand, tumors treated with DNA-damaging therapy such as irradiation undergo cell death 

via mitotic catastrophe (Seluanov 2001).  
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Possible explanations for non specific accumulation of USPIOs in tumors 

 

For irradiated tumors, this phenomenon could be explained by an increase in blood flow and 

vascular permeability (Crokart 2005, Cron 2005) or recruitment of macrophages occurring 

after X-rays. However, as the non specific accumulation also occurs after chemotherapy, in 

radioresistant tumor models, or even in untreated tumors, the non specific accumulation does 

not seem to be related to the treatment but to the tumor itself. Possible reasons could be the 

macrophage presence at tumor sites and, as already discussed earlier, the fact that tumor cells 

can take up iron oxide particles in a non specific manner (Heyn 2006).  

As already mentioned in the introduction, the enhanced permeation and retention 

effect (EPR) is also an important component, since the leaky tumor vasculature allows 

passage of nanoparticles. The increased permeability can also be seen as an advantage since 

particles have easy access to tumors and tend to accumulate there naturally because intact 

endothelium impedes transendothelial passage to other tissues. The disadvantage is a slow 

tumor clearance of unbound particles because of slow venous return and low lymphatic 

drainage. In many preclinical and clinical studies, SPIOs without any targeting moieties have 

shown to passively accumulate in cancerous lesions and have therefore been used to detect 

tumors. The mechanisms of this passive targeting include non targeted cellular uptake, 

enhanced retention in leaky tumor vasculature and accumulation in recruited macrophages 

(Iyer 2006). 

Last but not least, a significant contribution to non specific particle accumulation in 

tumors is probably made by the high basal level of necrosis in untreated tumors, as shown on 

our H&E-stained tumor slices. Since PS becomes accessible in necrotic cells after membrane 

disintegration, PS can be easily targeted by the E3 peptide and as necrosis is always 

accompanied by inflammation, on-site macrophages will inevitably engulf USPIO particles. 

 

Comparison of the different MR methods used in the course of the doctorate 

 

The value of PS-targeted USPIOs was compared to other MR biomarkers of early treatment 

response. We used diffusion imaging, studying the random microscopic motion of water 

protons, and proton spectroscopy, particularly measuring the total choline peak. 

Our new biomarker showed enhanced accumulation in radiosensitive tumor models 

after irradiation and also permitted to point out efficient chemotherapeutic agents 24 hours 

after injection of the treatment. Unfortunately, non specific accumulation of the contrast probe 
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in untreated tumors could impede its potential use in the clinic. We first worked on a 4.7T 

magnet and then switched to a 9.4T system, on which we observed that magnetic 

susceptibility effects highly increased at higher field. Besides an advantageous increase in 

signal loss for the apoptotic tumors, the negative signal enhancement was also increased for 

the non specific accumulation in control tumors. At 4.7T the signal loss in TLT control 

tumors was about 30%, whereas at high field it was even about 75% in untreated tumors.  

DWI allows longitudinal studies by relying completely on intrinsic contrast. 

Measurements of water ADC are independent of the magnetic field, but the application of 

diffusion-weighted MRI relies on strong magnetic field gradients and is therefore sensitive to 

motion artifacts. DWI becomes challenging at the abdominal level because of respiration 

movements (Le Bihan 2004). Because of this sensitivity to macroscopic movements, fast 

imaging techniques (echo-planar imaging) are used, but fast sequences are sensitive to 

susceptibility effects. With slower sequences ECG-triggering will be necessary. DWI 

presented the highest dynamic range in our study. It presents the advantage of allowing a 

longitudinal follow up, but it is an indirect measurement of cell death. What do we really 

measure? The distinction between apoptosis, necrosis, tumor shrinkage, fibrosis, edema, and 

other processes that can occur with therapy may be difficult. A decrease in ADC value does 

not necessarily mean that radiotherapy was unsuccessful; irradiation can cause replacement of 

tumor tissue by fibrotic cells (Stone 2003). Besides apoptosis, explanations for increased 

ADC after tumor irradiation are necrosis or edema (Hein 2003, Seierstad 2007). 

Contradictorily, it has also been reported that low ADC values may be seen in radiation 

necrosis, possibly reflecting early necrosis with abundant polymorphonuclear leukocytes 

(Asao 2005). However, appearance of necrosis and fibrosis is associated with successful 

therapy intervention. Nevertheless, ADC is currently considered as one of the surrogate 

markers of tumor response following anti-cancer therapy in many translational and clinical 

studies (Jain 2010, Koh 2009, Thoeny 2010).  

The prime advantage of MR spectroscopy lies in its ability to probe tumors non 

invasively during longitudinal studies. However, as MRS is not a sensitive technique, it seems 

likely that tests for markers of tumor response will rely on more sensitive methods. To 

increase signal-to-noise ratios, multiple measures have to be acquired, which increases 

acquisition time. One of the problems with spectroscopic sampling of tumors is the presence 

of metabolic heterogeneity, and as single-voxel spectroscopy only analyses a small volume, 

chemical shift imaging is more appropriate for tumor studies. The more a tumor shrinks after 

treatment, the more challenging it is to quantify metabolites, since a reduced tumor area is left 
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for measurements. By introducing higher magnetic fields and parallel imaging, these 

disadvantages could be reduced, but not solved (Barker 2001). In our study, the choline peak 

area did not give us concluding results, but we only tested one single time point (24 hours) 

after chemotherapeutic treatment. Testing several time points after initiation of therapy could 

have offered valuable clues about the evolution of the choline-containing metabolites after 

treatment. We expressed the total choline peak area as ratio to the unsuppressed water peak, 

but this method is not optimal because the water content in background tumor tissues is 

variable. Therapy-resulting edema may change the water content in tumors, which means that 

the unsuppressed water may be inappropriate as reference peak. Moreover, literature about the 

choline peak is quite confusing. Although in most studies a decrease in choline peak after 

treatment was observed, others reported an increase preceding the decrease. The choline level 

will increase when cell membrane-constituting lipids are broken down or damaged 

(Rutkowski 2003). Seierstad et al. suggested that the increase in choline observed 24 hours 

after therapy could result from breakdown of the cell membrane (Seierstad 2007). In their 

study, a decrease in choline/water peak was only demonstrated at 3 and 6 days post-treatment. 

Concerning the behaviour of choline-containing metabolites during necrosis, Strauss et al. 

reported an increase of almost all metabolites, under which choline, as observed by proton 

spectroscopy (Strauss 2008). Since in our study occurrence of necrosis was demonstrated by 

histology (20% of the total tumor area), this fact could counteract a decrease of the total 

choline peak. However, another group observed decreasing choline levels in a CWR22 

xenograft model 24 hours after X-ray irradiation (Dyke 2003). Gillies et al. suggested that 

changes in the total choline peak may depend on the cell cycle arrest, which generally occurs 

after 24 hours or later (Gillies 2005). If this is true, spectra acquisitions within the first 24 

hours, as used in most studies, should be extended.  Perhaps choline measurements are better 

suited for targeted anti-cancer therapies. Cytostatic agents stop tumor cell proliferation, 

avoiding further increase of the choline peak, without any confounding choline liberation 

stemming from cell membrane breakdown as it is the case for cytotoxic agents (Beloueche-

Babari 2010). 

 

Towards clinical use 

 

Besides morphological imaging, there are some serum markers (alphafetoprotein, lactate 

dehydrogenase, cancer antigen 125, PSA…) that are useful in monitoring therapeutic 

response in specific cancer types. However, for the majority of the common tumors, there 
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presently is no serum marker that can assist with response monitoring acutely after therapy; 

moreover they do not allow response assessment in situ (Berglund 2002). Multimodality 

imaging techniques are now combining different anatomical and functional methods. 

Modalities used to monitor therapeutic effect should ideally be fast, robust, and hardly 

invasive. Biologically significant processes, such as apoptosis, should be quantified in real-

time and tumor heterogeneity should also be reflected. In general, the major challenge is to 

standardize these new techniques worldwide. Study populations are often small and most 

reports do not evaluate reproducibility, which has to be done for translation into routine 

clinical practice.  

Besides monitoring of currently used therapies, molecular imaging techniques are an 

interesting tool to evaluate the efficiency of experimental drugs. It will save time and money 

during preclinical and clinical stages (Rehman 2005). Development of new drugs is a 

succession of long and expensive experimental stages. Years elapse between drug discovery 

and drug commercialization and only one of five thousand newly discovered drugs will 

actually be launched on the market. Overall survival and reductions in tumor size are the 

endpoint by which most Phase III studies are evaluated, but it requires a too long follow-up 

period.  

DW-MRI has already been implemented in most of the clinical systems and is 

routinely used in research studies. MRS on the other hand, is still an experimental tool as it 

requires specific hardware and software to be implemented on clinical systems. The magnetic 

fields used for our MR studies (4.7T and 9.4T) were higher than the fields currently used in 

the clinic (1.5T or 3T). Technical evolution pursues an increase in magnetic field intensity to 

obtain a better signal-to-noise ratio and a diminution of acquisition time, but consequences of 

an increased field are more wide-ranging than a simple gain in signal-to-noise ratio (Hoa 

2007). Signal intensity increases proportionally to the square of the magnetic field amplitude, 

whereas noise increases linearly to the field magnitude. The resulting signal-to-noise ratio 

thus follows a linear relation with the field intensity. Chemical shift resolution of the different 

molecules is also proportional to the field and therefore high field MRI is advantageous for 

MRS. Also magnetic susceptibility effects (T2 effect) increase proportionally to the magnetic 

field, which can be disadvantaging (image distortion and signal loss) or advantaging for 

certain types of acquisitions (after SPIO/USPIO administration). When working with clinical 

MR systems, signal loss after administration of our contrast probe will be less important, but 

the non specific signal diminution in untreated tumors too, as observed when comparing 

results obtained at 4.7T and 9.4T. Also important to mention is that the magnetic field 
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intensity influences relaxation times of tissues, which requires an adjustment of the MR 

sequences.  

The reported protocols and timings of post-treatment MR examinations vary a lot. 

Further work is required to determine the most effective post-therapeutic window. Variability 

of the optimal timing with regard to the cancer type and treatment protocol emphasizes the 

need to determine the best time for administration of our contrast probe and for imaging of 

therapeutic response. For optimal timing, one should also consider that biodistribution of 

USPIOs is different in mice and in humans.  

Human cancer is complex and differs from mouse cancer in its pathogenesis. It is clear 

that useful information can be obtained from the simpler experimental models before 

investing in extensive clinical development studies, given that the agents that are not efficient 

in these models are unlikely to be useful in humans. In these models, tumor cells are injected 

subcutaneously or intramuscularly and tumor growth can be followed up easily. Therefore, 

tumor microenvironment and perfusion are different in experimental models and other 

parameters like tracer kinetics can also differ in clinical situations.  

The administered dose of USPIO particles in mice was 137 µmolFe/kg, which was 

about three times higher than the appropriate dose for human use in lymph node imaging 

(Sinerem®: 45 µmolFe/kg). This can be explained by the fact that a high dose is needed to 

saturate the uptake by macrophages of the RES, but as USPIOs have shown a very high 

therapeutic index (1:150), no toxic side-effects are feared at this dose.  

The main pitfall for progression of our biomarker towards clinical use is the natural 

accumulation of nanoparticles in tumors. How shall we distinguish if the observed signal loss 

in treated tumors is due to recognition of PS or simply due to non specific accumulation? It 

will be difficult to delineate treatment-resistant areas under these conditions. A solution could 

consist in combining molecular PS imaging with other biomarkers of therapeutic response. 

This is likely to increase the predictive value for decision making, but accumulating 

examination methods is expensive and cumbersome for the patient. Despite the huge non 

specific accumulation, we did not assess the tumor wash-out of our biomarker. At first, one 

should measure the wash out of unbound particles to obtain an optimal target-to-background 

signal. Then, one should also measure the tissue clearance of the PS-bound probes because 

this information could be valuable for longitudinal studies. This is a huge advantage of non 

invasive DWI and MRS, where endogenous contrast allows post-treatment follow-up as often 

as needed. 
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Perspectives 

 

Summing-up table for the perspectives of this study: 

Possible applications of our PS-targeted biomarker 

Extension of its use as treatment monitoring tool to prognosis and prediction 

Applicability to other pathologies with apoptotic context (early detection, monitoring…) 

Possibility to target anti-cancer drugs (combining diagnostic and therapy) 

How to increase the affinity for tumor cell death 

or how to reduce non specific accumulation 

Use of better suited targeting molecules (phages, combination of several peptides…) 

Modification of grafted PEG molecules or reduction in macrophages capture 

Decrease of the administered dose of USPIO-E3 

Replacement of the contrast probe (Gd, radiolabels…) 

Comparison of different methods used to assess tumor treatment outcome 

Comparing different methods for detecting cell death 

Other techniques used to evaluate treatment response 

 

Possible applications of our PS-targeted biomarker  

 

We evaluated USPIO-E3 particles as biomarker for evaluation of anti-cancer treatment 

outcome immediately after onset of the therapy (24 hours). As it was suggested in the 

literature that high apoptotic levels at baseline correlate well with response to treatment our 

marker could also be used as prognostic and predicting marker even before initiation of the 

therapy (Meyn 1993). The term “prognosis” defines the chances to succeed in therapy in 

general, whereas “prediction” is related to a specific treatment. Such experiments have 

already been performed using PS-targeting 99mTc-AnxV to determine pre-treatment levels of 

apoptosis and to correlate them with later treatment response (Kartachova 2004, Kartachova 

2007). 

Besides its use in cancer, monitoring of death-inducing or death-preventing therapies 

could be another application of the PS-targeted contrast agent. Deficient or excessive 

activation of apoptotic pathways is responsible for a large number of pathologies. Excessive 

apoptosis contributes to neurodegenerative diseases (Friedlander 2003, Honig 2000), 

autoimmune diseases (Lorenz 2000), graft rejection (Martinez 1999), and consequences of 

ischemia/reperfusion also have an apoptotic component (Gujral 2001, Kohli 1999). Non 
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invasive imaging of apoptotic cells would help to diagnose diverse diseases, as well as to 

follow-up their therapy. In this context, PS  seems to be an interesting marker.  

In the context of cancer, anti-tumor therapies kill tumor cells, but also cells of normal 

tissues, which contributes to the toxicity associated with treatment. A severe side effect of 

anti-cancer therapy is chemotherapy-induced enteropathy (CIE), which is characterized by 

unpredictable severity and large inter-patient variability (Levin 2009). Early detection and 

monitoring of CIE by biomarkers of apoptosis may therefore help to prevent enteropathy, to 

add specific damage-reducing treatments, or to select an alternative anti-cancer therapy. The 

same is true for severe cardiotoxicity induced by the doxorubicin treatment that is commonly 

used in a wide range of cancers (Bennink 2004). 

As our new contrast probe accumulates in tumors, it could also be used for targeted 

delivery of anti-cancer drugs, reducing unwanted side-effects. Especially for those drugs 

directed at tumor vasculature as PS is also expressed on living endothelial cells during 

neoangiogenesis. Tumor vasculature is an interesting target for therapy because of its non 

malignant character, which means low probability to mutate and to develop drug resistance. 

Using anti-PS monoclonal antibody as a probe, Ran et al. showed that PS is also a potential 

target for cancer therapy (Ran 2002).  

 

How to increase the affinity for tumor cell death or how to reduce non specific accumulation 

 

What can be done to increase the sensitivity of our contrast probe and to reduce its non 

specific accumulation in tumors? Affinity of the E3 peptide for PS was about ~70 times lower 

than the PS-affinity of AnxV, but it was still situated in the nanomolar range. Unfortunately, 

when passing from the E3-expressing phage to the E3 peptide, we lost some affinity. Other 

investigators also reported the same problem which can be explained by the fact that five 

copies of the same peptide are expressed on the phages’ surface (Hong 2008, Thapa 2008). 

