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Abstract  

Among the different lanthanide ions, gadolinium is the most commonly used to prepare stable complexes for magnetic resonance imaging (MRI). These paramagnetic complexes are well known as contrast agents (CAs) for MRI. The most widely used ligands for complexation are derivatives of diethylenetriaminepentaacetic acid (DTPA) and 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetraacetic acid (DOTA). New contrast agents are continuously being developed to target specific organs and to allow applications in cellular and molecular MRI. 

Lanthanide complexes with a high thermodynamic and kinetic stability are required for in vivo applications, giving appropriate biodistribution and safety profiles.  CAs work by reducing the T1 and T2 relaxation times of proton nuclei in the target tissue. The efficiency of MRI CAs is measured in terms of their r1 and r2 relaxivity values. Contrast enhancement is obtained when one tissue has either higher affinity for the CA or higher vascularity/vascular permeability than another one. For instance, tumors are different from healthy tissues in their vascularity and vascular permeability and show higher uptake of non-specific CAs, resulting in a higher contrast in MR images. On T1-weighted imaging, positive contrast is provided by Gd-based CAs, as the contrast enhancement at the tissue site where the CA concentrates is dominated by T1 shortening. T2-weighted imaging is used to visualize a negative contrast enhancement due to a predominant T2 shortening effect of the CA. The small Gd3+ based non-specific paramagnetic chelates have similar r1 and r2 effects in water, and are currently used mainly for positive contrast T1-weighted images. The relaxivity effects of these agents result mostly from both inner- and outer-sphere mechanisms. Some examples of molecular imaging applications are illustrated.     
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Overview:

Magnetic resonance imaging (MRI) represents an important development in diagnostics. MRI is based on the NMR signal generated by hydrogen nuclei present in water and its changes that are dependent on the environment. The use of a contrast agent (CA) in MRI is aimed at improving the diagnostic accuracy of clinical studies by providing images that contain physiological information along with exquisitely high anatomical detail. Paramagnetic ions, such as gadolinium(III) complexes, reduce the longitudinal relaxation time and increase the T1 signal intensity, giving a positive contrast. The first CAs developed were non-specific agents or extracellular fluid space agents. Research is now focused on the development of new classes of contrast agents with improved properties, such as smart contrast agents, target selective contrast agents, and macromolecular contrast agents. Target contrast agents are gadolinium complexes which are delivered in a selective way to cells or tissues of interest thanks to bioactive molecules such as peptides and antibodies; in this approach, specific receptors or membrane proteins overexpressed by cells are the molecular targets where the gadolinium complexes derivatized with peptides or antibodies are intended to accumulate. Our team has developed some contrast agents based on Gd-DTPA complexes for molecular imaging; for example, to target apoptosis in atherosclerotic plaques (Gd-DTPA-R826), inflammation (Gd-DTPA-B(SleX)A), or the v3 integrin expression (Gd-DTPA-mRGD).  

Introduction: 

Magnetic resonance imaging (MRI) has gained considerable importance among diagnostic modalities. MRI is a non-invasive method based upon the nuclear magnetic resonance (NMR) phenomenon, which relies on the specific magnetic properties of some nuclei in atoms (spin) and their capability of absorption and emission of radiofrequency waves in a strong magnetic field. The first MR image was published in 1973 and the first MRI scan of a human body was done in 1977. Paul Lauterbur and Peter Mansfield were awarded a Noble Prize in 2003 for their major contributions to the invention of MRI. MRI has many advantages over other diagnostic techniques such as X-ray and computed tomography (CT) scanning, both of which involve the use of ionizing radiation. MRI, on the other hand, uses a harmless magnetic field and electromagnetic radiation and is therefore referred to as a non-invasive technique.

