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Classification and basic properties of contrast
agents for magnetic resonance imaging
Carlos F. G. C. Geraldesa* and Sophie Laurentb
A comprehensive classification of contrast agents c
Contrast M
urrently used or under development for magnetic resonance
imaging (MRI) is presented. Agents based on small chelates, macromolecular systems, iron oxides and other
nanosystems, as well as responsive, chemical exchange saturation transfer (CEST) and hyperpolarization agents
are covered in order to discuss the various possibilities of using MRI as a molecular imaging technique. The
classification includes composition, magnetic properties, biodistribution and imaging applications. Chemical
compositions of various classes of MRI contrast agents are tabulated, and their magnetic status including
diamagnetic, paramagnetic and superparamagnetic are outlined. Classification according to biodistribution covers
all types of MRI contrast agents including, among others, extracellular, blood pool, polymeric, particulate, responsive,
oral, and organ specific (hepatobiliary, RES, lymph nodes, bone marrow and brain). Various targeting strategies
of molecular, macromolecular and particulate carriers are also illustrated. Copyright # 2009 John Wiley &
Sons, Ltd.
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1. INTRODUCTION

Magnetic resonance imaging (MRI) is based on the principles of
nuclear magnetic resonance (NMR) spectroscopy, whereby
images are generated by spatially encoding the NMR signal
coming from nuclei (e.g. protons) present in the object to be
imaged through the application of time-varying, linear magnetic
field gradients (1). A very high spatial resolution and the ability to
distinguish soft tissues are the main advantages of MRI. However,
sometimes insufficient contrast is observed and, thus, the use of
contrast agents (CAs) is of great assistance in many applications
of MRI. A number of such substances have been developed and
research continues in order to find more selective contrast media
that will allow a better delineation of diseases, thus helping
radiologists to make amore precise diagnosis. We describe below
the different classes of CAs and give some examples, providing an
overview not only of current clinical CAs, CAs undergoing clinical
evaluation and compounds following new ideas, but also of some
of their applications.
Currently available MR CAs can be classified in different ways,

according to their various features, such as (a) the presence and
nature of their metal center, (b) their magnetic properties, (c) their
effect on the image, (d) their chemical structure and ligands
present or (e) their biodistribution and applications. As several of
these items are intimately related, and in order to avoid
unnecessary repetition, here we will simplify the above
classification. We will start by using together the criteria of the
CAs chemical composition (including metal center and ligands
present), the resulting magnetic properties and the correspond-
ing effects on the MRI image. Then, the biodistribution and the
resulting applications of the CAs will be used as an alternative
classification approach (2–9).
edia Mol. Imaging 2009, 4 1–23 Copyrigh
2. CHEMICAL COMPOSITION, MAGNETIC
PROPERTIES AND EFFECT ON THE IMAGE

2.1. Chemical composition

The chemical composition of CAs varies widely (2–9). They can be
small mononuclear or polynuclear paramagnetic chelates;
metalloporphyrins; polymeric or macromolecular carriers (cova-
lently or noncovalently labeled with paramagnetic chelates);
particulate CAs (including fluorinated or nonfluorinated para-
magnetic micelles or liposomes) and paramagnetic or super-
paramagnetic particles (e.g. iron oxides, Gd3þ-labeled zeolites);
diamagnetic CEST polymers; diamagnetic hyperpolarization
probes (gases and aerosols), and 13C-labeled compounds or
ions (e.g. 6Liþ).
With regards to the metal center, the simplest one is a single

paramagnetic ion bound to an organic ligand in a chelate. The
paramagnetic ion is usually Gd3þ or Mn2þ for simple para-
magnetic relaxation agents, and the most common ligands are
t # 2009 John Wiley & Sons, Ltd.
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linear or macrocyclic polyaminocarboxylate/phosphonate deriva-
tives (see below). Other paramagnetic agents include a small
number of nonmagnetically coupled ions bound to small
chelates, or a large number of Gd3þ chelates bound to polymeric
carriers such as dendrimers or proteins.
Gd3þ ions are also used inmany particulate CAs, such as bound

to amphiphylic chelates in paramagnetic micelles, in the bilayer
of liposomes, as small chelates in their aqueous internal
compartment, bound to porous materials like zeolites, or bound
in gadolinium oxide nanoparticles. Iron is frequently used in a
variety of iron oxide particles of different sizes and coatings (see
below) (8).
Paramagnetic chelates containing Ln3þ ions (such as Dy3þ or

Tm3þ) can be used as MRI CAs in different ways. For instance, as
susceptibility agents, when they are in a compartment, affecting
T2 or T2* relaxation (10), or as PARACEST and LIPOCEST agents,
where the paramagnetic shift effect of the ion on the proton
nuclei of the CA facilitates the irradiation of their shifted
resonances and the consequent saturation transfer by chemical
exchange (CEST effect), thus decreasing the water proton signal
intensity and leading to a negative image contrast (see below) (9).
Less conventional MRI CAs may not contain a metal center at

all. These include diamagnetic agents, such as oral agents or the
CEST agents initially proposed. Another family of agents recently
used in MRI are the dynamic nuclear polarization (DNP) agents,
such as hyperpolarized noble gases (3He, 129Xe) and 13C-labeled
organic compounds or ions like 6Liþ. The strong signal
enhancement from the probe’s nuclei with long T1 values allows
the direct imaging of the probe’s molecular distribution (a kind of
positive contrast), thus making this MRI technique similar (and
competitive) to other molecular imaging techniques such as
positron emission tomography (PET).

2.2. Magnetic properties and image effects

CAs can also be classified according to their magnetic properties
as paramagnetic or superparamagnetic agents.

2.2.1. Paramagnetic agents

Metal ions with one or more unpaired electrons are para-
magnetic, and therefore possess a permanentmagnetic moment.
www.interscience.wiley.com/journal/cmmi Copyright # 2009
Organic free radicals are also paramagnetic because of their
unpaired valence electron. In aqueous solution, there is a dipolar
magnetic interaction between the electronic magnetic moment
of the paramagnetic atom and the much smaller magnetic
moments of the protons of the nearby water molecules.
Molecular motions cause random fluctuations in this dipolar
magnetic interaction, reducing both the longitudinal (T1) and the
transverse (T2) relaxation times of the water protons. Gadolinium
(Gd3þ) and manganese (Mn2þ) are examples of paramagnetic
ions which are used as MR CAs, because their physical properties
are suitable for efficiently reducing the T1 and T2 proton
relaxation times. They possess, respectively, seven or five
unpaired electrons and symmetrical (8S or 6S) ground states,
resulting in slower electronic spin relaxation rates. The relaxation
theory of paramagnetic systems has been extensively described
in the literature (11,12).
Paramagnetic metal ions, like Gd3þ, cannot be used as CAs in

their ionic form due to their undesirable biodistribution
(accumulating in bones, liver or spleen) and relatively high
toxicity. Gd3þ undergoes a rapid hydrolysis at physiological pH,
producing insoluble Gd(OH)3. Thus, metal ion complexes
(chelates) with a high thermodynamic and kinetic stability are
required for the use of these paramagnetic metal ions in vivo,
giving appropriate biodistribution and safety profiles.
MR CAs work by reducing the T1 and T2 relaxation times of

nuclei in the target tissue, and are thus described as either ‘T1
agents’ or ‘T2 agents’ depending on whether the relative
reduction in relaxation times caused by the CA is greater for
T1 or T2. The efficiency of MRI CAs is measured in terms of their r1
and r2 relaxivity values, which indicate their ability to decrease,
respectively, the T1 and T2 relaxation times of the water protons
per unit (mM) concentration of metal ion. The contrast
enhancement is obtained when one tissue has either higher
affinity for the CA or higher vascularity than another one.
Diseased tissues, such as tumors, are metabolically different from
healthy tissues and have a much higher uptake of the CAs,
resulting in a higher contrast in MRI images. T1-weighted images
give positive image contrast, as the image signal intensity
increase at the tissue site where the CA concentrates is
dominated by T1 shortening. T2-weighted images give negative
contrast, due to the predominant effect of T2 shortening. The
John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2009, 4 1–23
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small Gd3þ or Mn2þ-based paramagnetic chelates present in
nonspecific CAs have similar r1 and r2 effects in water, and are
currently used mainly for positive contrast T1-weighed images.
The relaxivity effects of these agents result mostly from both
inner- and outer-sphere mechanisms (2–5,7).