For this reason Segers et al. proposed to directly use the phages as molecular targeting agents 

(Segers 2007). Using magnetophages instead of peptides-bound particles could increase the 

affinity for the PS molecule and this way also increase the target-to-background signal. 

Besides trying to increase the number of grafted E3 peptides, one can also try to graft 

different targeting molecules on the nanoparticle surface with the aim of recognizing different 

targets expressed during cell death and thereby increasing the chances of specific 

accumulation in cell death regions. This multivalent interaction could possibly enhance the 

affinity to a considerable extent. 
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By decreasing the administered dose of USPIOs, we might be able to reduce the non 

specific accumulation. However, the high accumulation in liver and spleen will still be a 

problem. Several injection doses should be tested to determine the optimal USPIO 

concentration for imaging tumor cell death.  

One can also increase the number of PEG molecules bound to the particle or use PEG 

chains with higher MW. A study comparing PEGylation with different PEG chain lengths 

demonstrated that, despite PEG chain addition to particles, the particle size decreased because 

particle aggregation was reduced due to steric interaction (Luo 2010), and a smaller size 

means less susceptibility to be captured by the macrophages and a higher chance to reach the 

tumor. With PEG750, the same MW as used for PEGylation of our CA, only poor steric 

repulsion was observed. Therefore, using a longer PEG chain to PEGylate our targeted 

particles could be a possibility to increase plasma circulation and thereby potential tumor 

accumulation. Another group evaluated the influence of the PEGylation degree on 

pharmacokinetics. PEGylated dendrimers were prepared at three different molar ratios (4:1, 

16:1 and 32:1) yielding conjugation of 4, 12 and 20 PEG molecules per dendrimer 

respectively (Zhu 2010). Even the slightest degree of PEGylation increased circulation time, 

reduced liver and spleen uptake and increased tumor uptake, but at a lower degree of 

PEGylation steric repulsion was not as strong as at higher degrees. Pharmacokinetic and 

biodistribution properties seem to be more dependent on PEGylation degree than on particle 

size. But question is: will the targeted peptide still be accessible for PS-binding after all these 

modifications, or will the PEG molecules shield access to the target molecule.  

Another possibility is to eliminate plasma opsonins by injection of decoy particles 

immediately before injecting the particles of interest. By doing so, the plasma clearance 

system will already be saturated before injection of the targeted particles (Simberg 2007). 

Drugs like lovastatin are able to reduce the recycling of macrophage receptors and thereby to 

diminish internalization of the nanoparticles by macrophages (Rogers 2005). Administration 

of lovastatin could possibly decrease USPIO capture by macrophages.  

The most logical approach would be to use another magnetic reporter such as Gd 

complexes. Advantages of Gd are the positive contrast enhancement on T1-weighted images 

and the small size. One should check the wash out of these agents though, in order to avoid 

toxic effects like nephrogenic systemic fibrosis that can occur after too slow elimination from 

tissues. As the relaxivity of Gd is relatively low compared to USPIOs, one has to use 

macromolecular complexes such as dendrimers or liposomes, which are able to carry a lot of 

Gd3+ ions and can therefore increase the contrast. One has to find a good compromise 
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between relaxivity and size of the CA. Of course, if labeling methods are not too 

cumbersome, the E3 peptide can also be radiolabeled by a PET-tracer, involving all 

advantages and disadvantages of the PET technique. 

 

Comparison of different methods used to assess tumor treatment outcome 

 

First, the markers of tumor response used in this study could be better characterized, meaning 

that a longitudinal follow-up of the measured parameters (cell death, cellularity, and choline) 

and a comparison of them over a given time frame could give interesting new insights. An 

interesting perspective would of course be the comparison of the methods used in this study 

with 18F-FDG-PET or with proliferation markers like 18F-FLT. Our biomarker of apoptosis 

could also be used in combination with biomarkers of necrosis (NACAs) to compare maps of 

apoptosis and necrosis within treated tumors. It could also be interesting to compare tCho 

measurements by proton MRS with 18F-FCH uptake as measured by PET. This approach is 

not new. Interrelation between both techniques has already been assessed in vivo, but no 

correlation was found (Kwee 2010, Rommel 2010). An explanation could be the limited 

ability of MRS to discriminate between the individual choline-containing metabolites in vivo. 
18F-FCH is a marker of PC synthesis; thus, if we resolve the peak of PC in tumor biopsies, PC 

concentration may correlate better with 18F-FCH than the total choline peak. 

PET enables visualization of changes in glucose and choline metabolism, as well as 

imaging of apoptosis, in cancer patients after various treatments. However, the PET 

technology exposes patients to radioactivity, cannot differentiate parent and breakdown 

products, and is not able to measure endogenous compounds (Payne 2006). Thus, a 

complimentary tool for metabolic imaging such as MRI/MRS can be useful. Let us take the 

example of prostate cancer. The serum marker PSA is a very useful marker of prostate cancer, 

even before the tumor becomes palpable. This method permits to detect 80% of prostate 

cancers, but unfortunately PSA lacks in specificity. Actually, only one out of three  

PSA-positive patients has cancer. Another popular surrogate marker, the 18F-FDG, turns out 

to be less useful in this specific type of tumor since prostate tumor has a low metabolism.  
11C-acetate detection by PET is well able to point out all primary prostate tumors, but for 

bone metastases, bone scintigraphy was superior to PET. On the basis of this example we can 

see how important it is to combine different methods or to figure out the best method for each 

specific tumor type. The response evaluation method will also depend on the chosen 

treatment. Many of the targeted therapies currently being tested are cytostatic rather than 
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cytotoxic and of course in such a case a non invasive marker of tumor cell death will be 

pointless.  

Combining different modalities is a nice idea, but difficult to translate into the clinic. It 

will be money- and time-consuming, cumbersome for the patient and complicated to schedule 

overbooked machines. It could be easier to run several acquisitions during one single MR 

session, or use multi-tracer PET studies, but then one would not benefit from combining the 

intrinsic advantages of the different techniques. There is a need for a systematic approach 

comparing the timing and the dynamic range of different markers to assess the respective 

value of each, or the added value of combined markers in order to see if a multimodal 

approach would make sense or not. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 145 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 146 

REFERENCES 
 
 
Aboagye EO, Bhujwalla ZM, Shungu DC, Glickson JD (1998). Detection of tumor response to chemotherapy by 
1H nuclear magnetic resonance spectroscopy: effect of 5-fluorouracil on lactate levels in radiation-induced 
fibrosarcoma 1 tumors. Cancer Res. 58:1063-7.  
 
Aboagye EO, Bhujwalla ZM (1999). Malignant transformation alters membrane choline phospholipid 
metabolism of human mammary epithelial cells. Cancer Res. 59:80-4. 
 
Al-Saffar NM, Troy H, Ramírez de Molina A, Jackson LE, Madhu B, Griffiths JR, Leach MO, Workman P, 
Lacal JC, Judson IR, Chung YL (2006). Noninvasive magnetic resonance spectroscopic pharmacodynamic 
markers of the choline kinase inhibitor MN58b in human carcinoma models. Cancer Res. 66:427-34. 
 
Albelda SM, Buck CA (1990). Integrins and other cell adhesion molecules. FASEB J. 4:2868-80. 
 
Aloya R, Shirvan A, Grimberg H, Reshef A, Levin G, Kidron D, Cohen A, Ziv I (2006). Molecular imaging of 
cell death in vivo by a novel small molecule probe. Apoptosis. 11:2089-101. 
 
Anderson SA, Rader RK, Westlin WF, Null C, Jackson D, Lanza GM, Wickline SA, Kotyk JJ (2000).  Magnetic 
resonance contrast enhancement of neovasculature with alpha(v)beta(3)-targeted nanoparticles. Magn Reson 
Med. 44:433-9. 
 
Artemov D, Mori N, Okollie B, Bhujwalla ZM (2003a). MR molecular imaging of the Her-2/neu receptor in 
breast cancer cells using targeted iron oxide nanoparticles. Magn Reson Med. 49:403-8. 
 
Artemov D, Mori N, Ravi R, Bhujwalla ZM (2003b). Magnetic resonance molecular imaging of the HER-2/neu 
receptor. Cancer Res. 63:2723-7. 
 
Asao C, Korogi Y, Kitajima M, Hirai T, Baba Y, Makino K, Kochi M, Morishita S, Yamashita Y (2005). 
Diffusion-weighted imaging of radiation-induced brain injury for differentiation from tumor recurrence. Am J 
Neuroradiol. 26:1455-60. 
 
Babes L, Denizot B, Tanguy G, Le Jeune JJ, Jallet P (1999). Synthesis of Iron Oxide Nanoparticles Used as MRI 
Contrast Agents: A Parametric Study. J Colloid Interface Sci. 212:474-482. 
 
Bach-Gansmo T (1993). Ferrimagnetic susceptibility contrast agents. Acta Radiol Suppl. 387:1-30. 
 
Bammer R (2003). Basic principles of diffusion-weighted imaging. Eur J Radiol. 45:169-84. 
 
Barber PA, Foniok T, Kirk D, Buchan AM, Laurent S, Boutry S, Muller RN, Hoyte L, Tomanek B, Tuor UI 
(2004). MR molecular imaging of early endothelial activation in focal ischemia. Ann Neurol. 56:116-20. 
 
Bardot V, Dutrillaux AM, Delattre JY, Vega F, Poisson M, Dutrillaux B, Luccioni C (1994). Purine and 
pyrimidine metabolism in human gliomas: relation to chromosomal aberrations. Br J Cancer. 70:212-8. 
 
Barker PB, Hearshen DO, Boska MD (2001). Single-voxel proton MRS of the human brain at 1.5T and 3.0T. 
Magn Reson Med. 45:765-9. 
 
Barthel H, Cleij MC, Collingridge DR, Hutchinson OC, Osman S, He Q, Luthra SK, Brady F, Price PM, 
Aboagye EO (2003). 3'-deoxy-3'-[18F]fluorothymidine as a new marker for monitoring tumor response to 
antiproliferative therapy in vivo with positron emission tomography. Cancer Res. 63:3791-8. 
 
Batchelor TT, Sorensen AG, di Tomaso E, Zhang WT, Duda DG, Cohen KS, Kozak KR, Cahill DP, Chen PJ, 
Zhu M, Ancukiewicz M, Mrugala MM, Plotkin S, Drappatz J, Louis DN, Ivy P, Scadden DT, Benner T, Loeffler 
JS, Wen PY, Jain RK (2007). AZD2171, a pan-VEGF receptor tyrosine kinase inhibitor, normalizes tumor 
vasculature and alleviates edema in glioblastoma patients. Cancer Cell. 11:83-95. 
 
Bauer C, Bauder-Wuest U, Mier W, Haberkorn U, Eisenhut M (2005). 131I-labeled peptides as caspase 
substrates for apoptosis imaging. J Nucl Med. 46:1066-74. 



 147 

Beckmann N, Cannet C, Fringeli-Tanner M, Baumann D, Pally C, Bruns C, Zerwes HG, Andriambeloson E, 
Bigaud M (2003a). Macrophage labeling by SPIO as an early marker of allograft chronic rejection in a rat model 
of kidney transplantation. Magn Reson Med. 49:459-67. 
 
Beckmann N, Falk R, Zurbrügg S, Dawson J, Engelhardt P (2003b). Macrophage infiltration into the rat knee 
detected by MRI in a model of antigen-induced arthritis. Magn Reson Med. 49:1047-55. 
 
Bedner E, Smolewski P, Amstad P, Darzynkiewicz Z (2000). Activation of caspases measured in situ by binding 
of fluorochrome-labeled inhibitors of caspases (FLICA): correlation with DNA fragmentation. Exp Cell Res. 
259:308-13. 
 
Been LB, Suurmeijer AJ, Cobben DC, Jager PL, Hoekstra HJ, Elsinga PH (2004). [18F]FLT-PET in oncology: 
current status and opportunities. Eur J Nucl Med Mol Imaging. 31:1659-72. 
 
Beer AJ, Haubner R, Sarbia M, Goebel M, Luderschmidt S, Grosu AL, Schnell O, Niemeyer M, Kessler H, 
Wester HJ, Weber WA, Schwaiger M (2006). Positron emission tomography using [18F]Galacto-RGD identifies 
the level of integrin alpha(v)beta3 expression in man. Clin Cancer Res. 12:3942-9. 
 
Belhocine T, Steinmetz N, Hustinx R, Bartsch P, Jerusalem G, Seidel L, Rigo P, Green A (2002). Increased 
uptake of the apoptosis-imaging agent (99m)Tc recombinant human Annexin V in human tumors after one 
course of chemotherapy as a predictor of tumor response and patient prognosis. Clin Cancer Res. 8:2766-74. 
 
Belhocine T, Steinmetz N, Green A, Rigo P (2003). In vivo imaging of chemotherapy-induced apoptosis in 
human cancers. Ann N Y Acad Sci. 1010:525-9. 
 
Beloueche-Babari M, Chung YL, Al-Saffar NM, Falck-Miniotis M, Leach MO (2010). Metabolic assessment of 
the action of targeted cancer therapeutics using magnetic resonance spectroscopy. Br J Cancer. 102:1-7. 
 
Bennink RJ, van den Hoff MJ, van Hemert FJ, de Bruin KM, Spijkerboer AL, Vanderheyden JL, Steinmetz N, 
van Eck-Smit BL (2004). Annexin V imaging of acute doxorubicin cardiotoxicity (apoptosis) in rats. J Nucl 
Med. 45:842-8. 
 
Berglund A, Molin D, Larsson A, Einarsson R, Glimelius B (2002). Tumour markers as early predictors of 
response to chemotherapy in advanced colorectal carcinoma. Ann Oncol. 13:1430-7. 
 
Bernd H, De Kerviler E, Gaillard S, Bonnemain B (2009). Safety and tolerability of ultrasmall 
superparamagnetic iron oxide contrast agent: comprehensive analysis of a clinical development program. Invest 
Radiol. 44:336-42. 
 
Bevers EM, Comfurius P, Dekkers DW, Zwaal RF (1999). Lipid translocation across the plasma membrane of 
mammalian cells. Biochim Biophys Acta. 1439:317-30. 
 
Bhadra D, Bhadra S, Jain P, Jain NK (2002). Pegnology: a review of PEG-ylated systems. Pharmazie. 57:5-29. 
 
Bjørnerud A, Johansson LO, Ahlström HK (2001). Pre-clinical results with Clariscan (NC100150 Injection); 
experience from different disease models. MAGMA. 12:99-103. 
 
Blankenberg FG, Storrs RW, Naumovski L, Goralski T, Spielman D (1996). Detection of apoptotic cell death by 
proton nuclear magnetic resonance spectroscopy. Blood. 87:1951-6. 
 
Blankenberg FG, Katsikis PD, Storrs RW, Beaulieu C, Spielman D, Chen JY, Naumovski L, Tait JF (1997). 
Quantitative analysis of apoptotic cell death using proton nuclear magnetic resonance spectroscopy. Blood. 
89:3778-86. 
 
Blankenberg FG, Katsikis PD, Tait JF, Davis RE, Naumovski L, Ohtsuki K, Kopiwoda S, Abrams MJ, Darkes 
M, Robbins RC, Maecker HT, Strauss HW (1998). In vivo detection and imaging of phosphatidylserine 
expression during programmed cell death. Proc Natl Acad Sci USA. 95:6349-54. 
 
Boersma HH, Kietselaer BL, Stolk LM, Bennaghmouch A, Hofstra L, Narula J, Heidendal GA, Reutelingsperger 
CP (2005). Past, present, and future of annexin A5: from protein discovery to clinical applications. J Nucl Med. 
46:2035-50. 
 