The principle of this technique is based on the repeated application of magnetic field gradients in three directions of space, as well as of radiofrequency waves (excitation pulses). Magnetic field gradients are applied in addition to the main magnetic field B0. Gradients perform the following three main tasks in encoding the spatial information: (i) slice selection, (ii) frequency encoding, and (iii) phase encoding. The image results from the spatial identification of analyzed nuclei and consists of picture elements (pixels), where the gray levels represent the intensity of the signal corresponding to the volume element (voxel). The frequency of the excitation pulse depends on the observed nuclei and on the B0 field strength. Because of its abundance in each living organism, proton (the 1H nucleus), is the most studied nucleus in MRI (excitation pulse: 42.58 MHz/Tesla). Since the signal depends on the proton concentration relaxation times T1 (the longitudinal or spin lattice relaxation time) and T2 (the transverse or spin-spin relaxation time), the intensity modulations of the image can be observed, mainly by adjusting the cadence at which excitation pulses are generated (repetition time TR) and the time interval before collecting the resulting NMR signal (echo time TE)

In order to reach an accurate medical diagnosis, contrast agents are used to facilitate the distinction between normal and diseased tissues. Their role is to change the nuclear relaxation time. These substances, generally Gd complexes, must be non-toxic, biocompatible, and efficient at low doses. The choice of instrumental parameters, such as the sequence used, can also play a role on the contrast. The intensities of the MRI images are dependent on the proton relaxation of water molecules. This relaxation process depends on the environment of water molecules and varies between tissues. The contrast can be modulated essentially by two factors governing proton relaxation: the T1 effect or longitudinal relaxation, which increases the signal strength,1,2 and the T2 effect or transverse relaxation, which reduces the signal intensity.3 The images are T1- or T2-weighted depending on the predominant relaxation.4  

1. Contrast mechanism in MRI

1.1. T1-weighted contrast

The repetition time TR (time interval between two successive excitation pulses) is a key parameter responsible for T1 contrast during a pulse sequence. For T1 contrast, a pulse sequence with short TR is selected together with a short TE (to minimize T2-related contrast effects). Tissues with relatively short T1 relax quickly and thus exhibit large signal intensity after the application of excitation pulses with short TR. On the other hand, tissues with a long T1 undergo only little relaxation between two excitation pulses and thus yield low (saturated) signal intensity. In the mouse head T1-weighted MR image illustrated in figure 1, fat (blue arrow) has a shorter T1 because it has a relatively slow tumbling rate and thus will appear with stronger signal intensity, while tissues (e.g. brain tissue (white arrow)) that have a relatively longer T1 (due to a relatively fast tumbling rate) will appear with lower signal intensity. As aqueous fluids have long relaxation times, cerebrospinal fluid (CSF) will not be distinguishable from brain tissue also due to a signal saturation phenomenon.5 
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Figure 1: T1-weighted MR image (spin-echo pulse sequence at B0=9.4 Tesla, TR=300 ms, TE=12 ms) of a mouse head showing contrast between fat (blue arrow) and tissue (brain: white arrow).
1.2. T2-weighted contrast

The effect of T2 on the image contrast is closely related to the echo time TE (the time interval between excitation pulse and signal collection). To create T2 contrast in MR images, a long TE is used in pulse sequences, together with a long TR (to minimize T1-related contrast effects). The tissues with relatively shorter T2 will undergo most of their relaxation process before signal collection occurs and will thus yield low signal intensity, while tissues with relatively longer T2 will exhibit high signal intensity. In the mouse head T2-weighted MR image shown on figure 2, compared to the brain (white arrow), muscles (red arrow) appear with lower signal intensity as their T2 is shorter than that of brain. Furthermore, CSF (yellow arrow) appears with high signal intensity in such long TE MRI sequences. As its relaxation is very slow, its signal can be collected relatively long after the excitation pulse. One can notice that fat also has a long T2 and appears as a hypersignal (blue arrow).5 
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Figure 2: T2-weighted MR image (spin-echo pulse sequence at B0=9.4 Tesla, TR=2000 ms, TE=48 ms) of a mouse head showing contrast between tissues (red arrow: muscle, white arrow: brain) and cerebrospinal fluid (yellow arrow); subcutaneous fat is pointed by a blue arrow.
1.3. Proton density images