2.2.2. Superparamagnetic agents

These agents consist of materials, such as iron oxides, in the form
of colloids made up of particles (typically 5–200 nm in diameter)
in suspension, which are composed of very small crystallites
(1–10 nm) containing several thousand magnetic ions. For these
agents, the thermal energy below the Curie or Neel temperature,
although it may not be sufficient to overcome the coupling forces
between neighboring atoms, is sufficient to change the direction
of the magnetization of the entire crystallite. The resulting
fluctuations in the direction of the magnetization cause the
internal magnetic field to average to zero. The superparamag-
netic material behaves similarly to paramagnetism, except that,
instead of each individual atom being independently influenced
by an external magnetic field, the magnetic moment of the entire
crystallite tends to align with that magnetic field. Thus, the
magnetic moments of the individual ions do not cancel out but
aremutually aligned, and the crystallites have a permanentmagnetic
moment, which is very large in the presence of a magnetic field,
much larger than that of a single molecule of a Gd chelate (8,13).
Each of these particles is made of a core of one or more

magnetic crystallites embedded in a coating, made for example
from dextrans (in ferumoxide) or siloxanes (in ferumoxsil), which
prevents agglomeration. The crystallites are made up of
nonstoichiometric iron oxides. The dimension of the core
determines the particle relaxivities, while that of the overall
particle governs its pharmacokinetics.
There are three kinds of particulate superparamagnetic iron

oxides, according to the overall size of the particles: (a) if they
have a diameter d< 50 nm, they are known as ultra-small
superparamagnetic iron oxide (USPIO) particles; (b) if
1mm> d> 50 nm, they are called small superparamagnetic iron
oxide (SPIO) particles; and (c) micron-sized particles of iron oxide
Table 1. Iron oxide based MR contrast agents in current clinical u

USPIOs
� Sinerem1 (Guerbet), also called Combidex1, ferumoxtran and
of 4.3–4.9 nm and overall diameters of about 50 nm, with r1 a
378C (22).

� Clariscan1 or PEG-FERRON (GE Healthcare), an intravascular a

SPIOs
� EndoremTM (Guerbet), also called Feridex1, ferumoxide and A
nonstoichiometric magnetite crystals of radius 4.3–4.8 nm, av
24 and 107/mM/s, respectively, at 20MHz and 378C (22).

� Resovist1 (Bayer Schering Pharma AG), suspension of nanopa
carboxydextran; the core contains several crystals each with d
of around 62 nm, and r1 and r2 of 20 and 190/mM/s, respectiv

Large particles for oral administration
� Abdoscan1 (GE Healthcare), composed of monodisperse poly
iron oxide (27,28).

� Lumirem1 (Guerbet), also called ferumoxsil, AMI-121 and
superparamagnetic iron oxide suspension.

Contrast Media Mol. Imaging 2009, 4 1–23 Copyright # 2009 John
(MPIO) are large particles, with a diameter of several microns.
While the overall size of the former two classes allows intravenous
administration, the large particles can only be administered orally
to explore the gastrointestinal tract; otherwise they would be
trapped in the lung alveoli. Some MPIOs are also used to visualize
individual cells. SPIOs can be used as negative CAs for liver
imaging, as they are taken up by phagocytic–endocytic systems,
such as the reticuloendothelial system (RES) of the liver (Kupffer
cells) and the spleen. Particles with a diameter of less than 300 nm
remain intravascular for a prolonged period of time and thus can
serve as blood pool agents. There are still other formulations,
such as monocrystalline iron oxide particles (MION) and
cross-linked iron oxides (CLIO).
The relaxation induced by superparamagnetic particles (13)

can be explained by the classical outer-sphere relaxation theory,
reformulated by the Curie relaxation theory (14). The outer-
sphere relaxation theory considers the relaxation rates of water
protons diffusing nearby the unpaired electrons responsible for
the particle’s magnetization (15). These agents exhibit strong T1
relaxation properties, and due to susceptibility differences to their
surroundings, also produce a strongly varying local magnetic field,
which enhances T2 relaxation. An important result from the
outer-sphere theory is that the r2/r1 ratio increases with increasing
particle size, and thus smaller particles are much better
T1-shortening agents than larger ones (16–18). As a consequence
of their larger size and magnetic moment, SPIOs were initially
developed as T2-agents, producing a dark area on MRI images
resulting from their negative contrast effect (19). However, a new
generation of USPIOs, with sizes less than 10nm, has also been
reported to have excellent T1-enhancing properties (17,18,20,21).
Iron oxide-based CAs currently in clinical use are summarized

in Table 1, while their properties and applications are described in
Tables 3–5.

2.2.3. Susceptibility agents

On a more macroscopic scale, long-range interactions can
dominate T2 or T2* relaxation for all types of CAs. This relaxation
mechanism, known as susceptibility-induced relaxation (10), is
se

AMI-227 (AMAG Pharmaceuticals), have crystal diameters
nd r2 of 22.7 and 53.1/mM/s, respectively, at 20MHz and

gent (23).

MI-25 (AMAG Pharmaceuticals) (24), composed of
erage particle diameter of about 200 nm, with r1 and r2 of

rticles of magnetite and maghemite coated with
iameter of about 4.2 nm, and overall particle diameter
ely, at 20MHz and 378C (25,26).

mer particles of 3mm diameter coated with crystals of

GastroMARK1 (AMAG Pharmaceuticals), a silicone-coated

Wiley & Sons, Ltd. www.interscience.wiley.com/journal/cmmi
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related to the magnetization of the CA, which results from the
partial alignment of the individual magnetic moments in the
direction of the magnetic field. When a CA becomes compart-
mentalized, such as when superparamagnetic particles are taken
up by Kupffer cells, or in a vessel, the compartment containing
the CA functions as a secondary CA. The water protons on the
outside of the compartment are affected by the overall
magnetization of the magnetic bulk material inside that
compartment, and are therefore relaxed by an outer-sphere
mechanism. This long-range T2/T2* relaxation effect is responsible
for the blood oxygen level dependent (BOLD) effect, due to
paramagnetic hemoglobin compartmentalized within blood
erythrocytes, which is the basis of functional MRI (29). The effect
depends on themagnetic moment and local concentration of the
CA, the dimensions and geometry of the compartment, the
diffusion constant of water, etc.

2.2.4. Contrast effects

At MRI fields, superparamagnetic agents have magnetic
moments that are much larger (by a factor of 1000) than those
of paramagnetic agents. Therefore, they have a much stronger
long-range T2/T2* effect than paramagnetic agents.
It can also be concluded that the classification of MR CAs as

either ‘T1 agents’ or ‘T2 agents’ is not always accurate, since any
CA that reduces T1 also reduces T2. However, any agent that
reduces T2 does not necessarily reduce T1, at least at MRI field
strengths. Whether the CA functions as a ‘T1 agent’ or ‘T2 agent’
depends on the imaging sequence used, the magnetic field
strength, the size of the CA, and how the CA is compartmenta-
lized in the tissue.
3. BIODISTRIBUTION AND APPLICATIONS

3.1. Introduction

In this section we will classify the CAs according to their
biodistribution and the consequent applications of contrast-
enhanced MRI techniques that they allow. Figure 1 describes a
simplified scheme with the main distribution sites and excretion
Figure 1. Main distribution sites and excretion pathways for intravenously

www.interscience.wiley.com/journal/cmmi Copyright # 2009
pathways for soluble metal complexes, such as the CAs, after
being intravenously administered.
Among the CAs considered as nonspecific agents, i.e. those that

do not interact specifically with any type of cells, one includes the
extracellular fluid (ECF) agents, low molecular weight extracellular
complexes that equilibrate rapidly between the intravascular and
interstitial space and then are mainly excreted by the kidneys,
and the high molecular weight blood pool agents, such as high
generation dendrimers, which stay within the intravascular space
and are slowly excreted via the kidneys and/or the liver.
The specific or targeted agents can be considered in two groups:
those that are passively directed to a particular type of cell, and
those that are actively targeted to a molecularly specific site
target with an appropriate ligand. The first group includes
organ-specific agents for liver (hepatobiliary), spleen, lymph
nodes, bone marrow or brain, mainly on the basis of agent size
and chemical structure. The second group includes agents which
target pathological processes or states, such as inflammation,
atherosclerosis, angiogenesis, apoptosis and tumors. They are cell
labeling CAs, as they work through recognition of specific
molecular markers of those processes at the cell surface, such as
cell-specific receptors or transport proteins, and accumulate at
those molecular sites, usually in the intracellular space, and this
can be used in molecular imaging applications of MRI. All CAs are
organ-specific to some extent, as they are excreted either by the
liver or the kidneys. There are also the responsive, smart or
bioactivated agents, whose contrast is modulated by physiologi-
cal parameters. Finally, one can consider organ-specific agents
that are not injected, such as oral agents, which enhance the
visualization of the gastro-intestinal (GI) tract, and lung agents,
such as gases for lung imaging.

3.2. Extracellular fluid agents

After being intravenously injected, these agents leak rapidly from
the blood pool into the interstitium with a distribution half-life
(t1/2) of about 5min and are clearedmainly by the kidneys with an
elimination t1/2 of about 80min (30–33). In areas with an intact
blood–brain barrier (BBB), extravascular leakage of ECF agents
into the brain will be prevented. Many brain pathologies,
administered soluble metal complexes.