 148 

Boothman DA, Davis TW, Sahijdak WM (1994). Enhanced expression of thymidine kinase in human cells 
following ionizing radiation. Int J Radiat Oncol Biol Phys. 30:391-8. 
 
Bos C, Delmas Y, Desmoulière A, Solanilla A, Hauger O, Grosset C, Dubus I, Ivanovic Z, Rosenbaum J, 
Charbord P, Combe C, Bulte JW, Moonen CT, Ripoche J, Grenier N (2004). In vivo MR imaging of 
intravascularly injected magnetically labeled mesenchymal stem cells in rat kidney and liver. Radiology. 
233:781-9. 
 
Böse J, Gruber AD, Helming L, Schiebe S, Wegener I, Hafner M, Beales M, Köntgen F, Lengeling A (2004). 
The phosphatidylserine receptor has essential functions during embryogenesis but not in apoptotic cell removal. 
J Biol. 3:15. 
 
Bose S, Tuunainen I, Parry M, Medina OP, Mancini G, Kinnunen PK (2004). Binding of cationic liposomes to 
apoptotic cells. Anal Biochem. 331:385-94. 
 
Bourrinet P, Bengele HH, Bonnemain B, Dencausse A, Idee JM, Jacobs PM, Lewis JM (2006). Preclinical safety 
and pharmacokinetic profile of ferumoxtran-10, an ultrasmall superparamagnetic iron oxide magnetic resonance 
contrast agent. Invest Radiol. 41:313-24. 
 
Boutry S, Burtea C, Laurent S, Toubeau G, Vander Elst L, Muller RN (2005). Magnetic resonance imaging of 
inflammation with a specific selectin-targeted contrast agent. Magn Reson Med. 53:800-7. 
 
Boutry S, Laurent S, Elst LV, Muller RN (2006). Specific E-selectin targeting with a superparamagnetic MRI 
contrast agent. Contrast Media Mol Imaging. 1:15-22. 
 
Brasch RC, Li KC, Husband JE, Keogan MT, Neeman M, Padhani AR, Shames D, Turetschek K (2000). In vivo 
monitoring of tumor angiogenesis with MR imaging. Acad Radiol. 7:812-23.  
 
Bratton DL, Fadok VA, Richter DA, Kailey JM, Guthrie LA, Henson PM (1997). Appearance of 
phosphatidylserine on apoptotic cells requires calcium-mediated nonspecific flip-flop and is enhanced by loss of 
the aminophospholipid translocase. J Biol Chem. 272:26159-65. 
 
Breeuwsma AJ, Pruim J, van den Bergh AC, Leliveld AM, Nijman RJ, Dierckx RA, de Jong IJ (2010). 
Detection of local, regional, and distant recurrence in patients with psa relapse after external-beam radiotherapy 
using (11)C-choline positron emission tomography. Int J Radiat Oncol Biol Phys. 77:160-4. 
 
Brindle K (2008). New approaches for imaging tumour responses to treatment. Nat Rev Cancer. 8:94-107. 
 
Bröker LE, Kruyt FA, Giaccone G (2005). Cell death independent of caspases: a review. Clin Cancer Res. 
11:3155-62.  
 
Broumas AR, Pollard RE, Bloch SH, Wisner ER, Griffey S, Ferrara KW (2005). Contrast-enhanced computed 
tomography and ultrasound for the evaluation of tumor blood flow. Invest Radiol. 40:134-47. 
 
Brown JM, Attardi LD (2005). The role of apoptosis in cancer development and treatment response. Nat Rev 
Cancer. 5:231-7.  
 
Buck AK, Halter G, Schirrmeister H, Kotzerke J, Wurziger I, Glatting G, Mattfeldt T, Neumaier B, Reske SN, 
Hetzel M (2003). Imaging proliferation in lung tumors with PET: 18F-FLT versus 18F-FDG. J Nucl Med. 
44:1426-31. 
 
Bullok K, Piwnica-Worms D (2005). Synthesis and characterization of a small, membrane-permeant, caspase-
activatable far-red fluorescent peptide for imaging apoptosis. J Med Chem. 48:5404-7. 
 
Burtea C, Laurent S, Vander Elst L, Muller RN (2008). Contrast agents: magnetic resonance. 
Handb Exp Pharmacol. 185:135-65. 
 
Callies R, Sri-Pathmanathan RM, Ferguson DY, Brindle KM (1993). The appearance of neutral lipid signals in 
the 1H NMR spectra of a myeloma cell line correlates with the induced formation of cytoplasmic lipid droplets. 
Magn Reson Med. 29:546-50. 
 



 149 

Caroli P, Nanni C, Rubello D, Alavi A, Fanti S (2010). Non-FDG PET in the practice of oncology. Indian J 
Cancer. 47:120-5. 
 
Cauchon N, Langlois R, Rousseau JA, Tessier G, Cadorette J, Lecomte R, Hunting DJ, Pavan RA, Zeisler SK, 
van Lier Jen (2007). PET imaging of apoptosis with (64)Cu-labeled streptavidin following pretargeting of 
phosphatidylserine with biotinylated annexin-V. Eur J Nucl Med Mol Imaging. 34:247-58.  
 
Chapman PT, Jamar F, Keelan ET, Peters AM, Haskard DO (1996). Use of monoclonal antibody against E-
selectin for imaging endothelial activation in rheumatoid arthritis. Arthritis Rheum. 39:1371–75. 
 
Chen CY, Li CW, Kuo YT, Jaw TS, Wu DK, Jao JC, Hsu JS, Liu GC (2006). Early response of hepatocellular 
carcinoma to transcatheter arterial chemoembolization: choline levels and MR diffusion constants--initial 
experience. Radiology. 239:448-56. 
 
Chen DL, Zhou D, Chu W, Herrbrich PE, Jones LA, Rothfuss JM, Engle JT, Geraci M, Welch MJ, Mach RH 
(2009). Comparison of radiolabeled isatin analogs for imaging apoptosis with positron emission tomography. 
Nucl Med Biol. 36:651-8. 
 
Chen W, Cloughesy T, Kamdar N, Satyamurthy N, Bergsneider M, Liau L, Mischel P, Czernin J, Phelps ME, 
Silverman DH (2005). Imaging proliferation in brain tumors with 18F-FLT PET: comparison with 18F-FDG. J 
Nucl Med. 46:945-52. 
 
Chen W, Delaloye S, Silverman DH, Geist C, Czernin J, Sayre J, Satyamurthy N, Pope W, Lai A, Phelps ME, 
Cloughesy T (2007). Predicting treatment response of malignant gliomas to bevacizumab and irinotecan by 
imaging proliferation with [18F] fluorothymidine positron emission tomography: a pilot study. J Clin Oncol. 
25:4714-21. 
 
Chenevert TL, McKeever PE, Ross BD (1997). Monitoring early response of experimental brain tumors to 
therapy using diffusion magnetic resonance imaging. Clin Cancer Res. 3:1457-66. 
 
Chinnaiyan AM, Prasad U, Shankar S, Hamstra DA, Shanaiah M, Chenevert TL, Ross BD, Rehemtulla A 
(2000). Combined effect of tumor necrosis factor-related apoptosis-inducing ligand and ionizing radiation in 
breast cancer therapy. Proc Natl Acad Sci USA. 97:1754-9. 
 
Choi H, Choi SR, Zhou R, Kung HF, Chen IW (2004). Iron oxide nanoparticles as magnetic resonance contrast 
agent for tumor imaging via folate receptor-targeted delivery. Acad Radiol. 11:996-1004. 
  
Chung YL, Troy H, Kristeleit R, Aherne W, Jackson LE, Atadja P, Griffiths JR, Judson IR, Workman P, Leach 
MO, Beloueche-Babari M (2008). Noninvasive magnetic resonance spectroscopic pharmacodynamic markers of 
a novel histone deacetylase inhibitor, LAQ824, in human colon carcinoma cells and xenografts. Neoplasia. 
10:303-13. 
 
Cimitan M, Bortolus R, Morassut S, Canzonieri V, Garbeglio A, Baresic T, Borsatti E, Drigo A, Trovò MG 
(2006). [18F]fluorocholine PET/CT imaging for the detection of recurrent prostate cancer at PSA relapse: 
experience in 100 consecutive patients. Eur J Nucl Med Mol Imaging. 33:1387-98.  
 
Coakley FV, Hricak H, Wefer AE, Speight JL, Kurhanewicz J, Roach M (2001). Brachytherapy for prostate 
cancer: endorectal MR imaging of local treatment-related changes. Radiology. 219:817-21. 
 
Cocco RE, Ucker DS (2001). Distinct modes of macrophage recognition for apoptotic and necrotic cells are not 
specified exclusively by phosphatidylserine exposure. Mol Biol Cell. 12:919-30. 
 
Cohen A, Ziv I, Aloya T, Levin G, Kidron D, Grimberg H, Reshef A, Shirvan A (2007). Monitoring of 
chemotherapy-induced cell death in melanoma tumors by N,N'-Didansyl-L-cystine. Technol Cancer Res Treat. 
6:221-34. 
 
Cole PD, Smith AK, Kamen BA (2002). Osteosarcoma cells, resistant to methotrexate due to nucleoside and 
nucleobase salvage, are sensitive to nucleoside analogs. Cancer Chemother Pharmacol. 50:111-6.  
 
Coppola JM, Ross BD, Rehemtulla A (2008). Noninvasive imaging of apoptosis and its application in cancer 
therapeutics. Clin Cancer Res. 14:2492-501. 
 



 150 

Corot C, Petry KG, Trivedi R, Saleh A, Jonkmanns C, Le Bas JF, Blezer E, Rausch M, Brochet B, Foster-Gareau 
P, Balériaux D, Gaillard S, Dousset V (2004). Macrophage imaging in central nervous system and in carotid 
atherosclerotic plaque using ultrasmall superparamagnetic iron oxide in magnetic resonance imaging. Invest 
Radiol. 39:619-25.  
 
Corsten MF, Hofstra L, Narula J, Reutelingsperger CP (2006). Counting heads in the war against cancer: 
defining the role of annexin A5 imaging in cancer treatment and surveillance. Cancer Res. 66:1255-60. 
 
Cox IJ, Bell JD, Peden CJ, Iles RA, Foster CS, Watanapa P, Williamson RC (1992). In vivo and in vitro 31P 
magnetic resonance spectroscopy of focal hepatic malignancies. NMR Biomed. 5:114-20. 
 
Cremerius U, Effert PJ, Adam G, Sabri O, Zimmy M, Wagenknecht G, Jakse G, Buell U (1998). FDG PET for 
detection and therapy control of metastatic germ cell tumor. J Nucl Med. 39:815-22. 
 
Crokart N, Jordan BF, Baudelet C, Ansiaux R, Sonveaux P, Grégoire V,  Beghein N, DeWever J, Bouzin C, 
Feron O, Gallez B (2005). Early reoxygenation in tumors after irradiation: determining factors and consequences 
for radiotherapy regimens using daily multiple fractions. Int J Radiat Oncol Biol Phys. 63:901-10. 
 
Cron GO, Beghein N, Crokart N, Chavée E, Bernard S, Vynckier S, Scalliet  P, Gallez B (2005). Changes in the 
tumor microenvironment during low-dose-rate permanent seed implantation iodine-125 brachytherapy. Int J 
Radiat Oncol Biol Phys. 63:1245-51. 
 
Cuervo AM (2004). Autophagy: in sickness and in health. Trends Cell Biol. 14:70-7. 
 
Daldrup-Link HE, Meier R, Rudelius M, Piontek G, Piert M, Metz S, Settles M, Uherek C, Wels W, Schlegel J, 
Rummeny EJ (2005a). In vivo tracking of genetically engineered, anti-HER2/neu directed natural killer cells to 
HER2/neu positive mammary tumors with magnetic resonance imaging. Eur Radiol. 15:4-13.  
 
Daldrup-Link HE, Rudelius M, Piontek G, Metz S, Bräuer R, Debus G, Corot C, Schlegel J, Link TM, Peschel C, 
Rummeny EJ, Oostendorp RA (2005b). Migration of iron oxide-labeled human hematopoietic progenitor cells in 
a mouse model: in vivo monitoring with 1.5-T MR imaging equipment.Radiology. 234:197-205. 
 
Daly PF, Cohen JS (1989). Magnetic resonance spectroscopy of tumors and potential in vivo clinical 
applications: a review. Cancer Res. 49:770-9.  
 
Damianovich M, Ziv I, Heyman SN, Rosen S, Shina A, Kidron D, Aloya T, Grimberg H, Levin G, Reshef A, 
Bentolila A, Cohen A, Shirvan A (2006). ApoSense: a novel technology for functional molecular imaging of cell 
death in models of acute renal tubular necrosis. Eur J Nucl Med Mol Imaging. 33:281-91. 
 
Dardzinski BJ, Schmithorst VJ, Holland SK, Boivin GP, Imagawa T, Watanabe S, Lewis JM, Hirsch R (2001). 
MR imaging of murine arthritis using ultrasmall superparamagnetic iron oxide particles. J Magn Reson Imag. 
19:1209 –16. 
 
Davletov BA, Südhof TC (1993). A single C2 domain from synaptotagmin I is sufficient for high affinity 
Ca2+/phospholipid binding. J Biol Chem. 268:26386-90. 
 
De Saint-Hubert M, Prinsen K, Mortelmans L, Verbruggen A, Mottaghy FM (2009). Molecular imaging of cell 
death. Methods. 48:178-87. 
 
de Vries IJ, Lesterhuis WJ, Barentsz JO, Verdijk P, van Krieken JH, Boerman OC, Oyen WJ, Bonenkamp JJ, 
Boezeman JB, Adema GJ, Bulte JW, Scheenen TW, Punt CJ, Heerschap A, Figdor CG (2005). Magnetic 
resonance tracking of dendritic cells in melanoma patients for monitoring of cellular therapy. Nat Biotechnol. 
23:1407-13.  
 
DeGrado TR, Coleman RE, Wang S, Baldwin SW, Orr MD, Robertson CN, Polascik TJ, Price DT (2001). 
Synthesis and evaluation of 18F-labeled choline as an oncologic tracer for positron emission tomography: initial 
findings in prostate cancer. Cancer Res. 61:110-7. 
 
Dempsey MF, Condon BR, Hadley DM (2005). Measurement of tumor "size" in recurrent malignant glioma: 1D, 
2D, or 3D? Am J Neuroradiol. 26:770-6. 
 



 151 

DeVries AF, Kremser C, Hein PA, Griebel J, Krezcy A, Ofner D, Pfeiffer KP, Lukas P, Judmaier W (2003). 
Tumor microcirculation and diffusion predict therapy outcome for primary rectal carcinoma. Int J Radiat Oncol 
Biol Phys. 56:958-65. 
 
Di Marco M, Sadun C, Port M, Guilbert I, Couvreur P, Dubernet C (2007). Physicochemical characterization of 
ultrasmall superparamagnetic iron oxide particles (USPIO) for biomedical application as MRI contrast agents. 
Int J Nanomedicine. 2:609-22. 
 
Dillon SR, Constantinescu A, Schlissel MS (2001). Annexin V binds to positively selected B cells. J Immunol. 
166:58-71. 
 
Dittmann H, Dohmen BM, Kehlbach R, Bartusek G, Pritzkow M, Sarbia M, Bares R (2002). Early changes in 
[18F]FLT uptake after chemotherapy: an experimental study. Eur J Nucl Med Mol Imaging. 29:1462-9. 
 
Dousset V, Delalande C, Ballarino L, Quesson B, Seilhan D, Coussemacq M, Thiaudiére E, Brochet B, Canioni 
P, Caillé JM (1999a). In vivo macrophage activity imaging in the central nervous system detected by magnetic 
resonance. Magn Reson Med. 41:329-33. 
 