In proton density images, acquisition parameters are selected in the range TE << T2 and TR >> T1 so that they do not significantly affect the image contrast and thus it primarily depends upon proton density. Because of the short TE, no or little T2 contrast will be created between brain, CSF, and muscle because neither these tissues nor fluid will have the time to significantly relax before signal collection. Differences in terms of T2 signals between soft tissues and “aqueous” regions will thus not have the time to take place. Because of the long TR, the influence of T1 contrast will also be very limited on the image. Indeed, apart from differences in relaxation times in different tissues, the difference in the number of protons per unit volume in different tissues will also create contrast in the MRI images. In the mouse head MR image shown in figure 3, as proton density-weighting dominates, the CSF-tissue contrast and the contrast between tissues are attenuated regarding T2-weighting because of a short TE. Tissues globally exhibit a higher gray level than in T1-weighting thanks to less signal saturation phenomenon. Fat is relatively bright since it has a higher proportion of MRI-visible protons than muscle. However, its proton density is the same as that for muscle.6 
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Figure 3: Proton density-weighted MR image (spin-echo pulse sequence at B0=9.4 Tesla, TR=2000 ms, TE=12 ms) of a mouse head showing MRI-visible protons in tissues (red arrow: muscle, white arrow: brain); subcutaneous fat is pointed by a blue arrow.
1.4. Chemical shift imaging

In conventional MRI, various hydrogen atoms in the body are not differentiated depending upon their chemical environment, which however induces a very small shift (in the hecto- or kilohertz order) of the frequency (in the megahertz order) that is absorbed and subsequently emitted by protons in MR. For instance, water protons actually undergo a frequency shift that is different from that of protons bound to aliphatic carbon chains (such as methylene protons in lipids or tissues).  This phenomenon, called “chemical shift”, is the basis of MR spectroscopy, which was discovered more than three decades before MRI and allows for fine determination of the chemical or molecular composition of samples made of NMR active nuclei (not only 1H, but also 13C, 31P, 17O). MR spectroscopic imaging allows for a multivoxel mapping of spectra thanks to the use of phase-encoding gradients. This technique thus adds a spatial dimension to the spectral identification of NMR active molecules and is called chemical shift imaging (CSI).7 Mainly based on 1H (but not exclusively), CSI can be complementary to MRI in diagnostic studies but should not be subsequent to Gd-enhanced MRI as spectra are perturbed by the contrast agent.8 

2. MRI contrast agents

On an MR image, the natural contrast in soft tissues depends on endogenous differences in water (proton) content, relaxation times, and diffusion characteristics of the visualized tissues. It can be improved by optimizing the parameters of the image acquisition sequences. However, when inherent contrast cannot be changed in this way, contrast agents are used with the aim of increasing the sensitivity of the method and of helping to answer diagnostic questions. These contrast agents shorten the relaxation times of hydrogen nuclei situated in their neighborhood, so that the contrast between the nuclei influenced by the contrast agent and those not influenced is increased. Contrast agents are also useful to obtain a better tissue characterization, to reduce image artifacts, and even to get functional information on the observed living system (blood perfusion, vascular permeability). 

The essential property of contrast agents is their “relaxivity”, which is defined as the increase of the relaxation rate of water protons achieved by one mmol l-1 of magnetic center. These substances act as true catalysts on relaxation; they decrease the relaxation times and can reduce therefore the time for image acquisition: more signal can be accumulated, which increases the quality and the image contrast.

Negative contrast agents are shorten the T2 and T2* (additional influence of magnetic field inhomogeneities on T2) much more than the T1 of the nuclei situated in their neighborhood, generating a signal darkening on MR images. They are produced by a monocrystalline (USPIO) or polycrystalline (SPIO) iron oxide core with a diameter of 5 to 90 nm generally embedded within a polymer coating.3

Positive contrast agents are based on metal ions containing unpaired electrons, such as Gd3+ or Mn2+.1,2 The effect of these ions, called paramagnetic ions, is a similar shortening of the T1 and T2 of their adjacent hydrogen nuclei. Since T1 is longer than T2 in tissues, paramagnetic ions have a more marked effect on T1 than on T2. Thus, positive contrast agents brighten the regions taking them up on a T1-weighted MR image (currently recommended normal dose: 0.1 mmol/kg). 

Gd3+ is an ideal paramagnetic relaxation agent because it has a large magnetic moment (7.98 BM at T=298 K, seven unpaired electrons in the 4f orbital, S=7/2) and nanosecond electronic spin relaxation time. Although dysprosium (Dy3+, 10.6 BM) and holmium (Ho3+, 10.9 BM) have larger magnetic moments than Gd3+, the asymmetry of their electronic states leads to very rapid electron spin relaxation. Gd3+ has one electron in each of its f orbitals and is therefore electronically very stable. The 4f orbitals are directly responsible for the magnetic and absorbance properties of the lanthanides. 