John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2009, 4 1–23
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however, are associated with an altered capillary permeability,
which allows the selective accumulation of the administered CA
in these regions and thus their better visualization by T1-weighed
MRI images. These ECF agents have also been extensively used in
body imaging applications. They provide increased enhance-
ment and visualization of lesions, such as tumors, e.g. in the spine
and liver.
Some Gd3þ-based ECF agents have shown great utility in MR

angiography (MRA). By selectively reducing the T1 of blood water,
their administration allows imaging of the vasculature and, thus,
high-quality MR angiograms can be obtained. However, since
these agents clear rapidly from the vasculature into the interstitial
space, the MRA images are acquired in the so-called first-pass of
the CA following a bolus injection. Given that the initial
distribution half-life of the current ECF agents is short, there
are several practical constraints: (a) the acquisition time window
is very limited (usually to 1–3min); in order to obtain the best
possible vessel-to-background contrast, the MRA image acqui-
sition has to coincide with peak arterial enhancement, otherwise
significant artifacts occur, limiting the utility of the images
obtained; (b) vessel-to-background contrast is limited because of
the relatively low relaxivity of currently available ECF CAs; and
(c) with the current generation of ultrafast MR imaging hardware,
the vessel-to-background signal is reduced even further, for
instance, when ultrashort TR values are used, especially for small
diseased vessels.
Figure 2. Structures of the commercially available ECF contrast agents (3).

Table 2. Properties of commercial ECF contrast agents with intrav

Type Name of compound
Central
moiety

Relaxi
(1/mM

B0¼ 1.0 T

Ionic Gadopentate dimeglumine,
Gd-DTPA

Gd3þ r1¼ 3.4,

Gadoterate meglumine,
Gd-DOTA

Gd3þ r1¼ 3.4,

Neutral Gadodiamide,
Gd-DTPA-BMA

Gd3þ r1¼ 3.9,

Gadoteridol, Gd-HP-DO3A Gd3þ r1¼ 3.7,
Gadobutrol, Gd-BT-DO3A Gd3þ r1¼

Gadoversetamide,
Gd-DTPA-BMEA

Gd3þ —

Contrast Media Mol. Imaging 2009, 4 1–23 Copyright # 2009 John
ECF agents are typically Gd3þ chelates of linear or macrocyclic
polyaminocarboxylate ligands, constituting the most important
class of MRI CAs commercially available. They are divided into two
groups, the ionic and the neutral agents (Fig. 2, Table 2). The ionic
agents aremeglumine salts of negatively charged chelates, which
are hyperosmolar relative to blood. They include [Gd(DTPA)
(H2O)](NMG)2 (gadopentetate bis-N-methylglucamine, Magne-
vist1, Bayer Schering Pharma AG), the first contrast agent to be
approved for in vivo use in 1988, and [Gd(DOTA)(H2O)](NMG)
(gadoterate N-methylglucamine, Dotarem1, Guerbet). The
neutral agents are Gd3þ complexes of DTPA and DOTA
derivatives, including [Gd(DTPA-BMA)(H2O)] (gadodiamide,
Omniscan1, GE Healthcare), [Gd(HP-DO3A)(H2O)] (Gadoteridol,
Prohance1, Bracco Spa), [Gd(BT-DO3A)(H2O)] (gadobutrol, Gado-
vist1, Bayer Schering Pharma AG) and [Gd(DTPA-BMEA)(H2O)]
(Gadoversetamide, OptiMARK1, Mallinckrodt). These CAs have
the advantage of having no charge, and thus perturbing to a
lower extent the osmolarity of blood. Their increased safety
allows them, in particular Gadovist1, to be used in higher
concentrations in MRA studies.
Gd3þ-based ECF agents are usually safe when used in clinically

recommended doses, and adverse reactions and side effects,
such as allergy, are very rare. Recently, however, there have been
concerns linking the use of some of these CAs with nephrogenic
systemic fibrosis (NSF) (34,35). Nevertheless, the number of
reported NSF cases in the USA (about 130) is extremely small
ascular and extracellular distribution

vity
/s)
(378C) Indication Trade mark company

r2¼ 3.8 Neuro/whole body Magnevist1 Bayer
Schering Pharma AG

r2¼ 4.8 Neuro/whole body Dotarem1 Guerbet

r2¼ 4.3 Neuro/whole body Omniscan1 GE Healthcare

r2¼ 4.8 Neuro/whole body Prohance1 Bracco SpA
3.6 Neuro/whole body Gadovist1 Bayer

Schering Pharma AG
Neuro/whole body OptiMARK1 Mallinckrodt

Wiley & Sons, Ltd. www.interscience.wiley.com/journal/cmmi
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when compared with the millions of patients who have been
exposed to the CAs, which makes the overall risk of developing
NSF very low. The cases of NSF so far have been seen only in
patients with severe kidney failure and there have been no
reports of the problem among patients with normal kidney
function or those with mild-to-moderate kidney insufficiency.
NSF appears to be related to the release of Gd3þ by the kinetically
less inert CAs, when they accumulate for a long time in the
kidneys of those patients with severe kidney failure (36).

3.3. Blood pool agents

Blood pool agents (BPA) or intravascular agents are significantly
larger in size than ECF agents and have higher r1 relaxivities.
Because of these characteristics, they offer many advantages in
MRA relative to ECF agents. Their high molecular weight
(>20 kDa) prevents leakage into the interstitium and they remain
in the intravascular system for a prolonged time compared with
conventional ECF agents. The long intravascular half-life and the
high r1 relaxivity allow imaging of the vasculature with higher
vessel-to-background signal ratio (37). At the same time, their r2
relaxivity must be low enough to avoid excessive signal loss due
to T2/T2* relaxation. By selectively reducing the T1 of blood,
high-quality angiograms can be obtained, including coronary
artery imaging (38). The concentration of the CA in the plasma
remains stable over one hour, as its mainly renal elimination
requires the previous degradation of the macromolecule. This
extends the imaging window from about 1min to about 1 h. This
advantage of BPAs over ECF agents of longer image acquisition
times allows higher resolution and/or better signal-to-noise ratio
and leads to better-quality angiograms of several organs using
respiratory or cardiac gating techniques. Vascular abnormalities,
associated with certain tumors or atherosclerosis, can be
detected and MR mammography is feasible (39). Another
advantage of using BPAs is that tissue blood volume and
perfusion can be measured. Blood pool-enhanced MRA in the
equilibrium phase (or steady state), as opposed to imaging
during the initial arterial passage of the CA, offers the advantage
of allowing the enhancement of both arteries and veins.
The blood pool CAs can be divided into several classes,

according to their mechanism of action (Table 3): (a) the
noncovalent binding of low molecular weight Gd3þ-based
complexes to human serum albumin (HSA), which is the most
abundant plasma protein (0.67mM or 4.5% concentration in the
blood plasma), prevents immediate leakage into the interstitial
space; (b) systems based on polymers or liposomes, based on an
increase in the size of the CA molecule, which slows down
leakage through endothelial pores; and (c) systems based on
particles, involving a change in the route of elimination. Other
systems that are also being explored are small ECF Gd3þ

complexes and Mn2þ-labeled hydroxyapatite particles.

3.3.1. Albumin-binding gadolinium complexes

This is the most successful approach so far. In this class, several
complexes have been synthesized by attaching a hydrophobic
moiety to a chelating agent, such as [Gd(DOTA-BOM3)] (40). The
most successful among these is the Gd3þ complex gadofosveset
trisodium, previously known asMS-325 (Fig. 3), which became the
first commercial agent in this class (Vasovist1, Bayer Schering
Pharma AG). It binds strongly and reversibly to serum albumin
(41), leading to high relaxivity at clinical field strengths and much
Contrast Media Mol. Imaging 2009, 4 1–23 Copyright # 2009 John
longer residence times in the blood compared with extracellular
agents (42). Several clinical studies have demonstrated its efficacy
in enhancing blood vessels, both in first-pass and in delayed
steady-state MRA examinations.
The second most valuable compound in this class is B-22956 or

gadocoletic acid (Fig. 3; Bracco SpA). B-22956 is a Gd-DTPA
derivative containing a cholic acid moiety with strong albumin
binding (43). This again leads to much longer residence times in
the blood and a higher relaxivity compared with the unbound
form of the CA. B-22956 has been investigated for MR coronary
artery imaging in clinical trials and to follow antiangiogenesis
therapy (44), but is not yet commercially available.
The albumin-binding Gd3þ complexes have a wide range of

applications besides MRA, e.g. breast MRI, perfusion MRI, lung
perfusion, etc. Malignant tumors often show an increased uptake
and metabolism of plasma proteins, especially albumin.
Macromolecular CAs are delivered to all tissues, but only
accumulate in those with leaky vessels near tumor capillaries
(tumor neo-vessels). The outcome of tumor therapy can be
followed using MRI tumor perfusion studies with Gd3þ-labeled
albumin using the quantitative decrease in the MR signal of the
malignant tissue after therapy.