Dousset V, Gomez C, Petry KG, Delalande C, Caille JM (1999b). Dose and scanning delay using USPIO for 
central nervous system macrophage imaging. MAGMA. 8:185-9. 
 
Dousset V, Doche B, Petry KG, Brochet B, Delalande C, Caille JM (2002). Correlation between clinical status 
and macrophage activity imaging in the central nervous system of rats. Acad Radiol. 9:156-9.  
 
Dousset V, Brochet B, Deloire MS, Lagoarde L, Barroso B, Caille JM, Petry KG (2006). MR imaging of 
relapsing multiple sclerosis patients using ultra-small-particle iron oxide and compared with gadolinium. AJNR 
Am J Neuroradiol. 27:1000-5. 
 
Dyke JP, Zakian KL, Spees WM, Matei C, Chen Y, Mao X, Shungu DC, Koutcher JA (2003). Metabolic 
response of the CWR22 prostate tumor xenograft after 20 Gy of radiation studied by 1H spectroscopic imaging. 
Clin Cancer Res. 9:4529-36. 
 
Dzik-Jurasz A, Domenig C, George M, Wolber J, Padhani A, Brown G, Doran S (2002). Diffusion MRI for 
prediction of response of rectal cancer to chemoradiation. Lancet. 360:307-8. 
 
Ebnet K, Vestweber D (1999). Molecular mechanisms that control leukocyte extravasation: the selectins and the 
chemokines. Histochem Cell Biol. 112:1-23. 
 
Edgington LE, Berger AB, Blum G, Albrow VE, Paulick MG, Lineberry N, Bogyo M (2009). Noninvasive 
optical imaging of apoptosis by caspase-targeted activity-based probes. Nat Med. 15:967-73. 
 
Eguchi Y, Shimizu S, Tsujimoto Y (1997). Intracellular ATP levels determine cell death fate by apoptosis or 
necrosis. Cancer Res. 57:1835-40. 
 
Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, Dancey J, Arbuck S, Gwyther S, 
Mooney M, Rubinstein L, Shankar L, Dodd L, Kaplan R, Lacombe D, Verweij J (2009). New response 
evaluation criteria in solid tumours: revised RECIST guideline (version 1.1). Eur J Cancer. 45:228-47. 
 
Emoto K, Kobayashi T, Yamaji A, Aizawa H, Yahara I, Inoue K, Umeda M (1996). Redistribution of 
phosphatidylethanolamine at the cleavage furrow of dividing cells during cytokinesis. Proc Natl Acad Sci USA. 
93:12867-72. 
 
Emoto K, Toyama-Sorimachi N, Karasuyama H, Inoue K, Umeda M (1997). Exposure of 
phosphatidylethanolamine on the surface of apoptotic cells. Exp Cell Res. 232:430-4. 
 
Engelmann J, Henke J, Willker W, Kutscher B, Nössner G, Engel J, Leibfritz D (1996). Early stage monitoring 
of miltefosine induced apoptosis in KB cells by multinuclear NMR spectroscopy. Anticancer Res. 16:1429-39. 
  
Estorch M, Carrió I, Berná L, Martínez-Duncker C, Alonso C, Germá JR, Ojeda B (1990). Indium-111-
antimyosin scintigraphy after doxorubicin therapy in patients with advanced breast cancer. J Nucl Med. 31:1965-
9. 
 



 152 

Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM (1992). Exposure of 
phosphatidylserine on the surface of apoptotic lymphocytes triggers specific recognition and removal by 
macrophages. J Immunol. 148:2207-16. 
 
Fang W, Wang F, Ji S, Zhu X, Meier HT, Hellman RS, Brindle KM, Davletov B, Zhao M (2007). SPECT 
imaging of myocardial infarction using 99mTc-labeled C2A domain of synaptotagmin I in a porcine ischemia-
reperfusion model. Nucl Med Biol. 34:917-23. 
 
Fei B, Wang H, Wu C, Chiu SM (2010). Choline PET for monitoring early tumor response to photodynamic 
therapy. J Nucl Med. 51:130-8. 
 
Fonge H, Vunckx K, Wang H, Feng Y, Mortelmans L, Nuyts J, Bormans G, Verbruggen A, Ni Y (2008). Non-
invasive detection and quantification of acute myocardial infarction in rabbits using mono-[123I]iodohypericin 
microSPECT. Eur Heart J. 29:260-9. 
  
Foxall C, Watson SR, Dowbenko D, Fennie C, Lasky LA, Kiso M, Hasegawa A, Asa D, Brandley BK (1992). 
The three members of the selectin receptor family recognize a common carbohydrate epitope, the sialyl Lewis(x) 
oligosaccharide. J Cell Biol. 117:895-902. 
 
Francis DL, Visvikis D, Costa DC, Arulampalam TH, Townsend C, Luthra SK, Taylor I, Ell PJ (2003). Potential 
impact of [18F]3'-deoxy-3'-fluorothymidine versus [18F]fluoro-2-deoxy-D-glucose in positron emission 
tomography for colorectal cancer. Eur J Nucl Med Mol Imaging. 30:988-94. 
 
Friedlander RM (2003). Apoptosis and caspases in neurodegenerative diseases. N Engl J Med. 348:1365-75. 
 
Fu Y, Laurent S, Muller RN (2002). Synthesis of a Sialyl Lewis X mimetic conjugated with DTPA, potential 
ligand of new contrast agents for medical imaging. Eur J Org Chem. 3966 –3873. 
 
Fujii H, Yoshikawa K, Berliner LJ (2002). In vivo fate of superparamagnetic iron oxides during sepsis. J. Magn. 
Reson. Imag. 20:271-6. 
 
Gadian DG (1981). Metabolic studies of whole animals and humans using phosphorus nuclear magnetic 
resonance. Biosci Rep. 1:449-60. 
 
Gadian DG (1995a). N-acetylaspartate and epilepsy. Magn Reson Imaging. 13:1193-5. 
 
Gadian DG (1995b). NMR and its applications to living systems. 2nd edition. Oxford Science Publications. 
 
Galbraith SM, Maxwell RJ, Lodge MA, Tozer GM, Wilson J, Taylor NJ, Stirling JJ, Sena L, Padhani AR, Rustin 
GJ (2003). Combretastatin A4 phosphate has tumor antivascular activity in rat and man as demonstrated by 
dynamic magnetic resonance imaging. J Clin Oncol. 21:2831-42. 
  
Gaur U, Sahoo SK, De TK, Ghosh PC, Maitra A, Ghosh PK (2000). Biodistribution of fluoresceinated dextran 
using novel nanoparticles evading reticuloendothelial system. Int J Pharm. 202:1-10. 
 
Gillies RJ, Morse DL (2005). In vivo magnetic resonance spectroscopy in cancer. Annu Rev Biomed Eng. 
7:287-326. 
 
Gleiss B, Gogvadze V, Orrenius S, Fadeel B (2002). Fas-triggered phosphatidylserine exposure is modulated by 
intracellular ATP. FEBS Lett. 519:153-8. 
 
Glunde K, Shah T, Winnard PT Jr, Raman V, Takagi T, Vesuna F, Artemov D, Bhujwalla ZM (2008). Hypoxia 
regulates choline kinase expression through hypoxia-inducible factor-1 alpha signaling in a human prostate 
cancer model. Cancer Res. 68:172-80. 
 
Gomer C (1989). Photodynamic therapy in the treatment of malignancies. Semin Hematol. 26:27–34. 
 
Grasl-Kraupp B, Ruttkay-Nedecky B, Koudelka H, Bukowska K, Bursch W, Schulte-Hermann R (1995). In situ 
detection of fragmented DNA (TUNEL assay) fails to discriminate among apoptosis, necrosis, and autolytic cell 
death: a cautionary note. Hepatology. 21:1465-8. 
 



 153 

Graves EE, Nelson SJ, Vigneron DB, Verhey L, McDermott M, Larson D, Chang S, Prados MD, Dillon WP 
(2001). Serial proton MR spectroscopic imaging of recurrent malignant gliomas after gamma knife radiosurgery. 
AJNR Am J Neuroradiol. 22:613-24. 
 
Gribbestad IS, Sitter B, Lundgren S, Krane J, Axelson D (1999). Metabolite composition in breast tumors 
examined by proton nuclear magnetic resonance spectroscopy. Anticancer Res. 19:1737-46. 
 
Grierson JR, Shields AF (2000). Radiosynthesis of 3'-deoxy-3'-[(18)F]fluorothymidine: [(18)F]FLT for imaging 
of cellular proliferation in vivo. Nucl Med Biol. 27:143-56. 
 
Grierson JR, Yagle KJ, Eary JF, Tait JF, Gibson DF, Lewellen B, Link JM, Krohn KA (2004). Production of [F-
18]fluoroannexin for imaging apoptosis with PET. Bioconjug Chem. 15:373-9. 
 
Griffin JL, Lehtimäki KK, Valonen PK, Gröhn OH, Kettunen MI, Ylä-Herttuala S, Pitkänen A, Nicholson JK, 
Kauppinen RA (2003). Assignment of 1H nuclear magnetic resonance visible polyunsaturated fatty acids in 
BT4C gliomas undergoing ganciclovir-thymidine kinase gene therapy-induced programmed cell death. Cancer 
Res. 63:3195-201. 
 
Griffin JL, Blenkiron C, Valonen PK, Caldas C, Kauppinen RA (2006). High-resolution magic angle spinning 
1H NMR spectroscopy and reverse transcription-PCR analysis of apoptosis in a rat glioma. Anal Chem. 
78:1546-52. 
 
Gudkov AV, Komarova EA (2003). The role of p53 in determining sensitivity to radiotherapy. Nat Rev Cancer. 
3:117-29. 
 
Gujral JS, Bucci TJ, Farhood A, Jaeschke H (2001). Mechanism of cell death during warm hepatic ischemia-
reperfusion in rats: apoptosis or necrosis? Hepatology. 33:397-405. 
 
Guo MF, Zhao Y, Tian R, Li L, Guo L, Xu F, Liu YM, He YB, Bai S, Wang J (2009). In vivo99mTc-HYNIC-
annexin V imaging of early tumor apoptosis in mice after single dose irradiation. J Exp Clin Cancer Res. 28:136. 
 
Haas RL, de Jong D, Valdés Olmos RA, Hoefnagel CA, van den Heuvel I, Zerp SF, Bartelink H, Verheij M 
(2004). In vivo imaging of radiation-induced apoptosis in follicular lymphoma patients. Int J Radiat Oncol Biol 
Phys. 59:782-7. 
 
Haberkorn U, Kinscherf R, Krammer PH, Mier W, Eisenhut M (2001). Investigation of a potential scintigraphic 
marker of apoptosis: radioiodinated Z-Val-Ala-DL-Asp(O-methyl)-fluoromethyl ketone. Nucl Med Biol. 28:793-
8. 
 
Haddadin IS, McIntosh A, Meisamy S, Corum C, Styczynski Snyder AL, Powell NJ, Nelson MT, Yee D, 
Garwood M, Bolan PJ (2009). Metabolite quantification and high-field MRS in breast cancer. NMR Biomed. 
22:65-76. 
 
Hakumäki JM, Poptani H, Puumalainen AM, Loimas S, Paljärvi LA, Ylä-Herttuala S, Kauppinen RA (1998). 
Quantitative 1H nuclear magnetic resonance diffusion spectroscopy of BT4C rat glioma during thymidine 
kinase-mediated gene therapy in vivo: identification of apoptotic response. Cancer Res. 58:3791-9. 
 
Hakumäki JM, Gröhn OH, Tyynelä K, Valonen P, Ylä-Herttuala S, Kauppinen RA (2002). Early gene therapy-
induced apoptotic response in BT4C gliomas by magnetic resonance relaxation contrast T1 in the rotating frame. 
Cancer Gene Ther. 9:338-45. 
 
Hamer PW, McGeachie JM, Davies MJ, Grounds MD (2002). Evans Blue Dye as an in vivo marker of myofibre 
damage: optimising parameters for detecting initial myofibre membrane permeability. J Anat. 200:69-79. 
 
Hammill AK, Uhr JW, Scheuermann RH (1999). Annexin V staining due to loss of membrane asymmetry can be 
reversible and precede commitment to apoptotic death. Exp Cell Res. 251:16-21. 
 
Hamstra DA, Chenevert TL, Moffat BA, Johnson TD, Meyer CR, Mukherji SK, Quint DJ, Gebarski SS, Fan X, 
Tsien CI, Lawrence TS, Junck L, Rehemtulla A, Ross BD (2005). Evaluation of the functional diffusion map as 
an early biomarker of time-to-progression and overall survival in high-grade glioma. Proc Natl Acad Sci USA. 
102:16759-64.  
 



 154 

Hanshaw RG, Lakshmi C, Lambert TN, Johnson JR, Smith BD (2005). Fluorescent detection of apoptotic cells 
by using zinc coordination complexes with a selective affinity for membrane surfaces enriched with 
phosphatidylserine. Chembiochem. 6:2214-20. 
 
Hara T, Kosaka N, Shinoura N, Kondo T (1997). PET imaging of brain tumor with [methyl-11C]choline. J Nucl 
Med. 38:842-7. 
  
Harisinghani MG, Saksena MA, Hahn PF, King B, Kim J, Torabi MT, Weissleder R (2006). Ferumoxtran-10-
enhanced MR lymphangiography: does contrast-enhanced imaging alone suffice for accurate lymph node 
characterization? AJR Am J Roentgenol. 186:144-8. 
 
Hayat MA (2007). Cancer Imaging: Instrumentation and applications. Volume 2. Academic Press. 
 
Hein PA, Kremser C, Judmaier W, Griebel J, Pfeiffer KP, Kreczy A, Hug EB, Lukas P, DeVries AF (2003). 
Diffusion-weighted magnetic resonance imaging for monitoring diffusion changes in rectal carcinoma during 
combined, preoperative chemoradiation: preliminary results of a prospective study. Eur J Radiol. 45:214-22. 
 
Herholz K, Hölzer T, Bauer B, Schröder R, Voges J, Ernestus RI, Mendoza G, Weber-Luxenburger G, Löttgen J, 
Thiel A, Wienhard K, Heiss WD (1998). 11C-methionine PET for differential diagnosis of low-grade gliomas. 
Neurology. 50:1316-22. 
 
Heyn C, Ronald JA, Ramadan SS, Snir JA, Barry AM, MacKenzie LT, Mikulis DJ, Palmieri D, Bronder JL, 
Steeg PS, Yoneda T, MacDonald IC, Chambers AF, Rutt BK, Foster PJ (2006). In vivo MRI of cancer cell fate 
at the single-cell level in a mouse model of breast cancer metastasis to the brain. Magn Reson Med. 56:1001-10. 
 
Hickson J, Ackler S, Klaubert D, Bouska J, Ellis P, Foster K, Oleksijew A, Rodriguez L, Schlessinger S, Wang 
B, Frost D (2010). Noninvasive molecular imaging of apoptosis in vivo using a modified firefly luciferase 
substrate, Z-DEVD-aminoluciferin. Cell Death Differ. 17:1003-10. 
 
Hiller KH, Waller C, Nahrendorf M, Bauer WR, Jakob PM (2006). Assessment of cardiovascular apoptosis in 
the isolated rat heart by magnetic resonance molecular imaging. Mol Imaging. 5:115-21. 
 
Hoa D, Taourel P, Micheau A, Gahide  G, Le Bars E (2007). L’IRM pas à pas. Edition Noir et Blanc. 
 
Hoebers FJ, Kartachova M, de Bois J, van den Brekel MW, van Tinteren H, van Herk M, Rasch CR, Valdés 
Olmos RA, Verheij M (2008). 99mTc Hynic-rh-Annexin V scintigraphy for in vivo imaging of apoptosis in 
patients with head and neck cancer treated with chemoradiotherapy. Eur J Nucl Med Mol Imaging. 35:509-18. 
 