Gadolinium ions are highly toxic in their hydrated form [Gd(H2O)8]3+. In vivo, Gd3+ ions compete with calcium ions and block the reticulo-endothelial system. To avoid this toxicity, gadolinium is complexed with an organic thermodynamically stable matrix.  In addition, ligands which allow coordination sites for one (or more) water molecule(s) are preferred since they increase relaxivity. The first commercial gadolinium complexes were Magnevist® (Gd-DTPA, from Bayer Schering Pharma AG) and Dotarem® (Gd-DOTA, from Guerbet). These compounds have counter-ions which increase the osmolality of the solution injected. Two other “neutral” complexes have been developed, Omniscan® (Gd-DTPA-BMA, from GE HealthCare) and Prohance® (Gd-HP-DO3A, from Bracco). These four paramagnetic complexes are distributed in the extracellular space and do not show specificity (figure 4).
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Figure 4: Structures of some paramagnetic contrast agents 
2.1. Recent advances / developments in MRI contrast agents

An example of a tissue specific contrast agent is the Gd3+ complex of ethoxy-benzyl (EOB)-DTPA. This lipophilic complex known as Primovist® (formerly Eovist®, from Bayer Schering Pharma AG) enters the hepatocytes through the membrane-bound organic anion transporter and allows for the detection of hepatic lesions characterized by a decrease (metastases, hepatocellular carcinoma) or an increase (focal nodular hyperplasia) of the hepatocytes’ signal. This liver specific contrast agent is then eliminated via the biliary pathway and by the kidneys9. 

Blood pool agents form another group of tissue specific paramagnetic contrast agents. They are useful for MRI of the blood vessels, known as magnetic resonance angiography (MRA), to diagnose vascular disease. Two types of blood pool agents can be found: serum-albumin binding Gd chelates and high molecular weight compounds with long blood circulating times. MS-325 (Vasovist®, Bayer Schering Pharma AG) belongs to the first category. Binding to serum albumin leads to a high relaxivity and longer residence times in the blood for this small-molecular contrast agent. P-792 (Vistarem®, Guerbet) is a polymeric compound based on a low-molecular weight contrast agent, and Gadomer-17 (Bayer Schering Pharma AG) is made of a polymer (a 24-mer polyamine) called dendrimer with the 24 free amino groups linked to a macrocyclic DOTA gadolinium chelate, allowing for the complexation of 24 Gd atoms. Both are found in the second category. These macromolecular blood pool contrast agents have increased relaxivity and low extravasation but are small enough to be quickly and completely eliminated by glomerular filtration.10 Finally, some types of paramagnetic chelates are able to accumulate in non-viable tissues. Two categories of necrosis-avid contrast agents (NACAs), the porphyrin (e.g. Gadophrin-2 (bis-gadolinium mesoporphyrins from Bayer Schering Pharma AG)) and the nonporphyrin species (e.g. ECIV-7 and ECIII-60), have been developed. These NACAs can be useful for the detection of necrosis in the context of pathologies such as myocardial infarction.11 Low-molecular weight Gd chelates contain only one Gd3+ ion. Thus, as a high relaxivity is needed for molecular MRI, several types of molecular carriers, able to bring high Gd concentrations to the target site, have been built. Among them: proteins such as albumin, avidin, and poly-L-Lysine or dendrimers have been conjugated to metal-chelates in order to carry a large number of Gd atoms12-14. Liposomes loaded with a molar concentration of Gd also have provided a high T1 relaxivity15,16. There are several reports in the literature of Gd complexes (i.e. Gd-chelates) covalently attached to macromolecules or macromolecular species, such as dendrimers, micelles, liposomes, nano-emulsions, carbon nanotubes, etc. (Figure 5)1,2, in order to enhance the efficiency of MRI CAs. 

[image: image8.emf]
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Figure 5: Structures of some Gd-loaded species (i.e. dendrimers, micelles, liposomes etc.)1,2.