3.3.2. Polymeric gadolinium complexes

The large size of polymeric Gd3þ chelates is responsible for the
slow (or absent) leakage of this class of CAs into the interstitial
space through the normal endothelium of the vascular system,
thus providing long imaging windows. Various polymeric
agents (e.g. dextrans and polylysine derivatives) with molecular
weights in the 15–5000 kDa range were evaluated, but did not
pass beyond the preclinical stage (45). Their large size leads to
slow rotational dynamics and increased relaxivity at clinical field
strengths. Excretion of Gd3þ-based macromolecular CAs is
related to their size. Since the molecular weight of these large
molecules exceeds 40 kDa, glomerular filtration decreases, which
could lead to problems with their excretion, even if they are
excellent MRA agents.
An example of this class of CAs undergoing clinical trials is

Gadomer 17 (Bayer Schering Pharma AG), which carries 24 Gd3þ

ions (46). Because of their size (molecular weight 35 kDa),
Gadomer 17 molecules are large enough to show much slower
leakage through normally functioning endothelium than extra-
cellular agents, but are still small enough to be eliminated via the
kidneys. Imaging studies in animals have resulted in excellent
angiograms, allowing quantitative perfusion studies of the
myocardium. It has been also successfully employed to
demonstrate differences in endothelial permeability between
tumors and healthy tissue (47).
(Gd-DTPA)45-HSA is another example of this type of CA. Aime

et al. (48) have studied the frequency and temperature dependence
of proton and oxygen-17 relaxivities of this CA. The observed
behavior is typical of systems whose relaxivity is limited by a long
exchange lifetime of the coordinated water molecule (49).
Sieving et al. (50) have synthesized a poly-(L-lysine) containing
60–90 chelating groups (DTPA or DOTA). Complexedwith Gd ions,
the paramagnetic chains were conjugated to HSA. The relatively
small relaxation enhancement shown by Gd complexes when
bound to polylysine is accounted for by the high internal mobility
of the paramagnetic moiety. An analogous result has been
observed using the squaric acid unit as a linker between the
macromolecule and the Gd chelates (51). Labeling of monoclonal
Wiley & Sons, Ltd. www.interscience.wiley.com/journal/cmmi



Figure 3. Structures of some HSA-binding and polymeric Gd3þ complexes, as potential or approved blood pool CAs for MRA (simplified structure for
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antibodies with Gd-DTPA has also been considered for targeting
tumors (52,53).
The clinical application of Gd chelates grafted with polymers is

limited by the slow excretion of the complexes and the resulting
accumulation of toxic Gd3þ. To avoid this problem, biodegrad-
able polydisulfide macromolecular complexes have been pre-
pared based on the disulfide-thiol exchange in order to allow
degradation of the macromolecules by endogenous thiol and
thus facilitate excretion of the Gd chelates (54).
Another agent of this class undergoing clinical trials is P-792

(Gadomelitol, Vistarem1, Guerbet), a hydrophilic high molecular
weight derivative of Gd-DOTA. This is a rapid clearance blood
pool agent, owing to its limited diffusion across the normal
endothelium, with high proton relaxivities r1 and r2 in the current
range of clinical imaging magnetic fields (55).
The polymeric agent (Gd-DTPA)n-polylysine, under develop-

ment (PLLGd-DTPA, preclin., Bayer Schering Pharma AG), shows
advantages in MRA, in perfusion studies of the myocardium and
lung perfusion, and in the differential diagnosis of tumors.
However, none of the polymeric Gd3þ complex CAs are yet
commercially available.
The loading of micelles and liposomes with amphiphilic

polychelate polymers has been reported also and different
paramagnetic agents have been encapsulated into the liposomes
www.interscience.wiley.com/journal/cmmi Copyright # 2009
(56). However, these studies did not lead to any agent which
passed the preclinical status.

3.3.3. Ultrasmall superparamagnetic iron oxides

Superparamagnetic iron oxides (SPIOs) are nanoparticles made
of stabilized iron oxides with very high T1 and T2 relaxivities (57).
Similarly to the polymeric gadolinium chelates, these agents
exhibit very slow leakage from the intravascular space due to
their large size. At low doses they decrease the T1 of blood and at
higher doses the T2* effect predominates. Smaller-sized particles
(USPIOs), such as ferumoxtran-10 (Sinerem1, Guerbet; Combi-
dex1, ferumoxtran, AdvancedMagnetics), SHU555C (SupravistTM,
Bayer Schering Pharma AG) and VSOP-C184 (Ferropharm GmbH),
exhibit lower relaxivities than SPIOs, but have a much more
favorable T1/T2* ratio, which makes MRA and other T1-weighted
MR techniques even easier (22,58,59).
Unlike polymeric Gd3þ chelates, iron oxide agents are

eliminated from the body by uptake into the liver, spleen and
lymph nodes through the RES and subsequent incorporation into
the body’s iron pool. This takes much longer than simple
excretion through the kidneys. USPIOs do not accumulate in the
RES system as fast as larger particles, which results in a long
plasma half-life (60). One of the agents in this class, Sinerem1,
John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2009, 4 1–23
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cannot be administered by rapid bolus injection. Although it may
be potentially useful for MRA, it is primarily developed for lymph
node imaging (61).

3.4. Organ-specific agents

3.4.1. Hepatobiliary contrast agents

The diagnosis of hepatic lesions continues to be a problem even
though many diagnostic methods are available. Despite the high
contrast resolution of T2-weighted MRI techniques, a number of
pathologies are difficult to detect or differentiate without CAs.
ECF agents (e.g. Magnevist1) rapidly distribute in the vascular
and interstitial space, but do not pass plasma membranes and
thus have negligible hepatocellular uptake and biliary excretion.
Targeting the hepatocytes or entrapping substances in macro-
phages of the reticuloendothelial system (RES) are effective
approaches for liver-specific agents since both pathways have a
high capacity for handling relatively unspecific materials.
Several compounds with different magnetic properties are

currently in clinical use, trials, or in preclinical development. The
properties of some of them are shown in Table 4. They are divided
in two main categories: (a) agents targeting hepatocytes—small
paramagnetic complexes; and (b) agents targeting the RES—
magnetic particles and magnetic liposomes.

Agents targeting hepatocytes: small paramagnetic chelates
The small water-soluble paramagnetic chelates with hepatobili-
ary uptake in clinical use (see ligand structures in Fig. 4) are the
Gd-DTPA derivatives [Gd(EOB-DTPA)(H2O)]Na2 [gadoxetic acid
disodium, PrimovistTM (formerly Eovist1), Bayer Schering Pharma
AG] and [Gd(BOPTA)(H2O)](MEG)2 (gadobenate dimeglumine,
MultiHance1, Bracco SpA) and the Mn2þ chelate
[Mn(DPDP)]HNa3 (mangafodipir trisodium, Teslascan1, GE
Healthcare).
The extracellular Gd-DTPA-type derivatives exhibit the most

useful characteristics. Both have one lipophilic residue attached
to the DTPA backbone that targets the agent to an organic anion
Figure 4. Chemical structures of the water-soluble paramagnetic chelates

www.interscience.wiley.com/journal/cmmi Copyright # 2009
transporter in the sinusoidal plasma membrane of the
hepatocyte. The uptake by hepatocytes decreases T1 and
increases the signal intensity of normal liver parenchyma, giving
a positive contrast relative to other tissues. These CAs display a
very pronounced hydrophilic character and relatively low plasma
protein binding, despite the presence of the lipophilic moiety,
which gives them an acute intravenous tolerance as good as that
of Magnevist1. [Gd(EOB-DTPA)(H2O)]

2�, with the ethoxybenzyl
group (62), is completely eliminated from the body, with 50%
hepatobiliary and 50% renal excretion. After entering the
intracellular space of the hepatocyte, it is sequestered in the
bile. The excretion through the bile and feces causes the bile
ducts and the gall bladder to display a very short T1, which makes
contrast-enhanced cholangiography possible. Shortly after
administration, the compound distributes in the vascular system
in the same way as Magnevist1, allowing the blood vessels to be
seen in dynamic imaging studies. While the Gd3þ concentration
and the signal intensity in blood decrease, the signal of the liver
parenchyma increases, reaching maximum brightness 30–60min
after injection (63). [Gd(BOPTA)(H2O)]

2� has a benzyloxy
lipophilic moiety bound to the DTPA backbone at a different
position, providing similar properties to the above described
chelate (64). In addition to the liver, it can be used for MRI of the
brain and spine. Both Gd3þ agents significantly bind to HSA,
although with affinities at least one order of magnitude lower
that for the HSA-binding blood pool agents (65). Because of the
resulting increased relaxivity and half-life in blood, they can be
also used in MRA applications (66).
[Mn(DPDP)]4� (67) is the first Mn2þ complex to be used as

contrast agent in clinical trials (68). The ion is a powerful T1
relaxation agent because of its five unpaired electrons. This CA,
which demonstrates both biliary and renal excretion, has been
shown to be a positive and very effective liver enhancer in
T1-weighted images. Pharmacokinetic studies have shown that,
shortly after injection, some Mn2þ is released in the plasma and
the paramagnetic ion accumulates in the liver and other tissues
like pancreas and cardiac muscle. Free Mn2þ ions are known to
accumulate in hepatocytes, although the chemical similarity of
with hepatobiliary uptake in clinical use (9).