Högemann D, Josephson L, Weissleder R, Basilion JP (2000). Improvement of MRI probes to allow efficient 
detection of gene expression. Bioconjug Chem. 11:941-6. 
 
Hong HY, Choi JS, Kim YJ, Lee HY, Kwak W, Yoo J, Lee JT, Kwon TH, Kim IS, Han HS, Lee BH (2008). 
Detection of apoptosis in a rat model of focal cerebral ischemia using a homing peptide selected from in vivo 
phage display. J Control Release. 131:167-72. 
 
Honig LS, Rosenberg RN (2000). Apoptosis and neurologic disease. Am J Med. 108:317-30.  
 
Howe FA, Barton SJ, Cudlip SA, Stubbs M, Saunders DE, Murphy M, Wilkins P, Opstad KS, Doyle VL, 
McLean MA, Bell BA, Griffiths JR (2003). Metabolic profiles of human brain tumors using quantitative in vivo 
1H magnetic resonance spectroscopy. Magn Reson Med. 49:223-32. 
 

Huppertz A, Haraida S, Kraus A, Zech CJ, Scheidler J, Breuer J, Helmberger TK, Reiser MF (2005). 
Enhancement of focal liver lesions at gadoxetic acid-enhanced MR imaging: correlation with histopathologic 
findings and spiral CT--initial observations. Radiology. 234:468-78. 
  
Hutchings M (2009). PET imaging in lymphoma. Expert Review of Hematology. 2:261-76. 
 
Islam T, Wolf G (2009). The pharmacokinetics of the lymphotropic nanoparticle MRI contrast agent 
ferumoxtran-10. Cancer Biomark. 5:69-73. 
 



 155 

Ishiwata K, Kawamura K, Wang WF, Furumoto S, Kubota K, Pascali C, Bogni A, Iwata R (2004). Evaluation of 
O-[11C]methyl-L-tyrosine and O-[18F]fluoromethyl-L-tyrosine as tumor imaging tracers by PET. Nucl Med 
Biol. 31:191-8. 
  
Iwamoto K, Hayakawa T, Murate M, Makino A, Ito K, Fujisawa T, Kobayashi T (2007). Curvature-dependent 
recognition of ethanolamine phospholipids by duramycin and cinnamycin. Biophys J. 93:1608-19. 
 
Iyer AK, Khaled G, Fang J, Maeda H (2006). Exploiting the enhanced permeability and retention effect for 
tumor targeting. Drug Discovery 11:812-8. 
 
Jackowski S (1996). Cell cycle regulation of membrane phospholipid metabolism. J Biol Chem. 271:20219-22.  
 
Jacobsen TF, Laniado M, Van Beers BE, Dupas B, Boudghène FP, Rummeny E, Falke TH, Rinck PA, MacVicar 
D, Lundby B (1996). Oral magnetic particles (ferristene) as a contrast medium in abdominal magnetic resonance 
imaging. Acad Radiol. 3:571-80. 
 
Jagannathan NR, Kumar M, Seenu V, Coshic O, Dwivedi SN, Julka PK, Srivastava A, Rath GK (2001). 
Evaluation of total choline from in-vivo volume localized proton MR spectroscopy and its response to 
neoadjuvant chemotherapy in locally advanced breast cancer. Br J Cancer. 84:1016-22. 
 
Jain R, Scarpace LM, Ellika S, Torcuator R, Schultz LR, Hearshen D, Mikkelsen T (2010). Imaging response 
criteria for recurrent gliomas treated with bevacizumab: role of diffusion weighted imaging as an imaging 
biomarker. J Neurooncol. 96:423-31. 
 
Jamar F, Chapman PT, Harrison AA, Binns RM, Haskard DO, Peters AM (1995). Inflammatory arthritis: 
imaging of endothelial cell activation with an indium-111-labelled F(ab’)2 fragment of anti-E-selectin 
monoclonal antibody. Radiology. 194:843–50. 
 
Janeway C, Travers P, Walport M, Shlomchik M (2005). Immunobiology: The Immune System in Health and 
Disease. Garland Science Publishing. 
 
Jennings D, Hatton BN, Guo J, Galons JP, Trouard TP, Raghunand N, Marshall J, Gillies RJ (2002). Early 
response of prostate carcinoma xenografts to docetaxel chemotherapy monitored with diffusion MRI. Neoplasia. 
4:255-62. 
 
Johnson WK, Stoupis C, Torres GM, Rosenberg EB, Ros PR (1996). Superparamagnetic iron oxide (SPIO) as an 
oral contrast agent in gastrointestinal (GI) magnetic resonance imaging (MRI): comparison with state-of-the-art 
computed tomography (CT). Magn Reson Imaging. 14:43-9. 
 
Jordan BF, Black K, Robey IF, Runquist M, Powis G, Gillies RJ (2005a). Metabolite changes in HT-29 
xenograft tumors following HIF-1alpha inhibition with PX-478 as studied by MR spectroscopy in vivo and ex 
vivo. NMR Biomed. 18:430-9. 
 
Jordan BF, Runquist M, Raghunand N, Baker A, Williams R, Kirkpatrick L, Powis G, Gillies RJ (2005b). 
Dynamic contrast-enhanced and diffusion MRI show rapid and dramatic changes in tumor microenvironment in 
response to inhibition of HIF-1alpha using PX-478. Neoplasia. 7:475-85. 
 
Jun HY, Yin HH, Kim SH, Park SH, Kim HS, Yoon KH (2010). Visualization of tumor angiogenesis using MR 
imaging contrast agent Gd-DTPA-anti-VEGF receptor 2 antibody conjugate in a mouse tumor model. Korean J 
Radiol. 11:449-56. 
 
Jung HI, Kettunen MI, Davletov B, Brindle KM (2004). Detection of apoptosis using the C2A domain of 
synaptotagmin I. Bioconjug Chem. 15:983-7. 
 
Juweid ME, Cheson BD (2006). Positron-emission tomography and assessment of cancer therapy. N Engl J Med. 
354:496-507.  
 
Kamel IR, Bluemke DA, Ramsey D, Abusedera M, Torbenson M, Eng J, Szarf G, Geschwind JF (2003). Role of 
diffusion-weighted imaging in estimating tumor necrosis after chemoembolization of hepatocellular carcinoma. 
AJR Am J Roentgenol. 181:708-10. 
 



 156 

Kang HW, Josephson L, Petrovsky A, Weissleder R, Bogdanov A Jr (2002a). Magnetic resonance imaging of 
inducible E-selectin expression in human endothelial cell culture. Bioconjug Chem. 13:122-7. 
 
Kang HW, Weissleder R, Bogdanov A Jr (2002b). Targeting of MPEG-protected polyamino acid carrier to 
human E-selectin in vitro. Amino Acids. 23:301-8. 
 
Kartachova M, Haas RL, Olmos RA, Hoebers FJ, van Zandwijk N, Verheij M (2004). In vivo imaging of 
apoptosis by 99mTc-Annexin V scintigraphy: visual analysis in relation to treatment response. Radiother Oncol. 
72:333-9. 
 
Kartachova M, van Zandwijk N, Burgers S, van Tinteren H, Verheij M, Valdés Olmos RA (2007). Prognostic 
significance of 99mTc Hynic-rh-annexin V scintigraphy during platinum-based chemotherapy in advanced lung 
cancer. J Clin Oncol. 25:2534-9. 
  
Kartachova MS, Valdés Olmos RA, Haas RL, Hoebers FJ, van Herk M, Verheij M (2008). 99mTc-HYNIC-rh-
annexin-V scintigraphy: visual and quantitative evaluation of early treatment-induced apoptosis to predict 
treatment outcome. Nucl Med Commun. 29:39-44. 
  
Kastler B, Vetter D, Patay Z, Germain P (2006). Comprendre l’IRM, Manuel d’autoapprentissage. Editions 
Masson, Collection Imagerie médicale, Diagnostic 6° edition. 
 
Kato D, Boatright KM, Berger AB, Nazif T, Blum G, Ryan C, Chehade KA, Salvesen GS, Bogyo M (2005). 
Activity-based probes that target diverse cysteine protease families. Nat Chem Biol. 1:33-8. 
  
Kaufels N, Korn R, Wagner S, Schink T, Hamm B, Taupitz M, Schnorr J (2008). Magnetic resonance imaging 
of liver metastases: experimental comparison of anionic and conventional superparamagnetic iron oxide particles 
with a hepatobiliary contrast medium during dynamic and uptake phases. Invest Radiol. 43:496-503. 
 
Kawai N, Miyake K, Yamamoto Y, Nishiyama Y, Maeda Y, Kageji T, Tamiya T (2009). Use of 11C-methionine 
positron emission tomography in basal germinoma: assessment of treatment response and residual tumor. Childs 
Nerv Syst. 25:845-53.  
 
Ke T, Jeong EK, Wang X, Feng Y, Parker DL, Lu ZR (2007). RGD targeted poly(L-glutamic acid)-cystamine-
(Gd-DO3A) conjugate for detecting angiogenesis biomarker alpha(v) beta3 integrin with MRT, mapping. Int J 
Nanomedicine. 2:191-9. 
 
Keen HG, Dekker BA, Disley L, Hastings D, Lyons S, Reader AJ, Ottewell P, Watson A, Zweit J (2005). 
Imaging apoptosis in vivo using 124I-annexin V and PET. Nucl Med Biol. 32:395-402. 
 
Kelly M, Hwang JM, Kubes P (2007). Modulating leukocyte recruitment in inflammation. J Allergy Clin 
Immunol. 120:3-10.  
 
Kemerink GJ, Liu X, Kieffer D, Ceyssens S, Mortelmans L, Verbruggen AM, Steinmetz ND, Vanderheyden JL, 
Green AM, Verbeke K (2003). Safety, biodistribution, and dosimetry of 99mTc-HYNIC-annexin V, a novel 
human recombinant annexin V for human application. J Nucl Med. 44:947-52. 
 
Kenis H, van Genderen H, Bennaghmouch A, Rinia HA, Frederik P, Narula J, Hofstra L, Reutelingsperger CP 
(2004). Cell surface-expressed phosphatidylserine and annexin A5 open a novel portal of cell entry. J Biol Chem. 
279:52623-9. 
 
Kessel D (1984). Porphyrin localization: a new modality for detection and therapy of tumors. Biochem 
Pharmacol. 33:1389 –93. 
 
Kim HJ, Kim KW, Byun JH, Won HJ, Shin YM, Kim PN, Lee MS, Lee MG (2006). Comparison of 
mangafodipir trisodium- and ferucarbotran-enhanced MRI for detection and characterization of hepatic 
metastases in colorectal cancer patients. AJR Am J Roentgenol. 186:1059-66. 
  
Kimura T, Sako K, Tanaka K, Gotoh T, Yoshida H, Aburano T, Tanaka T, Arai H, Nakada T (2004). Evaluation 
of the response of metastatic brain tumors to stereotactic radiosurgery by proton magnetic resonance 
spectroscopy, 201TlCl single-photon emission computerized tomography, and gadolinium-enhanced magnetic 
resonance imaging. J Neurosurg. 100:835-41. 
 



 157 

Kimura T (2006). Human opioid peptide Met-enkephalin binds to anionic phosphatidylserine in high preference 
to zwitterionic phosphatidylcholine: natural-abundance 13C NMR study on the binding state in large unilamellar 
vesicles. Biochemistry. 45:15601-9. 
 
Kleinschnitz C, Bendszus M, Frank M, Solymosi L, Toyka KV, Stoll G (2003). In vivo monitoring of 
macrophage infiltration in experimental ischemic brain lesions by magnetic resonance imaging. J Cereb Blood 
Flow Metab. 23:1356-61. 
 
Kogan TP, Dupré B, Keller KM, Scott IL, Bui H, Market RV, Beck PJ, Voytus JA, Revelle BM, Scott D (1995). 
Rational design and synthesis of small molecule, non-oligosaccharide selectin inhibitors: (alpha-D-
mannopyranosyloxy)biphenyl-substituted carboxylic acids. J Med Chem. 38:4976-84. 
 
Koh DM, Blackledge M, Collins DJ, Padhani AR, Wallace T, Wilton B, Taylor NJ, Stirling JJ, Sinha R, Walicke 
P, Leach MO, Judson I, Nathan P (2009). Reproducibility and changes in the apparent diffusion coefficients of 
solid tumours treated with combretastatin A4 phosphate and bevacizumab in a two-centre phase I clinical trial. 
Eur Radiol. 19:2728-38. 
 
Kohli V, Selzner M, Madden JF, Bentley RC, Clavien PA (1999). Endothelial cell and hepatocyte deaths occur 
by apoptosis after ischemia-reperfusion injury in the rat liver. Transplantation. 67:1099-105. 
 
Kooi ME, Cappendijk VC, Cleutjens KB, Kessels AG, Kitslaar PJ, Borgers M, Frederik PM, Daemen MJ, van 
Engelshoven JM (2003).  Accumulation of ultrasmall superparamagnetic particles of iron oxide in human 
atherosclerotic plaques can be detected by in vivo magnetic resonance imaging. Circulation. 107:2453-8.  
 
Koopman G, Reutelingsperger CP, Kuijten GA, Keehnen RM, Pals ST, van Oers MH (1994). Annexin V for 
flow cytometric detection of phosphatidylserine expression on B cells undergoing apoptosis. Blood. 84:1415-20. 
 
Kremser C, Judmaier W, Hein P, Griebel J, Lukas P, de Vries A (2003). Preliminary results on the influence of 
chemoradiation on apparent diffusion coefficients of primary rectal carcinoma measured by magnetic resonance 
imaging. Strahlenther Onkol. 179:641-9. 
 
Kresse M, Wagner S, Pfefferer D, Lawaczeck R, Elste V, Semmler W (1998). Targeting of ultrasmall 
superparamagnetic iron oxide (USPIO) particles to tumor cells in vivo by using transferrin receptor pathways. 
Magn Reson Med. 40:236-42. 
 
Krishnan AS, Neves AA, de Backer MM, Hu DE, Davletov B, Kettunen MI, Brindle KM (2008). Detection of 
cell death in tumors by using MR imaging and a gadolinium-based targeted contrast agent. Radiology. 246:854-
62.  
 
Kubota K (2001). From tumor biology to clinical Pet: a review of positron emission tomography (PET) in 
oncology. Ann Nucl Med. 15:471-86. 
 
Kurhanewicz J, Vigneron DB, Hricak H, Parivar F, Nelson SJ, Shinohara K, Carroll PR (1996). Prostate cancer: 
metabolic response to cryosurgery as detected with 3D H-1 MR spectroscopic imaging. Radiology. 200:489-96. 
 
Kwee S, Ernst T (2010). Total Choline at 1H-MRS and [18F]-Fluoromethylcholine Uptake at PET. Mol Imaging 
Biol. 12:424-5. 
 
Kwee SA, Coel MN, Ly BH, Lim J (2009). (18)F-Choline PET/CT imaging of RECIST measurable lesions in 
hormone refractory prostate cancer. Ann Nucl Med. 23:541-8. 
 
Ladner RC, Sato AK, Gorzelany J, de Souza M (2004). Phage display-derived peptides as therapeutic 
alternatives to antibodies. Drug Discov Today. 9:525-9. 
 
Lambrecht M, Deroose C, Roels S, Vandecaveye V, Penninckx F, Sagaert X, van Cutsem E, de Keyzer F, 
Haustermans K (2010). The use of FDG-PET/CT and diffusion-weighted magnetic resonance imaging for 
response prediction before, during and after preoperative chemoradiotherapy for rectal cancer. Acta Oncol. 
49:956-63. 
 