To improve their selective delivery, molecular carriers must be conjugated to ligands specific for a given target (e.g. peptides, antibodies, or antibody fragments). In the case of avidin-Gd-DTPA complexes, avidin allows for the binding of the contrast agent to the target after it has been prelabeled with a biotinylated antibody. This Gd carrier has been used to image tumor cells expressing the HER-2/neu Receptor-1 in an animal model of breast cancer.12 The avidin-biotin system has been used also to link biotinylated Gd perfluorocarbon nanoparticles to a biotinylated antibody specific for an endothelial integrin characteristic of angiogenic vessels, v3, in order to image neovessels in an animal model of angiogenesis.17 Paramagnetic liposomes conjugated to a specific antibody have allowed to image endothelial cells expressing an inflammatory surface molecule (ICAM-1) in an animal model of brain inflammation (experimental autoimmune encephalomyelitis (EAE)).18 Another inflammatory marker expressed by endothelial cells, E-selectin, has been imaged in vitro using a poly-L-lysine- based Gd carrier linked to a specific antibody fragment.19 Anti human carcinoembryonic antigen (CEA) fragments have been coupled to poly-L-lysine-Gd- DOTA and poly-L-lysine-Gd-DTPA for in vivo MRI of tumors in mice grafted with human colorectal carcinoma.20-21 Also, Gd chelates have been conjugated directly to an antibody or to a synthetic mimetic of the natural ligand of E-selectin (the sialyl- LewisX molecule) in order to target inflamed endothelial cells in vivo.22-24 

Recent developments in contrast agents concern the targeting of disease or, more precisely, of its manifestations; for example, by detecting tumors at an early stage. This strategy is based on the recognition of specific receptors. Their vectors, like peptides, antibodies, folate, etc. are grafted onto the Gd chelate or carrier. Smart contrast agents modulate their efficiency according to the biological environment (presence of enzymes, pH, O2, etc.). For example, these smart contrast agents are useful for disease conditions that acidify the medium (in tumors the pH is ~6.8, whereas in the healthy extracellular medium it is ~7.4). 

In the context of molecular imaging, the specificity of MRI can be increased by directing contrast agents to specific molecular entities. High concentrations of the contrast agent at the target site will be needed because of the intrinsically low sensitivity of MRI. So, targeted contrast agents should recognize their target with high affinity and specificity, and have a high relaxivity.

3. Relaxation mechanisms

3.1. Nuclear relaxation

Nuclear relaxation is the return to thermodynamic equilibrium of a spin system excited by an appropriate frequency of an electromagnetic field.  The interaction of magnetic moments of excited spins with the environment creates microscopic local magnetic fields that fluctuate. These magnetic fluctuations are related to molecular motions. The longitudinal R1 and transverse R2 relaxation rates are modulated by the phenomenon of molecular distribution and expressed by the relation: 
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where: i = 1,2 

K is a constant

Ec is the amplitude of the interaction responsible for relaxation 

f(c) is a function of a correlation time.
3.2. Paramagnetic relaxation

The presence of paramagnetic ions allows increasing the relaxation rate of water protons. There are several mechanisms affecting the relaxation of surrounding protons by paramagnetic metal complexes; the most dominant is the dipole-dipole interaction between the paramagnetic center and the surrounding water molecules. The dipolar mechanism is highly dependent on the rate of tumbling of coupled species. The general theory of solvent nuclear relaxation was developed by the groups of Bloembergen, Solomon and others. According to this theory, the metal complexes affect both the spin lattice relaxation rate (1/T1) and the spin-spin relaxation rate (1/T2). The observed relaxation rate of surrounding water protons (1/T1(obs) in the presence of a paramagnetic substance is generally given by the following mathematical equation:
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In equation 2, 1/Ti(d) is the relaxation rate in the absence of any paramagnetic substance, while 1/Ti(p) is the relaxation rate enhancement by the paramagnetic substance, related to C, the concentration of the magnetic center (mmol l-1) and ri the relaxivity (s-1mmol l-1). The relaxivities r1 and r2 are complex functions of several parameters of the molecular structure and dynamics of the contrast agents.  