John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2009, 4 1–23
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DPDP to vitamin B6 may also contribute to hepatocyte uptake.
Since Mn2þ is a powerful relaxation enhancer, a very small
amount (5mmol/kg) is sufficient to significantly enhance the
contrast between the healthy liver parenchyma and focal liver
lesions.
Other compounds have been investigated without clinical

outcomes, such as Fe2þ chelates of EHPD or HBED, ligands similar
to bilirubin, and Cr3þ-HIDA (Table 4).

Agents targeting the RES
Superparamagnetic iron oxide particles. These particles are
extremely effective T2 relaxation agents. After intravenous
administration, SPIO particles are not retained in hepatocytes
or metastases, but are sequestered by normal RES phagocytic
Kupffer cells in liver and spleen, which represent a relatively small
volume of the target (in the case of the liver only about 2–3% of
its total cell population). However, their T2 effect is so strong that
even a very small dose is sufficient to decrease the signal intensity
of the whole liver. This susceptibility effect is especially evident in
T2-weighted images in the form of a negative contrast. SPIOs are
metabolized into a soluble and nonsuperparamagnetic form of
iron, which is incorporated into the normal iron pool (e.g. ferritin,
hemosiderin, hemoglobin) within a couple of days. Several
preparations have been investigated, among which are two SPIO
formulations that are now commercially available: AMI-25
(Feridex1, AMAG Pharmaceuticals, or EndoremTM, Guerbet)
and Resovist1 (Bayer Schering Pharma AG) (Table 3) (69).
Paramagnetic liposomes. Paramagnetic liposomes are rapidly

sequestered by the cells in the RES, primarily in the liver, giving
positive (T1-shortening) contrast. No compound of this kind has
become commercially available.
There are two benefits of small chelates targeted to

hepatocytes relative to SPIOs for Kupffer cells: (a) the higher
number of hepatocytes than Kupffer cells improves the uptake
effectiveness of the CA; and (b) their faster excretion reduces the
possibility of side effects, compared with RES targeted CAs that
remain longer in the body.
Hepatobiliary agents can be used to image liver pathologies.

The small chelates can detect primary liver tumors or metastases
(the majority of hepatocellular carcinomas), cysts and other
benign lesions, which do not contain hepatocytes or whose
functioning is hampered. SPIO-enhanced images during the
retention phases offer improved diagnostic accuracy in detecting
liver lesions. Since hepatic tumors either do not contain RES cells
or their activity is reduced, the contrast between the liver and the
lesion is improved as the lesion appears with positive contrast
relative to the normal tissue. Resovist1 does not accumulate in
metastases, but some uptake is observed in hepatocellular
carcinoma (HCC) and focal nodular hyperplasia (FNH). Feridex1 is
also not taken up by most tumors. Tissues such as metastases,
primary liver cancer, cysts and various benign tumors, adenomas
and hyperplasia retain their original signal intensity, so the
contrast between normal and abnormal tissue is increased (70).

3.4.2. Contrast agents for lymph nodes and bone marrow

USPIOs do not accumulate in the RES system as fast as larger
particles, which results in a long plasma half-life. USPIO particles,
with a small diameter (less than 10 nm), are taken up from the
interstitium by lymphatic vessels and transported to lymph
nodes. Once within the nodal parenchyma, phagocytic cells of
the mononuclear phagocyte system take up the particles. A
Contrast Media Mol. Imaging 2009, 4 1–23 Copyright # 2009 John
lymph node with normal phagocytic function takes up a
considerable amount of material and shows a reduction of the
signal intensity caused by T2 shortening effects and magnetic
susceptibility. By comparison, metastatic lymph nodes take up a
smaller amount of USPIOs so they appear with less signal
reduction. This permits the differentiation of healthy lymph
nodes from normal-sized, metastatic nodes. USPIOs also show
potential for providing important information about angiogen-
esis in tumors and helping identify dangerous arteriosclerosis
plaques. They can also accumulate in bone marrow.
Gadofluorine 8 (Bayer Schering Pharma AG) is a lipophilic but

water-soluble gadolinium complex that accumulates in normal
lymph nodes, resulting in a pronounced increase in their signal
intensity, but not in malignant (metastatic) nodes, thus allowing
their differential diagnosis (71).

3.4.3. Brain agents

Many brain pathologies are associated with an altered capillary
permeability and disruption of the BBB, allowing the extravascu-
lar leakage of ECF agents into those brain regions, their selective
accumulation and thus their better visualization by T1-weighed
MRI images. However, crossing an intact BBB is very difficult for a
CA. An approach that has been used in animal models is
microinjection of agents into selected brain areas. In the
manganese-enhanced MRI (MEMRI) technique, the fact that
Mn2þ can enter excitable cells via voltage gated calcium channels
has been used to accumulate this ion in active areas of the brain
and heart, leading to T1 contrast (72). Direct injection of MnCl2
into specific rat or mouse brain regions allows imaging of
neuronal connections in their olfactory, visual and somatosen-
sory pathways. Intraventricular microinjection of a low dose of
potassium dichromate yields a specific contrast enhancement of
white matter (WM) in T1-weighted MRI images of mouse brain
in vivo. Pronounced and persistent signal increases occur in other
WM-rich brain areas, such as the corpus callosum, due to a
tissue-specific reduction of diamagnetic Cr(VI) after injection
forming paramagnetic Cr(V) and Cr(III), which relies predomi-
nantly on the oxidation of myelin lipids. Cr(VI)-induced contrast
leads to only a small nonspecific enhancement of gray matter
structures, such as the hippocampus. Thus, this method reveals
novel information that differs from that obtainable using Mn2þ

injection (73).
Noninvasive in vivo evaluation of amyloid in Alzheimer’s

disease (AD) patients would be useful for the early diagnosis of
AD as well as the development and monitoring of new treatment
strategies. Initial efforts to develop an MRI method to visualize
the amyloid plaques were based on the assumption that the
higher iron content in plaques would serve as an endogenous
source of contrast that would be detectable at high fields through
the susceptibility effect. Discrepancies observed in human
post-mortem samples and the long, prohibitive, imaging time
required for efficient in vivo visualization of the brain plaques
showed the limitations of this approach. Then, transgenic mouse
models of amyloidosis were used together with intravenous
injection of Gd-DTPA tagged Ab1–40 peptides, covalently linked to
putrescine (PUTGdAb) to allow brain uptake. These peptides
specifically target the amyloid deposits and thus improve
sensitivity. They were also tested with an intracarotid co-injection
with mannitol to permeabilize the BBB. This approach led to the
first in vivo observation of AD plaques (74,75). The ability to label
plaques efficiently after intravenous injection of the CA is a
Wiley & Sons, Ltd. www.interscience.wiley.com/journal/cmmi
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Table 5. Oral contrast agents for imaging of the gastrointestinal bowel marking

Magnetism Contrast
Name of
compound Central moiety Relaxivity Trade mark

Diamagnetic Positive Fatty emulsion Fatty liquid Short T1
Vegetable oils Fatty liquid Short T1
Sucrose polyesters Fatty liquid Short T1

Negative Perfluorooctylbromide
(PFOB)

Water immiscible
liquid

Proton density
reduction,
signal void

Perflubron1,
Imagent GI1

Alliance
Pharmaceutical

Barium sulfate
suspensions and
clay mineral particles

Ba2þ, Al3þ, Si4þ Diamagnetic,
T2-short

Various mixtures

Paramagnetic Positive MnCl2 Mn2þ T1 reduction Lumenhance1 ImaRx
Pharmaceutical Corp.
Bracco SpA

[Gd(DTPA)] Gd3þ T1 reduction Magnevist enteral1

Bayer Schering
Pharma AG

Ferric ammonium
citrate Geritol

Fe3þ Ferriseltz1 Otsuka
Pharmaceutical

Gadolite 60 gastrointestinal,
Gd-zeolyte Y particles

Gd3þ T1 reduction Gadolite1 Pharmacyclics

Superparamagnetic Negative Ferumoxsil (USAN) AMI-121 Fe3þ/Fe2þ T2*enhanced Lumirem1 Guerbet
Gastromark1 AMAG
Pharmaceuticals

Ferristene (USAN) oral
magnetic particles (OMP)

Fe2þ/Fe3þ T2*enhanced Abdoscan1 GE
Healthcare
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significant improvement over existing MR plaque imaging
methods. It also advances the possibility of monitoring
experimental therapies aimed at clearing plaques in transgenic
mice. Early plaque detection is not possible without the use of
CAs, suggesting that these agents will be needed to diagnose
Alzheimer’s disease prior to the onset of clinical symptoms.