Laumonier C, Segers J, Laurent S, Michel A, Coppée F, Belayew A, Elst LV, Muller RN (2006). A new peptidic 
vector for molecular imaging of apoptosis, identified by phage display technology. J Biomol Screen. 11:537-45. 
 



 158 

Laurent S, Vander Elst L, Fu Y, Muller RN (2004). Synthesis and physicochemical characterization of Gd-
DTPA-B(sLex)A, a new MRI contrast agent targeted to inflammation. Bioconjug Chem. 15:99-103. 
 
Laxman B, Hall DE, Bhojani MS, Hamstra DA, Chenevert TL, Ross BD, Rehemtulla A (2002). Noninvasive 
real-time imaging of apoptosis. Proc Natl Acad Sci USA. 99:16551-5. 
 
Le Bihan D, Poupon C, Amadon A, Lethimonnier F (2006). Artifacts and pitfalls in diffusion MRI. J Magn 
Reson Imaging. 24:478-88. 
  
Leach MO, Verrill M, Glaholm J, Smith TA, Collins DJ, Payne GS, Sharp JC, Ronen SM, McCready VR, 
Powles TJ, Smith IE (1998). Measurements of human breast cancer using magnetic resonance spectroscopy: a 
review of clinical measurements and a report of localized 31P measurements of response to treatment. NMR 
Biomed. 11:314-40.  
 
Lee BW, Olin MR, Johnson GL, Griffin RJ (2008). In vitro and in vivo apoptosis detection using membrane 
permeant fluorescent-labeled inhibitors of caspases. Methods Mol Biol. 414:109-35.  
 
Lee KC, Bradley DA, Hussain M, Meyer CR, Chenevert TL, Jacobson JA, Johnson TD, Galban CJ, Rehemtulla 
A, Pienta KJ, Ross BD (2007). A feasibility study evaluating the functional diffusion map as a predictive 
imaging biomarker for detection of treatment response in a patient with metastatic prostate cancer to the bone. 
Neoplasia. 9:1003-11. 
 
Lee TS, Ahn SH, Moon BS, Chun KS, Kang JH, Cheon GJ, Choi CW, Lim SM (2009). Comparison of 18F-
FDG, 18F-FET and 18F-FLT for differentiation between tumor and inflammation in rats. Nucl Med Biol. 
36:681-6. 
 
Leeuwenberg JF, Smeets EF, Neefjes JJ, Shaffer MA, Cinek T, Jeunhomme TM, Ahern TJ, Buurman WA 
(1992). E-selectin and intercellular adhesion molecule-1 are released by activated human endothelial cells in 
vitro. Immunology. 77:543–549. 
 
Lejeune M, Ferster A, Cantinieaux B, Sariban E (1998). Prolonged but reversible neutrophil dysfunctions 
differentially sensitive to granulocyte colony-stimulating factor in children with acute lymphoblastic leukaemia. 
Br J Haematol. 102:1284-91. 
 
Leuschner C, Hansel W (2005). Targeting breast and prostate cancers through their hormone receptors. Biol 
Reprod. 73:860-5. 
 
Levin G, Shirvan A, Grimberg H, Reshef A, Yogev-Falach M, Cohen A, Ziv I (2009). Novel fluorescence 
molecular imaging of chemotherapy-induced intestinal apoptosis. J Biomed Opt. 14:054019. 
 
Ley K, Allietta M, Bullard DC, Morgan S (1998). Importance of E-selectin for firm leukocyte adhesion in vivo. 
Circ. Res. 83:287–94. 
 
Lindholm P, Minn H, Leskinen-Kallio S, Bergman J, Ruotsalainen U, Joensuu H (1993). Influence of the blood 
glucose concentration on FDG uptake in cancer--a PET study. J Nucl Med. 34:1-6. 
 
Lorberboym M, Blankenberg FG, Sadeh M, Lampl Y (2006). In vivo imaging of apoptosis in patients with acute 
stroke: correlation with blood-brain barrier permeability. Brain Res. 1103:13-9. 
 
Lorenz HM, Herrmann M, Winkler T, Gaipl U, Kalden JR (2000). Role of apoptosis in autoimmunity. Apoptosis. 
5:443-9. 
 
Luo X, Pan S, Feng M, Wen Y, Zhang W (2010). Stability of poly(ethylene glycol)-graft-polyethylenimine 
copolymer/DNA complexes: influences of PEG molecular weight and PEGylation degree. J Mater Sci Mater 
Med. 21:597-607. 
 
Malam Y, Loizidou M, Seifalian AM (2009). Liposomes and nanoparticles: nanosized vehicles for drug delivery 
in cancer. Trends Pharmacol Sci. 30:592-9. 
 
Mandl SJ, Mari C, Edinger M, Negrin RS, Tait JF, Contag CH, Blankenberg FG (2004). Multi-modality imaging 
identifies key times for annexin V imaging as an early predictor of therapeutic outcome. Mol Imaging. 3:1-8. 
 



 159 

Mangner TJ, Klecker RW, Anderson L, Shields AF (2003). Synthesis of 2'-deoxy-2'-[18F]fluoro-beta-D-
arabinofuranosyl nucleosides, [18F]FAU, [18F]FMAU, [18F]FBAU and [18F]FIAU, as potential PET agents for 
imaging cellular proliferation. Synthesis of [18F]labelled FAU, FMAU, FBAU, FIAU. Nucl Med Biol. 30:215-
24. 
 
Manka D, Collins RG, Ley K, Beaudet AL, Sarembock IJ (2001). Absence of P-selectin, but not intercellular 
adhesion molecule-1, attenuates neointimal growth after arterial injury in apolipoprotein E-deficient mice. 
Circulation. 103:1000–5. 
 
Marcus CD, Ladam-Marcus V, Cucu C, Bouché O, Lucas L, Hoeffel C (2009). Imaging techniques to evaluate 
the response to treatment in oncology: current standards and perspectives. Crit Rev Oncol Hematol. 72:217-38. 
  
Mardor Y, Roth Y, Lidar Z, Jonas T, Pfeffer R, Maier SE, Faibel M, Nass D, Hadani M, Orenstein A, Cohen JS, 
Ram Z (2001). Monitoring response to convection-enhanced taxol delivery in brain tumor patients using 
diffusion-weighted magnetic resonance imaging. Cancer Res. 61:4971-3. 
 
Mardor Y, Pfeffer R, Spiegelmann R, Roth Y, Maier SE, Nissim O, Berger R, Glicksman A, Baram J, Orenstein 
A, Cohen JS, Tichler T (2003). Early detection of response to radiation therapy in patients with brain 
malignancies using conventional and high b-value diffusion-weighted magnetic resonance imaging. J Clin Oncol. 
21:1094-100. 
 
Mardor Y, Roth Y, Ochershvilli A, Spiegelmann R, Tichler T, Daniels D, Maier SE, Nissim O, Ram Z, Baram J, 
Orenstein A, Pfeffer R (2004). Pretreatment prediction of brain tumors' response to radiation therapy using high 
b-value diffusion-weighted MRI. Neoplasia. 6:136-42. 
 
Martin S, Pombo I, Poncet P, David B, Arock M, Blank U (2000). Immunologic stimulation of mast cells leads 
to the reversible exposure of phosphatidylserine in the absence of apoptosis. Int Arch Allergy Immunol. 
123:249-58. 
 
Martin SJ, Reutelingsperger CP, McGahon AJ, Rader JA, van Schie RC, LaFace DM, Green DR (1995). Early 
redistribution of plasma membrane phosphatidylserine is a general feature of apoptosis regardless of the 
initiating stimulus: inhibition by overexpression of Bcl-2 and Abl. J Exp Med. 182:1545-56. 
 
Martinez OM, Krams SM (1999). Involvement of Fas-Fas ligand interactions in graft rejection. Int Rev 
Immunol. 18:527-46. 
 
McLachlan SJ, Morris MR, Lucas MA, Fisco RA, Eakins MN, Fowler DR, Scheetz RB, Olukotun AY (1994). 
Phase I clinical evaluation of a new iron oxide MR contrast agent. J Magn Reson Imaging. 4:301-7. 
  
Meisamy S, Bolan PJ, Baker EH, Bliss RL, Gulbahce E, Everson LI, Nelson MT, Emory TH, Tuttle TM, Yee D, 
Garwood M (2004). Neoadjuvant chemotherapy of locally advanced breast cancer: predicting response with in 
vivo (1)H MR spectroscopy--a pilot study at 4 T. Radiology. 233:424-31. 
 
Méthot N, Vaillancourt JP, Huang J, Colucci J, Han Y, Ménard S, Zamboni R, Toulmond S, Nicholson DW, 
Roy S (2004). A caspase active site probe reveals high fractional inhibition needed to block DNA fragmentation. 
J Biol Chem. 279:27905-14. 
 
Meyn RE, Stephens LC, Ang KK, Hunter NR, Brock WA, Milas L, Peters LJ (1993). Heterogeneity in the 
development of apoptosis in irradiated murine tumours of different histologies. Int J Radiat Biol. 64:583-91. 
 
Meyn RE, Stephens LC, Hunter NR, Milas L (1995). Apoptosis in murine tumors treated with chemotherapy 
agents. Anticancer Drugs. 6:443-50. 
 
Meyn RE, Milas L, Stephens LC (1997). Apoptosis in tumor biology and therapy. Adv Exp Med Biol. 400:657-
67. 
  
Miller AB, Hoogstraten B, Staquet M, Winkler A (1991). Reporting results of cancer treatment. Cancer. 47:207-
14. 
 
Milross CG, Mason KA, Hunter NR, Chung WK, Peters LJ, Milas L (1996). Relationship of mitotic arrest and 
apoptosis to antitumor effect of paclitaxel. J Natl Cancer Inst. 88:1308-14. 
  



 160 

Mirjolet JF, Barberi-Heyob M, Merlin JL, Marchal S, Etienne MC, Milano G, Bey P (1998). Thymidylate 
synthase expression and activity: relation to S-phase parameters and 5-fluorouracil sensitivity. Br J Cancer. 
78:62-8. 
 
Modo M, Hoehn M, Bulte JW (2005). Cellular MR imaging. Mol Imaging. 4:143-64. 
 
Moffat BA, Chenevert TL, Lawrence TS, Meyer CR, Johnson TD, Dong Q, Tsien C, Mukherji S, Quint DJ, 
Gebarski SS, Robertson PL, Junck LR, Rehemtulla A, Ross BD (2005). Functional diffusion map: a noninvasive 
MRI biomarker for early stratification of clinical brain tumor response. Proc Natl Acad Sci USA. 102:5524-9.  
 
Moghimi SM (2002). Chemical camouflage of nanospheres with a poorly reactive surface: towards development 
of stealth and target-specific nanocarriers. Biochim Biophys Acta. 1590:131-9. 
 
Moore A, Medarova Z, Potthast A, Dai G (2004). In vivo targeting of underglycosylated MUC-1 tumor antigen 
using a multimodal imaging probe. Cancer Res. 64:1821-7. 
 
Mueller-Lisse UG, Vigneron DB, Hricak H, Swanson MG, Carroll PR, Bessette A, Scheidler J, Srivastava A, 
Males RG, Cha I, Kurhanewicz J (2001). Localized prostate cancer: effect of hormone deprivation therapy 
measured by using combined three-dimensional 1H MR spectroscopy and MR imaging: clinicopathologic case-
controlled study. Radiology. 221:380-90. 
 
Munch-Petersen B, Cloos L, Jensen HK, Tyrsted G (1995). Human thymidine kinase 1. Regulation in normal 
and malignant cells. Adv Enzyme Regul. 35:69-89. 
 
Murakami Y, Takamatsu H, Taki J, Tatsumi M, Noda A, Ichise R, Tait JF, Nishimura S (2004). 18F-labelled 
annexin V: a PET tracer for apoptosis imaging. Eur J Nucl Med Mol Imaging. 31:469-74. 
 
Murphy PS, Viviers L, Abson C, Rowland IJ, Brada M, Leach MO, Dzik-Jurasz AS (2004). Monitoring 
temozolomide treatment of low-grade glioma with proton magnetic resonance spectroscopy. Br J Cancer. 
90:781-6. 
  
Nakai Y, Nomura Y, Sato T, Shiratsuchi A, Nakanishi Y (2005). Isolation of a Drosophila gene coding for a 
protein containing a novel phosphatidylserine-binding motif. J Biochem. 137:593-9. 
Narayanan TK, Said S, Mukherjee J, Christian B, Satter M, Dunigan K, Shi B, Jacobs M, Bernstein T, Padma M, 
Mantil J (2002). A comparative study on the uptake and incorporation of radiolabeled methionine, choline and 
fluorodeoxyglucose in human astrocytoma. Mol Imaging Biol. 4:147-56. 
  
Negendank W (1992). Studies of human tumors by MRS: a review. NMR Biomed. 5:303-24.  
 
Nelson J, Schmiedl U, Shankland E (1990). Metalloporphyrins as tumorseeking MRI contrast media and as 
potential selective treatment sensitizers. Invest Radiol. 25:71–3. 
 
Nelson J, Schmiedl U (1991). Porphyrins as contrast media. Magn Reson Med. 22:366 –71. 
  
Nelson SJ (1999). Imaging of brain tumors after therapy. Neuroimaging Clin N Am. 9:801-19.  
 
Neves AA, Krishnan AS, Kettunen MI, Hu DE, Backer MM, Davletov B, Brindle KM (2007). A paramagnetic 
nanoprobe to detect tumor cell death using magnetic resonance imaging. Nano Lett. 7:1419-23. 
 
Ni Y, Marchal G, Yu J, Lukito G, Petré C, Wevers M, Baert AL, Ebert W, Hilger CS, Maier FK, et al (1995). 
Localization of metalloporphyrin induced “specific” enhancement in experimental liver tumors: comparison of 
magnetic resonance imaging, microangiographic and histologic findings.Acad Radiol. 2:687–99. 
 
Ni Y, Cresens E, Adriaens P, Miao Y, Verbeke K, Dymarkowski S, Verbruggen A, Marchall G (2002). Necrosis 
avid contrast agents: introducing nonporphyrin species. Acad Radiol. 9:98–101. 
 
 Ni Y, Bormans G, Chen F, Verbruggen A, Marchal G (2005). Necrosis avid contrast agents: functional 
similarity versus structural diversity. Invest Radiol. 40:526-35. 
 
O'Connor JP, Jackson A, Asselin MC, Buckley DL, Parker GJ, Jayson GC (2008). Quantitative imaging 
biomarkers in the clinical development of targeted therapeutics: current and future perspectives. Lancet Oncol. 
9:766-76. 



 161 

Ogan M, Revel D, Brasch R (1987). Metalloporphyrin contrast enhancement of tumors in magnetic resonance 
imaging. A study of human carcinoma, lymphoma, and fibrosarcoma in mice. Invest Radiol. 22:822– 8. 
 
Okada DR, Johnson G, Liu Z, Hocherman SD, Khaw BA, Okada RD (2004). Early detection of infarct in 
reperfused canine myocardium using 99mTc-glucarate. J Nucl Med. 45:655-64. 
 
Orlandi C, Crane PD, Edwards DS, Platts SH, Bernard L, Lazewatsky J, Thoolen MJ (1991). Early scintigraphic 
detection of experimental myocardial infarction in dogs with technetium-99m-glucaric acid. J Nucl Med. 32:263-
8. 
 
Palma-Vargas JM, Toledo-Pereyra L, Dean RE, Harkema JM, Dixon RA, Kogan TP (1997). Small-molecule 
selectin inhibitor protects against liver inflammatory response after ischemia and reperfusion. J Am Coll Surg. 
185:365-72. 
 