The paramagnetic center influences the proton water relaxation rate that interacts directly with it and its neighbors. The effectiveness of contrast is related to molecular motion and also to the intrinsic properties of the nucleus (magnetic susceptibility, gyromagnetic ratio, spin density). Paramagnetic relaxation R1p is characterized by two main contributions: the inner-sphere and the outer-sphere contributions (figure 6). Sometimes a third contribution called “second sphere mechanism” is observed. This contribution concerns the water molecules that are not directly coordinated to the paramagnetic center but organized in a second coordination sphere (figure 6).

Three types of water molecules can thus be associated with the one paramagnetic center (i.e. Gd3+): (a) inner-sphere water molecules, which are directly coordinated with the paramagnetic center; (b) second-sphere water molecules, which are indirectly coordinated with the paramagnetic center; these water molecules are bound to the ligand via weak interaction forces; and (c) outer-sphere water molecules, which come into close proximity of the paramagnetic chelate as a result of translational motion of the complex and water molecules. These exchangeable water molecules are responsible for transferring the effect of the magnetic moment from the Gd3+ center to the surrounding water protons. Thus, the observed relaxivity in the presence of a paramagnetic center is the sum of inner-sphere relaxivity and outer-sphere relaxivity (and sometimes second sphere relaxivity). However, only the inner-sphere relaxivity can be significantly modified and thus, for the new generation of contrast agents, it plays a crucial role in the overall relaxivity. 

The principle of inner-sphere relaxation is a chemical exchange in which one or more water molecules of the first coordination sphere of the paramagnetic center are replaced by others. This mechanism allows the propagation of the paramagnetic effect. The inner-sphere (IS) model is described by the Solomon-Bloembergen-Morgan theory.    
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Figure 6: Inner-sphere, second sphere and outer-sphere contributions. 

The inner-sphere contribution is given by the following equations: 
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(4)
where f is the relative concentration of the paramagnetic complex and of the water molecules, q is the number of water molecules in the first coordination sphere, τM is the water residence time of the water, and ωM is the chemical shift difference between bulk and coordinated water.

For Gd complexes, T1M and T2M are given by equations 5 and 6:
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With 
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where:

0= the permeability of the vacuum

H = the gyromagnetic ratio of the proton 

S = the gyromagnetic ratio of the electron (S)
S = the total spin quantum number (S(Gd3+) = 7/2) 

S,H = the angular frequencies of the electron and of the proton, respectively

r = the distance between the coordinated water protons and the unpaired electron spins

c1,2 = the correlation times modulating the interaction

R = the rotational correlation time of the hydrated complex

s1,2 = the longitudinal and transverse relaxation times of the electrons

SO = the value of s1,2 at zero field 

v = the correlation time characteristic of the electronic relaxation times.

Thus, the main parameters governing the efficiency of Gd-complexes as MRI contrast agents are q, M, and R.

The second contribution to paramagnetic relaxation is the outer-sphere relaxation. It is explained by dipolar interactions at longer distances between the spins of the paramagnetic center and the nuclear spin. This intermolecular mechanism is modulated by the translational correlation time D that takes into account the relative diffusion constant (D) of the Gd center and of the solvent molecule and their distance of closest approach (d). The outer-sphere contribution has been described by Freed and is given by equations 10-11: 
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where NA is the Avogadro number and [C] is the molar concentration.
And with: 
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3.3 Physicochemical characterization of paramagnetic complexes

The complexity of the equations describing the relaxation rate is due to the numerous parameters describing the different contributions: M, q, R,V, S0, rD, and d. The estimation of those parameters by a single technique is very difficult and ambiguous. Thus, the determination of certain parameters by independent methods is important. All these parameters determine the evolution of the paramagnetic relaxation as a function of the magnetic field (NMRD profiles or nuclear magnetic relaxation dispersion profiles). These profiles are characteristic of contrast agents (figure 7).
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Figure 7: NMRD profiles of Gd complexes (Gd-DTPA and Gd-DOTA at 310 K).
To increase the efficiency of paramagnetic Gd complexes as MRI contrast agents, the following parameters among those cited above can be optimized: the hydration number q of the metal ion, the residence time of the coordinated waterM, the rotational correlation time R, and the metal proton distance r.