3.4.4. Contrast agents for oral use

When ingested, these agents change the signal intensity at the
stomach and the intestine relative to adjacent abdominal tissues.
They may change the contrast of the gastro-intestinal (GI) tract
through various mechanisms, depending on their magnetic
properties (Table 5), allowing MR cholangiography. Diamagnetic
agents, such as fatty emulsions, fill the GI tract with materials with
short T1, enhancing its signal and producing positive contrast
relative to adjacent tissues. Diamagnetic agents may also
generate negative contrast either by decreasing the proton
density through the use of perfluorinated compounds like
perfluorooctylbromide (PFOB), or by decreasing the T2 of GI water
protons, such as in the presence of various mineral (Ba2þ, Al3þ,
Si4þ) suspensions. Paramagnetic agents, such as MnCl2 solutions,
ferric ammonium citrate (FAC) solutions (76), Magnevist1 or
Gd3þ-containing zeolite Y particle suspensions (Gadolite1) (77),
are positive CAs that decrease the T1 of GI water protons. Large
superparamagnetic particles for oral uptake (78), such as
Abdoscan1 (GE Healthcare), composed of monodisperse poly-
mer particles of 3mm diameter coated with crystals of iron oxide,
or Lumirem1 (Guerbet) (also known as GastroMARK1 (AMAG
www.interscience.wiley.com/journal/cmmi Copyright # 2009
Pharmaceuticals)), a silicone-coated superparamagnetic iron
oxide suspension, belong to the group of negative oral CAs
that decrease proton T2/T2*. They are used to distinguish the
loops of the bowel from other abdominal structures. When
ingested, they flow through and darken the stomach and the
small intestine in 30–45min. By more clearly identifying the
intestinal loops, they improve visualization of adjacent abdominal
tissues such as the pancreas.

3.5. Active targeting or cell labeling contrast agents

These are targeted CAs that are able to recognize specific
molecular sites (e.g. cell-specific receptors or transport proteins)
at the cellular membrane and to accumulate at those sites, in
most cases by becoming trapped in the intracellular space. The
development of approaches able to recognize and image a
specific molecular marker of a given pathological process or state
(molecular imaging), such as inflammation, atherosclerosis,
angiogenesis, apoptosis and tumors, makes the task of diagnosis
and therapy much easier (79). Thus, the development of high
affinity ligands as targeting vectors and their conjugation to Gd3þ

chelates as reporter groups [Fig. 5(A)] is one of the requirements
for efficient molecular probes.
However, the main problem of this approach using

Gd3þ-based contrast agents is MRI’s low sensitivity, so that to
reach 50% of contrast enhancement it is necessary to have a local
concentration of CA of the order of 0.5mM. It is possible to
increase the payload of reporter groups delivered at the target
site by using many reporters bound to a single carrier [Fig. 5(B)].
John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2009, 4 1–23



Figure 5. General structure of a targeted CA for cell labeling: (A) with a single reporter group; (B) with a carrier of many reporter groups.

CLASSIFICATION AND BASIC PROPERTIES OF CONTRAST AGENTS
However, this combined with the very low concentration of
receptors in the cell membrane (10�9–10�13mol/g of tissue)
makes it difficult to obtain an image with good contrast. Also, the
saturation of all available receptors would interfere with the
normal metabolic equilibrium, leading possibly to cell death (80).
The minimum detectable concentration of a CA depends on its
relaxivity. While for [Gd(HPDO3A)] (r1¼ 3.7/mM/s at 90MHz) this
value is too high (5� 10�7mol/g or 100mM), for a sixth-
generation dendrimer conjugate substituted with 170 Gd-DTPA
chelates (r1¼ 5800/mM/s per dendrimer) it has a manageable
value (1.9� 10�10mol/g). The use of SPIOs, with very high r2
(72 000/mM/s per particle) further decreases this concentration to
about 1.6� 10�11mol/g (81).
The main targeting strategies that have been used are cell

surface targeting and receptor targeting. In the first approach,
specific epitopes easily available at the cell surface are targeted to
which the CA stays bound. This has been used together with the
pretargeting approach to facilitate the detection and imaging of
tumor cells (some of which are known to have abnormally high
negative charges on their cell surface). This approach consists of a
previous interaction of the tumor cell surface with a polypeptide
formed by positively charged amino acids, such as polyarginine,
that is suitable to interact with a negatively charged CA
[Gd(DO3A)-R, where R¼CH2–C(––O) N(CH2–PO

2�
3 )2] that is added

later (81). The use of low-molecular-weight targeting CAs, able to
accumulate quickly at specific cell surface sites, has advantages
relative to the use of macromolecular agents. One example is
Figure 6. Schematic representation of targeting of the endothelial aVb3 an
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using targeting CAs based on the abnormal glycosilation of
tumor cell surfaces, which havemuch higher content of sialic acid
residues (>109/cell) than normal cells (�106/cell), where the sialic
acid residues are recognized by a modified Gd3þ chelate (82).
Other relevant examples of cell surface targeting result from

the well-known nonspecific binding of porphyrins to the
interstitial space of tumors, e.g. Dy-TPPS (TPPS¼ tetraphenyl-
porphyrin sulfonate). One expanded porphyrin (texaphyrin)
complex, [Gd(Tex)]2þ (PCI-120), selectively accumulates at tumor
sites, giving prolonged enhancement of MRI images and the
possibility of being used as a radiation sensitizer for brain cancer
(83). Gadophyrin-2 [mesoporphyrin-(GdDTPA)2] (Bayer Schering
Pharma AG) targets the necrotic part of tumors, possibly through
binding to cell proteins released upon cell death by necrosis. This
specific accumulation of necrosis-avid CAs (NACAs) provides a
prolonged enhancement of necrotic tissue, especially of
myocardial infarcts (84).
The targeting of cell surface receptors can be pursued using

labeled antibodies or low-molecular-weight targeting complexes.
In the first approach, due to the slow diffusion of the antibodies,
the most accessible targets are those present on the endo-
thelial vessels. A typical example is the targeting of the
endothelial integrin receptor aVb3, a specific angiogenesis
marker whose concentration correlates with the tumor grade.
A Gd3þ-containing polymerized liposome was used as an
example of an imaging probe containing many reporter groups
per carrier. The pretargeting approach was used, where the target
giogenesis marker (85).

Wiley & Sons, Ltd. www.interscience.wiley.com/journal/cmmi
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was bound first to a biotinylated monoclonal antibody against
aVb3, which is well recognized by an avidin moiety present on the
liposome surface carrying the Gd3þ chelate reporter groups
(Fig. 6) (85).
The same aVb3 target has been addressed with lipidic

nanoparticles containing Gd3þ chelates (86). Although the
possibility of extensive substitution of some antibodies without
loss of immunoreactivity has been demonstrated when they are
labeled with liposomes, dendrimers or polymeric chelates, and
nanoparticles, the large molecular size and, therefore, the slow
delivery of these systems limit the technique.
A more efficient way to accumulate CAs at the target site is by

cell internalization processes, which, to be successful, require that
the concentration of the agent inside the cell is higher than at
the cell surface. These internalization processes may occur via
phagocytosis and pinocytosis (or fluid phase endocytosis)
mechanisms, which do not require a cell receptor, or receptor-
mediated endocytosis. Phagocytosis, the process of internaliz-
ation of particles by cells endowed with phagocytic activity, has
been used with Gd-DTPA bis-stearylamide derivatives forming
insoluble Gd3þ-containing particles that, after internalization, are
biodegraded and become soluble and trapped inside the cell
(87). Gd-HPDO3A has been used for labeling stem cells via the
pinocytosis mechanism, where the stem cells are incubated in a
culture medium containing Gd-HPDO3A in the mM concentration
range (10–50mM) (88). However, these processes are often very
slow and only apply efficiently to undifferentiated, dividing cells.
One example of cell internalization by receptor-mediated

endocytosis is the entrapment of several units of a CA inside the
inner spherical cavity of apoferritin, which after intravenous
administration is quickly cleared up by specific receptors on
hepatocytes (89). However, except in the case of internalization
by electroporation, where it is delivered to the cytoplasm, the CA
is entrapped in the cell endosomic compartment, seriously
limiting its relaxivity (90).
Other cell internalization mechanisms have used membrane

transporters and transmembrane carrier peptides. These latter
have proven useful for the internalization of a number of sub-
strates like proteins, oligonucleotides and plasmid DNA. For instance,
translocating signal (MTS) peptides, such as the TAT peptide,
made up of a sequence of 10 amino acids from the HIV-1 TAT
protein, conjugated to iron oxide nanoparticles or to Gd-DTPA
were efficiently internalized (91). Another interesting develop-
ment was the synthesis of a bimodal (optical and MRI) imaging
probe consisting of a Gd3þ/Eu3þ-DOTA complex, a PNA (peptide
nucleic acid) sequence and a transmembrane carrier peptide.
Although the system enters any type of cell, it accumulates only
in tumor cells because of the specific binding of the PNA moiety
to the c-myc mRNA whose production is upregulated in those
cells. This bioshuttle conjugate—transporting the imaging probe
into the cytoplasm and then into the nucleus—thus works as a
nuclear localization sequence, and has proven to accumulate in
the nucleus of DU-145 prostate cancer cells (92).