Parivar F, Hricak H, Shinohara K, Kurhanewicz J, Vigneron DB, Nelson SJ, Carroll PR (1996). Detection of 
locally recurrent prostate cancer after cryosurgery: evaluation by transrectal ultrasound, magnetic resonance 
imaging, and three-dimensional proton magnetic resonance spectroscopy. Urology. 48:594-9. 
 
Partridge SC, Gibbs JE, Lu Y, Esserman LJ, Tripathy D, Wolverton DS, Rugo HS, Hwang ES, Ewing CA, 
Hylton NM (2005). MRI measurements of breast tumor volume predict response to neoadjuvant chemotherapy 
and recurrence-free survival. Am J Roentgenol. 184:1774-81. 
 
Payne GS, Leach MO (2006). Applications of magnetic resonance spectroscopy in radiotherapy treatment 
planning. Br J Radiol. 79:16-26. 
 
Pickles MD, Gibbs P, Lowry M, Turnbull LW (2006). Diffusion changes precede size reduction in neoadjuvant 
treatment of breast cancer. Magn Reson Imaging. 24:843-7.  
 
Podo F (1999). Tumour phospholipid metabolism. NMR Biomed. 12:413-39.  
 
Port M, Corot C, Raynal I, Rousseaux O (2004). Novel compositions magnetic particles covered with gem-
bisphosphonate derivatives. US Patent 2004/0253181 A1. 
 
Prenen H, Deroose C, Vermaelen P, Sciot R, Debiec-Rychter M, Stroobants S, Mortelmans L, Schöffski P, Van 
Oosterom A (2006). Establishment of a mouse gastrointestinal stromal tumour model and evaluation of response 
to imatinib by small animal positron emission tomography. Anticancer Res. 26:1247-52. 
 
Preul MC, Caramanos Z, Villemure JG, Shenouda G, LeBlanc R, Langleben A, Arnold DL (2000). Using proton 
magnetic resonance spectroscopic imaging to predict in vivo the response of recurrent malignant gliomas to 
tamoxifen chemotherapy. Neurosurgery. 46:306-18. 
 
Pucar D, Shukla-Dave A, Hricak H, Moskowitz CS, Kuroiwa K, Olgac S, Ebora LE, Scardino PT, Koutcher JA, 
Zakian KL (2005). Prostate cancer: correlation of MR imaging and MR spectroscopy with pathologic findings 
after radiation therapy-initial experience. Radiology. 236:545-53.  
 
Quinti L, Weissleder R, Tung CH (2006). A fluorescent nanosensor for apoptotic cells. Nano Lett. 6:488-90. 
 
Ran S, Downes A, Thorpe PE (2002). Increased exposure of anionic phospholipids on the surface of tumor blood 
vessels. Cancer Res. 62:6132-40. 
  
Rasey JS, Grierson JR, Wiens LW, Kolb PD, Schwartz JL (2002). Validation of FLT uptake as a measure of 
thymidine kinase-1 activity in A549 carcinoma cells. J Nucl Med. 43:1210-7. 
 
Ray P, De A, Patel M, Gambhir SS (2008). Monitoring caspase-3 activation with a multimodality imaging 
sensor in living subjects. Clin Cancer Res. 14:5801-9. 
 
Rehman S, Jayson GC (2005). Molecular imaging of antiangiogenic agents. Oncologist. 10:92-103. 
 
Reimer P, Weissleder R, Shen T, Knoefel WT, Brady TJ (1994). Pancreatic receptors: initial feasibility studies 
with a targeted contrast agent for MR imaging. Radiology. 193:527-31. 
 



 162 

Reimer P, Schneider G, Schima W (2004). Hepatobiliary contrast agents for contrast-enhanced MRI of the liver: 
properties, clinical development and applications. Eur Radiol. 4:559-78.  
 
Rennen HJ, Boerman OC, Oyen WJ, Corstens FH (2001). Imaging infection/inflammation in the new 
millennium. Eur J Nucl Med. 28:241-52.  
  
Reshef A, Shirvan A, Grimberg H, Levin G, Cohen A, Mayk A, Kidron D, Djaldetti R, Melamed E, Ziv I (2007). 
Novel molecular imaging of cell death in experimental cerebral stroke. Brain Res. 1144:156-64. 
 
Reshef A, Shirvan A, Shohami E, Grimberg H, Levin G, Cohen A, Trembovler V, Ziv I (2008a). Targeting cell 
death in vivo in experimental traumatic brain injury by a novel molecular probe. J Neurotrauma. 25:569-80. 
 
Reshef A, Shirvan A, Waterhouse RN, Grimberg H, Levin G, Cohen A, Ulysse LG, Friedman G, Antoni G, Ziv I 
(2008b). Molecular imaging of neurovascular cell death in experimental cerebral stroke by PET. J Nucl Med. 
49:1520-8. 
 
Reshef A, Shirvan A, Akselrod-Ballin A, Wall A, Ziv I (2010). Small-molecule biomarkers for clinical PET 
imaging of apoptosis. J Nucl Med. 51:837-40. 
 
Reynolds PR, Larkman DJ, Haskard DO, Hajnal JV, Kennea NL, George AJ, Edwards AD (2006). Detection of 
vascular expression of E-selectin in vivo with MR imaging. Radiology. 241:469-76. 
  
Rivenzon-Segal D, Margalit R, Degani H (2002). Glycolysis as a metabolic marker in orthotopic breast cancer, 
monitored by in vivo (13)C MRS. Am J Physiol Endocrinol Metab. 283:623-30. 
 
Rofsky NM, Weinreb JC, Bernardino ME, Young SW, Lee JK, Noz ME (1993). Hepatocellular tumors: 
characterization with Mn-DPDP-enhanced MR imaging. Radiology. 188:53-9. 
 
Rogers WJ, Basu P (2005). Factors regulating macrophage endocytosis of nanoparticles: implications for 
targeted magnetic resonance plaque imaging. Atherosclerosis. 178:67-73. 
 
Roivainen A, Forsback S, Grönroos T, Lehikoinen P, Kähkönen M, Sutinen E, Minn H (2000). Blood 
metabolism of [methyl-11C]choline; implications for in vivo imaging with positron emission tomography. Eur J 
Nucl Med. 27:25-32. 
 
Rommel D, Bol A, Abarca-Quinones J, Peeters F, Robert A, Labar D, Galant C, Gregoire V, Duprez T (2010). 
Rodent Rhabdomyosarcoma: Comparison Between Total Choline Concentration at H-MRS and [(18)F]-
fluoromethylcholine Uptake at PET Using Accurate Methods for Collecting Data. Mol Imaging Biol. 12:415-23. 
 
Ronen SM, Leach MO (2001). Imaging biochemistry: applications to breast cancer. Breast Cancer Res. 3:36-40.  
 
Rottey S, Slegers G, Van Belle S, Goethals I, Van de Wiele C (2006). Sequential 99mTc-
hydrazinonicotinamide-annexin V imaging for predicting response to chemotherapy. J Nucl Med. 47:1813-8. 
 
 Rovaris M, Filippi M (2000). Contrast enhancement and the acute lesion in multiple sclerosis. Neuroimaging 
Clin N Am. 10:705-16. 
 
Ruehm SG, Corot C, Vogt P, Kolb S, Debatin JF (2001). Magnetic resonance imaging of atherosclerotic plaque 
with ultrasmall superparamagnetic particles of iron oxide in hyperlipidemic rabbits. Circulation. 103:415-22. 
 
Ruiz-Cabello J, Cohen JS (1992). Phospholipid metabolites as indicators of cancer cell function. NMR Biomed. 
5:226-33. 
 
Runge VM (2000). Safety of approved MR contrast media for intravenous injection. J Magn Reson Imaging. 
12:205-13. 
 
Rutkowski T, Tarnawski R, Sokol M, Maciejewski B (2003). 1H-MR spectroscopy of normal brain tissue before 
and after postoperative radiotherapy because of primary brain tumors. Int J Radiat Oncol Biol Phys. 56:1381-9. 
 
Sahu SK, Gummadi SN, Manoj N, Aradhyam GK (2007). Phospholipid scramblases: an overview. Arch 
Biochem Biophys. 462:103-14. 
 



 163 

Saini SK, Jena A, Dey J, Sharma AK, Singh R (1995). MnPcS4: A new MRI contrast enhancing agent for tumor 
localization in mice. Magn Reson Imaging. 13:985–90. 
 
Saito Y, Mitsuhashi N, Sakurai H, Ishikawa H, Hasegawa M, Akimoto T, Hayakawa K, Niibe H (1999). 
Apoptosis and appearance of Trp53-positive micronuclei in murine tumors with different radioresponses in vivo. 
Radiat Res. 152:462-7. 
 
Saleh A, Schroeter M, Jonkmanns C, Hartung HP, Mödder U, Jander S (2004). In vivo MRI of brain 
inflammation in human ischaemic stroke. Brain. 127:1670-7. 
 
Schellenberger EA, Bogdanov A Jr, Högemann D, Tait J, Weissleder R, Josephson L (2002). Annexin V-CLIO: 
a nanoparticle for detecting apoptosis by MRI. Mol Imaging. 1:102-7. 
 
Schellenberger EA, Sosnovik D, Weissleder R, Josephson L (2004). Magneto/optical annexin V, a multimodal 
protein. Bioconjug Chem. 15:1062-7. 
 
Schimming R, Mason KA, Hunter N, Weil M, Kishi K, Milas L (1999). Lack of correlation between mitotic 
arrest or apoptosis and antitumor effect of docetaxel. Cancer Chemother Pharmacol. 43:165-72. 
  
Schmitz JE, Kettunen MI, Hu DE, Brindle KM (2005). 1H MRS-visible lipids accumulate during apoptosis of 
lymphoma cells in vitro and in vivo. Magn Reson Med. 54:43-50. 
 
Schwartz JL, Tamura Y, Jordan R, Grierson JR, Krohn KA (2003). Monitoring tumor cell proliferation by 
targeting DNA synthetic processes with thymidine and thymidine analogs. J Nucl Med. 44:2027-32. 
 
Schwarz AJ, Maisey NR, Collins DJ, Cunningham D, Huddart R, Leach MO (2002). Early in vivo detection of 
metabolic response: a pilot study of 1H MR spectroscopy in extracranial lymphoma and germ cell tumours. Br J 
Radiol. 75:959-66. 
 
Segers J, Laumonier C, Burtea C, Laurent S, Elst LV, Muller RN (2007). From phage display to magnetophage, 
a new tool for magnetic resonance molecular imaging. Bioconjug Chem. 18:1251-8. 
 
Seierstad T, Røe K, Olsen DR (2007). Noninvasive monitoring of radiation-induced treatment response using 
proton magnetic resonance spectroscopy and diffusion-weighted magnetic resonance imaging in a colorectal 
tumor model. Radiother Oncol. 85:187-94. 
 
Seigneuret M, Devaux PF (1984). ATP-dependent asymmetric distribution of spin-labeled phospholipids in the 
erythrocyte membrane: relation to shape changes. Proc Natl Acad Sci USA. 81:3751-5. 
 
Seluanov A, Gorbunova V, Falcovitz A, Sigal A, Milyavsky M, Zurer I, Shohat G, Goldfinger N, Rotter V 
(2001). Change of the death pathway in senescent human fibroblasts in response to DNA damage is caused by an 
inability to stabilize p53. Mol Cell Biol. 21:1552-64. 
 
Senéterre E, Weissleder R, Jaramillo D, Reimer P, Lee AS, Brady TJ, Wittenberg J (1991). Bone marrow: 
ultrasmall superparamagnetic iron oxide for MR imaging. Radiology. 179:529-33. 
 
Shah N, Sattar A, Benanti M, Hollander S, Cheuck L (2006). Magnetic resonance spectroscopy as an imaging 
tool for cancer: a review of the literature. J Am Osteopath Assoc. 106:23-7. 
 
Shao R, Xiong C, Wen X, Gelovani JG, Li C (2007). Targeting phosphatidylserine on apoptotic cells with 
phages and peptides selected from a bacteriophage display library. Mol Imaging. 6:417-26. 
 
Shi J, Shi Y, Waehrens LN, Rasmussen JT, Heegaard CW, Gilbert GE (2006). Lactadherin detects early 
phosphatidylserine exposure on immortalized leukemia cells undergoing programmed cell death. Cytometry A. 
69:1193-201. 
 
Shields AF, Mankoff DA, Link JM, Graham MM, Eary JF, Kozawa SM, Zheng M, Lewellen B, Lewellen TK, 
Grierson JR, Krohn KA (1998). Carbon-11-thymidine and FDG to measure therapy response. J Nucl Med. 
39:1757-62. 
 
Shirvan A, Reshef A, Yogev-Falach M, Ziv I (2008). Molecular imaging of neurodegeneration by a novel cross-
disease biomarker. Exp Neurol. 219:274-83. 



 164 

Sibson NR, Blamire AM, Bernades-Silva M, Laurent S, Boutry S, Muller RN, Styles P, Anthony DC (2004). 
MRI detection of early endothelial activation in brain inflammation. Magn Reson Med. 51:248-52. 
 
Simberg D, Duza T, Park JH, Essler M, Pilch J, Zhang L, Derfus AM, Yang M, Hoffman RM, Bhatia S, Sailor 
MJ, Ruoslahti E (2007). Biomimetic amplification of nanoparticle homing to tumors. Proc Natl Acad Sci USA. 
104:932-6. 
 
Sipkins DA, Gijbels K, Tropper FD, Bednarski M, Li KC, Steinman L (2000). ICAM-1 expression in 
autoimmune encephalitis visualized using magnetic resonance imaging. J Neuroimmunol. 104:1-9. 
 
Sitter B, Sonnewald U, Spraul M, Fjösne HE, Gribbestad IS (2002). High-resolution magic angle spinning MRS 
of breast cancer tissue. NMR Biomed. 15:327-37. 
 
Smith CW (1993). Endothelial adhesion molecules and their role in inflammation. Can J Physiol Pharmacol. 
71:76-87.  
 
Smolewski P, Bedner E, Du L, Hsieh TC, Wu JM, Phelps DJ, Darzynkiewicz Z (2001). Detection of caspases 
activation by fluorochrome-labeled inhibitors: Multiparameter analysis by laser scanning cytometry. Cytometry. 
44:73-82. 
 
Soenen SJ, De Cuyper M (2009). Assessing cytotoxicity of (iron oxide-based) nanoparticles: an overview of 
different methods exemplified with cationic magnetoliposomes. Contrast Media Mol Imaging. 4:207-19. 
Sohn HJ, Yang YJ, Ryu JS, Oh SJ, Im KC, Moon DH, Lee DH, Suh C, Lee JS, Kim SW (2008). 
[18F]Fluorothymidine positron emission tomography before and 7 days after gefitinib treatment predicts 
response in patients with advanced adenocarcinoma of the lung. Clin Cancer Res. 14:7423-9. 
  
Sonvico F, Mornet S, Vasseur S, Dubernet C, Jaillard D, Degrouard J, Hoebeke J, Duguet E, Colombo P, 
Couvreur P (2005). Folate-conjugated iron oxide nanoparticles for solid tumor targeting as potential specific 
magnetic hyperthermia mediators: synthesis, physicochemical characterization, and in vitro experiments. 
Bioconjug Chem. 16:1181-8. 
 
Sosnovik DE, Schellenberger EA, Nahrendorf M, Novikov MS, Matsui T, Dai G, Reynolds F, Grazette L, 
Rosenzweig A, Weissleder R, Josephson L (2005). Magnetic resonance imaging of cardiomyocyte apoptosis 
with a novel magneto-optical nanoparticle. Magn Reson Med. 54:718-24. 
 
Sosnovik DE, Garanger E, Aikawa E, Nahrendorf M, Figuiredo JL, Dai G, Reynolds F, Rosenzweig A, 
Weissleder R, Josephson L (2009). Molecular MRI of cardiomyocyte apoptosis with simultaneous delayed-
enhancement MRI distinguishes apoptotic and necrotic myocytes in vivo: potential for midmyocardial salvage in 
acute ischemia. Circ Cardiovasc Imaging. 2:460-7. 
 