R: several methods have been proposed to lengthen R; for example, non-covalent interactions with endogenous macromolecules like HSA, DNA, specific receptors of the cellular membrane, paramagnetic polymers, liposomes, or micelles. This parameter can be determined by various methods such as 2H NMR of diamagnetic lanthanum complexes, or 17O NMR of Gd-complexes. 
q: this parameter influences strongly the IS contribution (see equations (3) and (4)). If this number increases from 1 to 2, the relaxivity increases by about 30%, but most of the Gd-complexes have a q number equal to one. This number can be measured by fluorescence study of europium or terbium complexes or by 17O NMR measuring the lanthanide induced shift (LIS).  

r: a small decrease of r allows a quite large increase in relaxivity because of the 1/r6 dependence of T1M. However, this distance is nearly constant in all stable Gd-complexes (r = 0.31 ± 0.01 nm) already described. A reduction of r can partly explain the higher relaxivity of Gd-EOB-DTPA (5.5 mM-1s-1 at 310K and 20 MHz) compared to that of Gd-DTPA (3.9 mM-1s-1 at 310K and 20 MHz). 

M: the mechanism of IS relaxation is based on an exchange between bulk water molecules surrounding the complex and the water molecule(s) coordinated to the lanthanide. Consequently, the exchange rate (kex= 1/M) is an essential parameter for transmitting the "relaxing" effect to the solvent. Its measurement is based on the works of Swift and Connick for diluted paramagnetic solutions and consists of an analysis of the 17O transverse relaxation rate as a function of temperature. 

4. Examples of MRI applications 

4.1. Targeting of apoptosis

Apoptosis is an attractive target for the diagnosis of vulnerable atherosclerotic plaques prone to a thrombotic event. Burtea et al. showed that it is possible to screen apoptosis peptide binders by phage display with the final purpose of detecting apoptotic cells in atherosclerotic plaques by MRI.25 A phosphatidylserine-specific peptide was used to design an MRI contrast agent, which was evaluated as a potential in vivo reporter of apoptotic cells. This selected peptide and its scrambled homologue were conjugated to Gd-DTPA. After their evaluation using apoptotic cells and a mouse model of liver apoptosis, the phosphatidylserine-targeted complex (figure 8) was used to image atherosclerotic lesions on ApoE-/- transgenic mice. Apoptotic cells were detected on liver and aorta specimens by the immunostaining of phosphatidylserine and of active caspase-3. The in vivo MRI studies provide proof of concept that apoptosis-related pathologies could be diagnosed by MRI with a low molecular weight paramagnetic agent (figure 9). This Gd complex could have real potential in the diagnosis and therapy monitoring of atherosclerotic disease and of other apoptosis-associated pathologies, such as cancer, ischemia, chronic inflammation, autoimmune disorders, transplant rejection, neurodegenerative disorders, and diabetes mellitus. 

[image: image25.jpg]luuug
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Figure 8: Structure of the Gd-complex for targeting apoptosis (the peptide has the LIKKPF sequence).
[image: image26.emf]
Figure 9:  MRI RARE images at 4.7 T are shown in pre-contrast (a) and 30 min post Gd-DTPA-g-R826 (b). They are compared to a TOF image (c) and to an image obtained post Gd-DTPA (d). The comparison between Gd-DTPA-g-R826 (e) and Gd-DTPA-g-R826.Sc (f) is shown 60 min post-contrast. Images compared in (a)-(d) and those in (e) and (f) are located at the same level of abdominal aorta (with permission from reference 25).
4.2. Targeting inflammation

E-selectin, absent from normal liver tissue, is strongly expressed on sinusoidal lining cells in inflammatory liver diseases. It has been targeted by a specific marker for MRI diagnosis. The contrast agent mimics the sialyl-Lewis X molecule, which is the main ligand of E-selectin, and has been proposed for the morphological diagnosis of inflammatory lesions and as a functional marker of immune response. Gd-DTPA-B(sLeX)A carries two groups of 3-(2-D-mannopyranosyl -oxyphenyl) phenyl acetic acid (figure 10).24 This complex was evaluated in mice and rats with respect to its pharmacokinetics, biodistribution, and potential to image inflammation by MRI. A fulminant hepatitis model was used, in which the pathological conditions were induced by the co-administration of D-galactosamine and lipopolysaccharide. The neutrophil (white blood cell) adhesion to the sinusoid wall is an early event in this process of liver inflammation, which is related to E-selectin expression during the first few hours. 