3.6. Responsive contrast agents

These agents are also called ‘smart’ or bioactivated. The term
‘responsive’ refers to paramagnetic systems that are sensitive to a
given physico-chemical parameter that characterizes their
microenvironment. Typical parameters to which these systems
should be responsive are (a) pH, (b) temperature, (c) oxygen
pressure, (d) enzymatic activity, (e) redox potential and
www.interscience.wiley.com/journal/cmmi Copyright # 2009
(f ) concentration of a specific ion. In the following paragraphs
we will discuss some examples of reported studies of responsive
CAs. We will differenciate between reports of properties of CAs
studied in solution or in cells from those cases that have actually
been used in a living animal or human by adding an asterisk next
to each reference number if that publication contains data from
an in vivo example. There are only a few of these applications
in vivo. Quantitative information is hampered by the difficulty of
knowing the local concentration of the agent.

3.7. pH-sensitive agents

These CAs are of great interest in cancer detection, as the pH on
the surface of tumors is about 0.4 units lower than in normal
tissue. The requirement for a system to be pH-sensitive is that
either the dynamics or the structural properties determining its
relaxivity are pH-dependent. The pH dependence of the relaxivity
may reflect changes in the hydration number of the metal
chelates, and the presence of protonatable groups on the ligands
can influence these changes (93). In a tetraazamacrocyclic Gd3þ

complex bearing an arylsulfonamide group as the pendant arm, it
has been demonstrated that the observed decrease in the
relaxivity with increasing pH in the pH 6–7 region is due to the
change in the number of inner sphere water molecules in
the complex from two at acid pH to zero at high pH (94). In
another case, it has been demonstrated that the pH dependence
of the relaxivity of GdDOTA-4AmP [amino phosphonate tetra-
amide derivative; Fig. 7(a)]. is due to changes in the second
coordination sphere (95), which are related to the formation/
disruption of hydrogen bonds between the pendant phospho-
nate groups and water molecules bound to the Gd3þ ion. This pH
responsive agent was applied in vivo by assessing the local
concentration of the CA through the use of the pH insensitive
Gd(DOTP)5�, assuming that the two have the same biodistribu-
tion. Extracellular pH MRI maps were thus obtained for mouse
kidneys (96)* and rat gliomas (97)*.
Mikawa et al. (98) have developed an MRI contrast agent based

on amicroenvironmental responsive polyion complex in the form
of a mixture of two polymers. The complex exhibits a 50%
increase in relaxivity upon decreasing pH from 7 to 5. Aime and
coworkers (99) have prepared a pH sensitive contrast agent with
30 Gd chelates and 114 ornithine residues [Fig. 7(b)]. The chelates
are conjugated to the amino acid chain via squaric ester. At low
pH, the amines are protonated and do not interact with the
squaric esters linkers. When the pH rises, the amide side chains
become deprotonated and interact with the squaric ester
residues. This interaction rigidifies the polymer, causing an
increase in tr and, thus, an increase in relaxivity. Lowe et al. (100)
have synthesized a DO3A-derivative with a sulfonamide nitrogen
that is protonated at low pH and unable to chelate the
paramagnetic ion. As a result, water access to this ion is allowed,
creating a detectable signal. At high pH the deprotonated amine
chelates prevent water access and the MR signal is low. Hovland
et al. (101) have prepared a DO3A compound with a tertiary
amine-containing two long alkyl chains. When the amine is
protonated (pH¼ 3–6) the relaxivity is low. Upon deprotonation
(pH¼ 8–10), the agents form colloidal aggregates due to the
higher lipophilicity. The aggregation causes an increase in tr and
a subsequent increase in relaxivity. A Gd-DOTA-tetraamide
bearing a hydroxypyridyl substituent has exhibited two regions
of enhanced relaxivity: a small enhancement at lower pH¼ 2–4
attributed to an increase in the prototropic exchange of the
John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2009, 4 1–23



Figure 7. Chemical structures of some Gd3þ chelates as (or ligands present in) responsive CAs: (a) DOTA-4AmP; (b) macromolecular polyornithine DO3A;

(c) DO3A-b-gal; (d) sulfonamide-substituted DTPA; (e) Gd2(DOPTA) binding Ca2þ; (f ) phenHDO3A; (g) Gd(HASH-DO3A) conjugated to DPPE PDP in

liposome.
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coordinated water molecule and a slightly larger enhancement at
higher pH¼ 6–9 due to deprotonation of the ligand amide
protons (102). Aime et al. (103) have also synthesized a ternary
complex between a Gd chelate and carbonate ions. The relaxivity
Contrast Media Mol. Imaging 2009, 4 1–23 Copyright # 2009 John
of this complex can be affected by the saturation of its
coordination sphere by two water molecules or a bidentate
ligand such as hydrogen carbonate. The relaxivity of the complex
changes from 7.5/mM/s at low pH to 1.9/mM/s at high pH,
Wiley & Sons, Ltd. www.interscience.wiley.com/journal/cmmi
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reflecting the replacement of two water molecules in the first
coordination sphere by a carbonate ion. A water-soluble
Gd3þ-fullerene has been reported in which the relaxivity is
pH-dependent due to changes of self-association (104).

3.7.1. Temperature sensitive agents

It is known that some Ln3þ chelates have NMR properties which
are strongly temperature dependent, such as their 1H NMR
chemical shifts, which can be used for monitoring temperature.
For this reason, some of them are considered to be good
temperature probes (105,106). Another example of a tempera-
ture-dependent probe consists of the encapsulation of Gd3þ

chelates into liposomes (107). Here, the membrane transition
from gel to liquid crystal occurs at a certain temperature. At this
point, changes in the permeability of the membrane occur and
the mobility of the water molecules through the membrane
changes; consequently the relaxivity also changes.

3.7.2. Agents sensitive to the redox potential

The partial oxygen pressure (pO2) is also an important parameter
in the metabolic processes of the cells and its variation is related
with certain pathologies. The systems used as pO2 probes are
based on the spin state or redox equilibria of paramagnetic ions.
The use of deoxyhemoglobin as MRI contrast agent was
discovered by Thulborn et al. (109)*, based on the pO2 dependent
high-spin/low-spin equilibrium of Fe2þ. Ogawa et al. (109)* have
shown that the signal is dependent on the oxygenated state of
blood and that the blood oxygen level-dependent (BOLD) signal
can be used for the noninvasive mapping of human brain
function. Activatable contrast agents, with relaxivities that
depend on the oxidation state of the metal ion and thus on
pO2, have been synthesized (110). The oxidation state of a
europium ion is varied to trigger the signal on and off by the
environmental pO2. Eu

3þ is reduced to Eu2þ (isoelectronic with
Gd3þ) and enhances the observed MR signal upon reduction.
Aime et al. (111) have developed a redox switch to increase tr as a
pO2-sensitive compound. This complex uses manganese (Mn2þ)
as the redox ion. By coupling the product to polycyclodextrin, the
Mn2þ porphyrin aggregates, increasing the Mn2þ concentration
and tr, the rotational correlation time. The water relaxation of
Mn2þ is much greater than that of Mn3þ, creating a redox switch
dependent on pO2. This technique can quantify the oxygen
concentration in the surrounding environment.

3.7.3. Agents sensitive to enzyme activity

The first enzymatic sensitive contrast agent was developed in
response to the need to correlate biological events with gene
expression during an imaging experiment. The mechanism is
based on two distinct relaxation states, a weak and a strong one.
The DOTA-type macrocyclic agent ‘Egad’ [Gd-(DO3A-b-gal);
Fig. 7(c)] has a sugar moiety (a substrate of the enzyme
b-galactosidase), which by blocking the single open coordination
site excludes the water protons from the inner sphere so that the
effect of the Gd3þ ions on the relaxivity is diminished. This agent
is irreversibly activated when b-galactosidase cleaves the sugar
and water becomes accessible to the paramagnetic ion, thus
increasing the q number. This agent has been successfully used
in vivo to detect by MRI b-galactosidase mRNA expression in
living Xenopus laevis embryos (112)*.
www.interscience.wiley.com/journal/cmmi Copyright # 2009
Another approach is to use insoluble Gd3þ chelates, such as
GdDTPA-FA, containing on the ligand surface two long fatty acid
chains (COOC17H35) connected via an ester bond, which form
inactive particles. The particles are internalized into dendritic cells
by phagocytosis and solubilized by intracellular lipase activity
through cleavage of the ester bonds to the insolubilizing moiety.
Thus, the increase in intracellular r1 relaxivity is a function of the
activity of the enzyme. MRI images of the labeled cells implanted
into rat brain have proven that these particles can act as positive
T1 agents and are suitable for functional cellular in vivoMRI. (113)*