Steen RG (1989). Response of solid tumors to chemotherapy monitored by in vivo 31P nuclear magnetic 
resonance spectroscopy: a review. Cancer Res. 49:4075-85.  
 
Stone HB, Coleman CN, Anscher MS, McBride WH (2003). Effects of radiation on normal tissue: consequences 
and mechanisms. Lancet Oncol. 4:529-36. 
 
Strauss HW, Blankenberg F, Vanderheyden JL, Tait J (2008). Translational imaging: imaging of apoptosis. 
Handb Exp Pharmacol. 185:259-75. 
 
Su H, Bodenstein C, Dumont RA, Seimbille Y, Dubinett S, Phelps ME, Herschman H, Czernin J, Weber W 
(2006). Monitoring tumor glucose utilization by positron emission tomography for the prediction of treatment 
response to epidermal growth factor receptor kinase inhibitors. Clin Cancer Res. 12:5659-67. 
 
Sun R, Dittrich J, Le-Huu M, Mueller MM, Bedke J, Kartenbeck J, Lehmann WD, Krueger R, Bock M, Huss R, 
Seliger C, Gröne HJ, Misselwitz B, Semmler W, Kiessling F (2005). Physical and biological characterization of 
superparamagnetic iron oxide- and ultrasmall superparamagnetic iron oxide-labeled cells: a comparison. Invest 
Radiol. 40:504-13. 
 
Symmans WF, Volm MD, Shapiro RL, Perkins AB, Kim AY, Demaria S, Yee HT, McMullen H, Oratz R, Klein 
P, Formenti SC, Muggia F (2000). Paclitaxel-induced apoptosis and mitotic arrest assessed by serial fine-needle 
aspiration: implications for early prediction of breast cancer response to neoadjuvant treatment. Clin Cancer Res. 
6:4610-7. 



 165 

Tait JF, Gibson D (1994). Measurement of membrane phospholipid asymmetry in normal and sickle-cell 
erythrocytes by means of annexin V binding. J Lab Clin Med. 123:741-8. 
 
Tait JF, Gibson D (2002). Phospholipid binding of annexin V: effects of calcium and membrane 
phosphatidylserine content. Arch Biochem Biophys. 298:187-91. 
 
Tait JF, Smith C, Blankenberg FG (2005). Structural requirements for in vivo detection of cell death with 
99mTc-annexin V. J Nucl Med. 46:807-15. 
 
Tanaka Y (2001). The role of chemokines and adhesion molecules in the pathogenesis of rheumatoid arthritis. 
Drugs Today (Barc). 37:477-84. 
 
Thapa N, Kim S, So IS, Lee BH, Kwon IC, Choi K, Kim IS (2008). Discovery of a phosphatidylserine-
recognizing peptide and its utility in molecular imaging of tumour apoptosis. J Cell Mol Med. 12:1649-60. 
  
Theilmann RJ, Borders R, Trouard TP, Xia G, Outwater E, Ranger-Moore J, Gillies RJ, Stopeck A (2004). 
Changes in water mobility measured by diffusion MRI predict response of metastatic breast cancer to 
chemotherapy. Neoplasia. 6:831-7. 
 
Therasse P, Eisenhauer EA, Verweij J (2000). RECIST revisited: a review of validation studies on tumour 
assessment. Eur J Cancer. 42:1031-9. 
 
Thoeny HC, Ross BD (2010). Predicting and monitoring cancer treatment response with diffusion-weighted 
MRI. J Magn Reson Imaging. 32:2-16. 
 
Thurston G, McLean JW, Rizen M, Baluk P, Haskell A, Murphy TJ, Hanahan D, McDonald DM (1998). 
Cationic liposomes target angiogenic endothelial cells in tumors and chronic inflammation in mice. J Clin Invest. 
101:1401-13. 
 
Tomura N, Narita K, Izumi J, Suzuki A, Anbai A, Otani T, Sakuma I, Takahashi S, Mizoi K, Watarai J (2006). 
Diffusion changes in a tumor and peritumoral tissue after stereotactic irradiation for brain tumors: possible 
prediction of treatment response. J Comput Assist Tomogr. 30:496-500. 
 
Truksa J, Kovár J, Valenta T, Ehrlichová M, Polák J, Naumann PW (2003). Iron deprivation induces apoptosis 
independently of p53 in human and murine tumour cells. Cell Prolif. 36:199-213. 
 
Uhl M, Saueressig U, van Buiren M, Kontny U, Niemeyer C, Köhler G, Ilyasov K, Langer M (2006). 
Osteosarcoma: preliminary results of in vivo assessment of tumor necrosis after chemotherapy with diffusion- 
and perfusion-weighted magnetic resonance imaging. Invest Radiol. 41:618-23. 
 
van de Wiele C, Lahorte C, Vermeersch H, Loose D, Mervillie K, Steinmetz ND, Vanderheyden JL, Cuvelier 
CA, Slegers G, Dierck RA (2003). Quantitative tumor apoptosis imaging using technetium-99m-HYNIC 
annexin V single photon emission computed tomography. J Clin Oncol. 21:3483-7. 
 
Van den Abbeele AD, Badawi RD (2002). Use of positron emission tomography in oncology and its potential 
role to assess response to imatinib mesylate therapy in gastrointestinal stromal tumors (GISTs). Eur J Cancer. 
38:60-5. 
 
van den Eijnde SM, van den Hoff MJ, Reutelingsperger CP, van Heerde WL, Henfling ME, Vermeij-Keers C, 
Schutte B, Borgers M, Ramaekers FC (2001). Transient expression of phosphatidylserine at cell-cell contact 
areas is required for myotube formation. J Cell Sci. 114:3631-42. 
 
van der Kogel A, Joiner M (2009). Basic Clinical Radiobiology. 4th Edition. Oxford University Press. 
 
van Montfoort JE, Stieger B, Meijer DK, Weinmann HJ, Meier PJ, Fattinger KE (1999). Hepatic uptake of the 
magnetic resonance imaging contrast agent gadoxetate by the organic anion transporting polypeptide Oatp1. J 
Pharmacol Exp Ther. 290:153-7. 
 
van Tilborg GA, Mulder WJ, Chin PT, Storm G, Reutelingsperger CP, Nicolay K, Strijkers GJ (2006). Annexin 
A5-conjugated quantum dots with a paramagnetic lipidic coating for the multimodal detection of apoptotic cells. 
Bioconjug Chem. 17:865-8. 
 



 166 

van Tilborg GA, Geelen T, Duimel H, Bomans PH, Frederik PM, Sanders HM, Deckers NM, Deckers R, 
Reutelingsperger CP, Strijkers GJ, Nicolay K (2009). Internalization of annexin A5-functionalized iron oxide 
particles by apoptotic Jurkat cells. Contrast Media Mol Imaging. 4:24-32. 
 
van Zijl PC, Place DA, Cohen JS, Faustino PJ, Lyon RC, Patronas NJ (1990). Metalloporphyrin magnetic 
resonance contrast agents: feasibility of tumor-specific magnetic resonance imaging. Acta Radiol Suppl (Stockh). 
374:75-9. 
  
Vander Borght T, Lambotte L, Pauwels S, Labar D, Beckers C, Dive C (1991). Noninvasive measurement of 
liver regeneration with positron emission tomography and [2-11C]thymidine. Gastroenterology. 101:794-9. 
 
Verheij M (2008). Clinical biomarkers and imaging for radiotherapy-induced cell death. Cancer Metastasis Rev. 
27:471-80.  
 
Vilanova JC, Comet J, Barceló-Vidal C, Barceló J, López-Bonet E, Maroto A, Arzoz M, Moreno A, Areal J 
(2009). Peripheral zone prostate cancer in patients with elevated PSA levels and low free-to-total PSA ratio: 
detection with MR imaging and MR spectroscopy. Radiology. 253:135-43.  
Wang F, Fang W, Zhao M, Wang Z, Ji S, Li Y, Zheng Y (2008). Imaging paclitaxel (chemotherapy)-induced 
tumor apoptosis with 99mTc C2A, a domain of synaptotagmin I: a preliminary study. Nucl Med Biol. 35:359-64. 
 
Wang L, Shi J, Kim YS, Zhai S, Jia B, Zhao H, Liu Z, Wang F, Chen X, Liu S (2009). Improving tumor-
targeting capability and pharmacokinetics of (99m)Tc-labeled cyclic RGD dimers with PEG(4) linkers. Mol 
Pharm. 6:231-45. 
 
Weber WA (2010). Monitoring tumor response to therapy with 18F-FLT PET. J Nucl Med. 51:841-4. 
  
Weissleder R, Elizondo G, Wittenberg J, Lee AS, Josephson L, Brady TJ (1990). Ultrasmall superparamagnetic 
iron oxide: an intravenous contrast agent for assessing lymph nodes with MR imaging. Radiology. 175:494-8. 
 
Weissleder R, Elizondo G, Stark DD, Hahn PF, Marfil J, Gonzalez JF, Saini S, Todd LE, Ferrucci JT (1989a). 
The diagnosis of splenic lymphoma by MR imaging: value of superparamagnetic iron oxide. AJR Am J 
Roentgenol. 152:175-80. 
  
Weissleder R, Stark DD, Engelstad BL, Bacon BR, Compton CC, White DL, Jacobs P, Lewis J (1989b). 
Superparamagnetic iron oxide: pharmacokinetics and toxicity. AJR Am J Roentgenol. 152:167-73. 
 
Workman P (2006). Using biomarkers in drug development. Clin Adv Hematol Oncol. 4:736-9. 
 
Wu B, Peng WJ, Wang PJ, Gu YJ, Li WT, Zhou LP, Tang F, Zhong GM (2006). In vivo 1H magnetic resonance 
spectroscopy in evaluation of hepatocellular carcinoma and its early response to transcatheter arterial 
chemoembolization. Chin Med Sci J. 21:258-64. 
 
Wurth GA, Zweifach A (2002). Evidence that cytosolic calcium increases are not sufficient to stimulate 
phospholipid scrambling in human T-lymphocytes. Biochem J. 362:701-8. 
 
Yaghini E, Seifalian AM, MacRobert AJ (2009). Quantum dots and their potential biomedical applications in 
photosensitization for photodynamic therapy. Nanomedicine (Lond). 4:353-63. 
 
Yagle KJ, Eary JF, Tait JF, Grierson JR, Link JM, Lewellen B, Gibson DF, Krohn KA (2005). Evaluation of 
18F-annexin V as a PET imaging agent in an animal model of apoptosis. J Nucl Med. 46:658-66. 
 
Yang MY, Chuang H, Chen RF, Yang KD (2002). Reversible phosphatidylserine expression on blood 
granulocytes related to membrane perturbation but not DNA strand breaks. J Leukoc Biol. 71:231-7. 
 
Yankeelov TE, Lepage M, Chakravarthy A, Broome EE, Niermann KJ, Kelley MC, Meszoely I, Mayer IA, 
Herman CR, McManus K, Price RR, Gore JC (2007). Integration of quantitative DCE-MRI and ADC mapping 
to monitor treatment response in human breast cancer: initial results. Magn Reson Imaging. 25:1-13.  
 
Yoo PJ, Nam KT, Qi J, Lee SK, Park J, Belcher AM, Hammond PT (2006). Spontaneous assembly of viruses on 
multilayered polymer surfaces. Nat Mater. 5:234-40. 
 



 167 

Yoshikawa T, Mitchell DG, Hirota S, Ohno Y, Oda K, Maeda T, Fujii M, Sugimura K (2006). Gradient- and 
spin-echo T2-weighted imaging for SPIO-enhanced detection and characterization of focal liver lesions. J Magn 
Reson Imaging. 23:712-9. 
 
Yoshino E, Ohmori Y, Imahori Y, Higuchi T, Furuya S, Naruse S, Mori T, Suzuki K, Yamaki T, Ueda S, 
Tsuzuki T, Takai S (1996). Irradiation effects on the metabolism of metastatic brain tumors: analysis by positron 
emission tomography and 1H-magnetic resonance spectroscopy. Stereotact Funct Neurosurg. 66:240-59. 
 
Young H, Baum R, Cremerius U, Herholz K, Hoekstra O, Lammertsma AA, Pruim J, Price P (1999). 
Measurement of clinical and subclinical tumour response using [18F]-fluorodeoxyglucose and positron emission 
tomography: review and 1999 EORTC recommendations. European Organization for Research and Treatment of 
Cancer (EORTC) PET Study Group. Eur J Cancer. 35:1773-82. 
 
Yue J, Chen L, Cabrera AR, Sun X, Zhao S, Zheng F, Han A, Zheng J, Teng X, Ma L, Ma Y, Han D, Zhao X, 
Mu D, Yu J, Li Y (2010). Measuring tumor cell proliferation with 18F-FLT PET during radiotherapy of 
esophageal squamous cell carcinoma: a pilot clinical study. J Nucl Med. 51:528-34.  
Zachowski A (1993). Phospholipids in animal eukaryotic membranes: transverse asymmetry and movement. 
Biochem J. 294:1-14.  
 
Zeng QS, Li CF, Zhang K, Liu H, Kang XS, Zhen JH (2007). Multivoxel 3D proton MR spectroscopy in the 
distinction of recurrent glioma from radiation injury. J Neurooncol. 84:63-9.  
 
Zhao M, Pipe JG, Bonnett J, Evelhoch JL (1996). Early detection of treatment response by diffusion-weighted 
1H-NMR spectroscopy in a murine tumour in vivo. Br J Cancer. 73:61-4. 
 
Zhao M, Beauregard DA, Loizou L, Davletov B, Brindle KM (2001). Non-invasive detection of apoptosis using 
magnetic resonance imaging and a targeted contrast agent. Nat Med. 7:1241-4. 
 
Zhao M, Zhu X, Ji S, Zhou J, Ozker KS, Fang W, Molthen RC, Hellman RS (2006). 99mTc-labeled C2A 
domain of synaptotagmin I as a target-specific molecular probe for noninvasive imaging of acute myocardial 
infarction. J Nucl Med. 47:1367-74. 
 
Zhao M, Li Z, Bugenhagen S (2008). 99mTc-labeled duramycin as a novel phosphatidylethanolamine-binding 
molecular probe. J Nucl Med. 49:1345-52.  
 
Zhou D, Chu W, Rothfuss J, Zeng C, Xu J, Jones L, Welch MJ, Mach RH (2006). Synthesis, radiolabeling, and 
in vivo evaluation of an 18F-labeled isatin analog for imaging caspase-3 activation in apoptosis. Bioorg Med 
Chem Lett. 16:5041-6. 
 
Zhou Q, Zhao J, Stout JG, Luhm RA, Wiedmer T, Sims PJ (1997). Molecular cloning of human plasma 
membrane phospholipid scramblase. A protein mediating transbilayer movement of plasma membrane 
phospholipids. J Biol Chem. 272:18240-4. 
 
Zhu S, Hong M, Tang G, Qian L, Lin J, Jiang Y, Pei Y (2010). Partly PEGylated polyamidoamine dendrimer for 
tumor-selective targeting of doxorubicin: the effects of PEGylation degree and drug conjugation style. 
Biomaterials. 31:1360-71. 
 
Zoula S, Hérigault G, Ziegler A, Farion R, Décorps M, Rémy C (2003). Correlation between the occurrence of 
1H-MRS lipid signal, necrosis and lipid droplets during C6 rat glioma development. NMR Biomed. 16:199-212. 
 
Zwaal RF, Schroit AJ (1997). Pathophysiologic implications of membrane phospholipid asymmetry in blood 
cells. Blood. 89:1121-32. 
 

 