A significant and prolonged contrast enhancement between blood vessels and liver parenchyma was obtained in pathological conditions, which attests to the specificity of the agent for E-selectin. The MRI studies demonstrate that the new compound significantly enhanced the liver blood vessels of the animals with hepatitis over a period of 60 min. The prolonged vascular residence suggests that Gd-DTPA-B(sLeX)A interacts with the specific receptors expressed during inflammation. The biodistribution of the compound indicates its retention in inflamed liver by both specific mechanisms and non-specific accumulation due to the necrotic lesions. 
These results confirm the potential of Gd-DTPA-B(sLeX) A, as was demonstrated in the context of brain injury and inflammation.22,23 Gd-DTPA-B(sLeX)A shows promise as an in vivo tool for the non-invasive analysis of E-selectin expression in inflammatory disorders. 

[image: image27.emf]
Figure 10: Molecular structure of sialyl-Lewis X (a) and the E-selectin targeted contrast agent, Gd-DTPA-B(sLex)A (b).

[image: image28.emf]
Figure 11: MR coronal images of a healthy mouse (a) and a mouse with hepatitis (b) before and several time intervals after i.v. administration of Gd-DTPA-B(sLeX)A. The images were obtained with a Siemens® Magnetom Impact System at 1.0 T. Note: The urinary bladder of the healthy mouse (a) is apparent and filled with contrast agent 30 min after its injection, which attests to the excretion of the compound. (Reprinted with permission from reference 24; copyright (2009) American Chemical Society).
4.3. Targeting v3 integrin 

The integrin v3 is highly expressed in atherosclerotic plaques by medial and intimal smooth muscle cells and by endothelial cells of angiogenic microvessels. Burtea et al.26 have assessed non-invasive MRI of plaque-associated v3 integrin expression on transgenic ApoE2/2 mice with a low molecular weight peptidomimetic of Arg-Gly-Asp (mimRGD) grafted to Gd-DTPA (Gd-DTPA-mimRGD, figure 12). The specific interaction of Gd-DTPA-mimRGD with v3 integrin was furthermore confirmed on Jurkat T lymphocytes (figure 13). 

The blood pharmacokinetics of Gd-DTPA-mimRGD was assessed in rats and mice. The presence of angiogenic blood vessels and the expression of v3 integrin were confirmed in aorta specimens by immunohistochemistry. Gd-DTPA-mimRGD produced a strong enhancement of the external structures of the aortic wall and of the more profound layers (possibly tunica media and intima). The aortic lumen seemed to be restrained and distorted. Pre-injection of Eu-DTPA-mimRGD diminished the Gd-DTPA-mimRGD binding to atherosclerotic plaque and confirmed the specific molecular targeting. 

This Gd complex is potentially useful for the diagnosis of vulnerable atherosclerotic plaques and of other pathologies characterized by v3 integrin expression, such as cancer and inflammation. 
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Figure 12: Structure of Gd-DTPA-mimRGD.  

[image: image30.emf]
Figure 13: In vitro validation of the specific interaction with integrins expressed by Jurkat T lymphocytes of Gd-DTPA-mimRGD. MR images of Jurkat cells stimulated with phorbol 12-myristate 13-acetate (PMA to stimulate integrin expression) (1a and 2a) or not (1b and 2b) and incubated with 0.4 mM of Gd-DTPA-mimRGD (1a and 1b) or with Gd-DTPA (2a and 2b). The test samples are compared with reference samples: cells in gelatin (c) and 0.025 mM Gd-DTPA in gelatin (d). (Reprinted with permission from reference 26).
Conclusions

Medical imaging plays a central role in modern medicine. Molecular imaging is a growing discipline that aims at the in vivo visualization and characterization of cellular and molecular biological processes reflecting the evolution of a disease. Gd-based contrast agents for MRI are an important tool in this field. The understanding of their contrast enhancement and body distribution mechanisms is a key step in the scope of molecular imaging.
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Abbreviations and Acronyms
MRI: magnetic resonance imaging

NMR: nuclear magnetic resonance

T1: longitudinal or spin lattice relaxation time

T2: transverse or spin-spin relaxation time

r1: longitudinal relaxivity

r2: transverse relaxivity

DTPA: diethylenetriaminepentaacetic acid

DOTA: 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetraacetic acid
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