Another example of an enzyme responsive agent is a linear
Gd3þ complex possessing an arylsulfonamide moiety [Fig. 7(d)]
that is an inhibitor of carbonic anhydrase (114). Here, the
relaxivity of the agent is enhanced as a result of the increased
reorientational correlation time tr upon interaction with the
enzyme.
Nivorozhkin et al. (115) have prepared an agent that is sensitive

to the presence of human carboxypeptidase B, which has been
implicated in thrombotic disease. TAFI cleaves a trilysine masking
group attached to the agent, exposing an aromatic functional
group that has a high affinity for human serum albumin. The
contrast agent binds HSA leading to an increase in tr. This event is
known as a receptor-induced magnetization enhancement
(RIME). The trilysine chain makes this agent a pro-RIME agent
because the trilysine chain inhibits interaction with HSA.
Bogdanov et al. (116) have prepared a peroxidase activatable

agent. This agent consists of a Gd3þ chelate linked to
benzene-1,2-diol that acts as a monomer. In the presence of
peroxide, the monomers are oligomerized, yielding a threefold
increase in relaxivity due to an increase in tr. This MRI signal
amplification can detect peroxidase concentration in vitro and
has been used to detect E-selectin expression on human
endothelial cells in culture by the high local enzymatic activity of
antibody bound peroxidase associated with the plasma
membrane of these cells.
Duimstra et al. (117) have synthesized a new class of enzyme

activated contrast agents using a self immolative mechanism for
detection of b-glucuronidase. Querol et al. (118) have prepared
new DTPA bisamides as sensors of peroxidase activity. These
derivatives bear tryptamido or 5-hydroxytryptamido groups that
could be oligomerized in situ in the presence of a peroxida-
se–H2O2 pair resulting in a net increase in r1 relaxivity. Chen et al.
(119) have shown that activatable paramagnetic imaging agents
can be used to directly image myeloperoxidase (MPO). Plaque
rupture in atherosclerotic disease is the major cause of morbidity
and correlates well with MPO secretion by activated macro-
phages and neutrophils in humans. Gd-DOTA-serotonin
[3-(2-aminoethyl)-5-hydroxyindole] was efficiently polymerized
in the presence of human neutrophil MPO resulting in a 70–100%
increase in proton relaxivity.

3.7.4. Metal ion and radical responsive agents

The presence of metal ions can induce changes in the structure of
the paramagnetic complexes, consequently changing their
relaxivities. Intracellular calcium plays an important role in
muscular contraction, neuronal transduction, and hormonal
secretion. Li et al. (120,121) have developed a contrast agent,
Gd2(DOPTA) [Fig. 7(e)], that can specifically detect Ca2þ ions. In
the absence of Ca2þ, the aromatic aminoacetates interact with
the two Gd ions; but in the presence of Ca2þ, they rearrange to
bind Ca2þ, allowing water to bind directly to Gd3þ. This increase
John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2009, 4 1–23
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in q number yields an increase in relaxivity. This mechanism is
reversible.
Hanaoka et al. (122,123) have used a similar scheme for the

detection of zinc ions, with a ligand of DTPA with
N,N,N0,N0-tetrakis (2-pyridylmethyl)ethylenediamine (TREN) as a
zinc specific chelator. In the absence of zinc, water is bound to the
gadolinium ion. In the presence of zinc, the carboxylic acid and
pyridine moieties coordinate to zinc thus restricting the access of
water to the Gd ion. This decrease in q yields a decrease in
relaxivity in the presence of zinc.
An iron-sensitive contrast agent has been synthesized by Aime

et al. (124) by functionalizing DTPA with salicylate moieties. Upon
addition of iron (III), the Gd-DTPA–salicylate complexes bind to
the iron ions via the salicylate functional groups. This binding
yields an increase in tr and in relaxivity.
Another iron-sensitive contrast agent has been prepared by

Comblin and Jacques (6,125). DOTA was conjugated to a
phenanthroline derivative, giving PhenHDO3A [Fig. 7(f )], which
is a ditopic ligand featuring a tetraazacyclododecane unit
substituted by three acetate arms and one 6-hydroxy-5,
6-dihydro-1,10-phenanthroline group. This ligand was especially
designed to obtain highly stable heteropolymetallic assemblies
(126). Self-assembly around iron (II) ions leads to an increase in tr
and a relaxivity increase from 3.7/mM/s, obtained for [Gd(PhenH-
DO3A)], to 12.5/mM/s for {Fe[Gd(PhenHDO3A)3]}

2þ at 20MHz and
378C. Costa et al. (127) have developed the same kind of rigid
chelates obtained by self-assembly of Fe(II) ions and two
terpyridine-based Gd-DTTA. {Fe[Gd2bpy(DTTA)2(H2O)4]3}

4� is a
self-assembled, metallostar-structured potential MRI contrast
agent, with six efficiently relaxing Gd3þ centers confined into a
small molecular space. Its proton relaxivity is particularly
remarkable at very high magnetic fields (r1¼ 15.8/mM/s at
200MHz, 378C, in H2O) (128)*. Recently, another high-molecular
weight tetrametallic supramolecular complex [(Ln-DTPA- phen)3Fe]

�

(Ln¼Gd, Eu, La) has been obtained upon self-assembly around one
iron(II) ion of three 1,10-phenantroline- based molecules sub-
stituted in 50-position with the polyaminocarboxylate diethylene-
triamine-N,N,N0, N0,N0-pentaacetate, DTPA- phen4� (129)*.
A radical responsive CA has been reported, which consists of

Gd3þ chelates containing a free thiol group (Gd-HASH-DO3A)
conjugated through a disulfide bond formed with SH-activated
phospholipid molecules incorporated in a liposome [Fig. 7(g)].
The long reorientational motion of the supramolecular adduct
endows the CA with an r1 relaxivity significantly higher than that
of the free complex. The disulfide bonds represent a radical-
sensitive moiety and a large decrease in the relaxivity is observed
upon their cleavage (130).
1

4. CONTRAST AGENTS BASED ON OTHER
PROPERTIES

In addition to the CAs classified according to their biodistribution
and the response of their relaxivity to physiologically relevant
physical parameters, new classes of MRI CAs have recently been
developed based on their NMR properties. Here we describe two
such families.

4.1. Chemical exchange saturation transfer agents

A new class of CAs, chemical exchange saturation transfer (CEST)
agents, has been shown to be a promising alternative to
Contrast Media Mol. Imaging 2009, 4 1–23 Copyright # 2009 John
relaxivity-based CAs (131). A CEST agent is a molecule possessing
exchangeable protons (-NH, -OH, etc.) that resonate at a chemical
shift that is different from the bulk water signal, which happens
when their exchange with the bulk water protons is slow on the
NMR timescale. This occurs when Dv� kex, where kex is the
exchange rate of the process and Dv is the difference in
frequency between the chemical environments. When this
condition is fulfilled, radio frequency pulses applied at an
appropriate frequency and power level can saturate the
exchangeable protons of the CEST agent. These protons will
then transfer into the bulk water pool and lead to a reduction of
its equilibrium magnetization, with a resulting decrease of its
signal intensity. Therefore, this water saturation process is caused
by chemical exchange. CEST agents can be used to switch the
image contrast ‘on’ and ‘off’ by changing the irradiation
parameters.
Although several agents contain exchangeable protons and

can produce CEST contrast (132), their signals are often very close
to the bulk water signal, and often broader than 2 ppm, due to
the magnetic field inhomogeneity of many tissues (133). This
makes it difficult to distinguish contrast due to the CEST effect vs.
direct saturation of bulk water. A larger Dv value improves the
specificity and efficacy of the CESTeffect. Since Dv increases with
the magnetic field strength, it can be improved at higher field
strengths for the MR experiment. Another possibility is to use
paramagnetic complexes, displaying large Dv values for the
exchanging proton resonance. These paramagnetic CEST (PARA-
CEST) agents include particular Ln3þ complexes with a
coordinated water molecule undergoing extremely slow
exchange with the bulk water, and with very large Dv values.
A good saturation transfer (ST) effect has been reported by
irradiating the metal-bound water protons of Eu3þ chelates
resonating at 50 ppm downfield from the bulk water (134). The
same effect can be obtained with slow exchanging amide
protons of Ln3þ complexes, e.g. tetraamide DOTA derivatives
(135).
An advantage of CEST agents relative to the traditional MRI CAs

is that the generation of contrast occurs only if the RF irradiation
frequency is set equal to the absorption frequency of the mobile
protons. For this reason, the acquisition of a precontrast image is
not required because the image visualization of CEST agents
results from the comparison of the on and off resonance MRI
scan. Furthermore, a co-administration of different CEST agents at
the same time is possible (since the difference on resonance
frequencies of their mobile protons is large enough to avoid the
overlapping of the respective CEST resonances), making it
possible to detect their biodistribution in the same image (136).
In this way, by using ratiometric methods, the CEST response can
be made independent of the absolute concentration of the
agent.
Responsive PARACEST MRI CAs have also been developed.

Paramagnetic Ln3þ complexes of tetraamide derivatives of DOTA
show ST properties which are markedly dependent on pH
(137–139). This is because the amide proton chemical exchange
is catalyzed by hydroxyde ions. Other PARACEST agents change
their chemical exchange rates after binding to lactate (140),
polyarginine (141), glucose (142), Zn2þ (143), etc., and detect
temperature changes (144) or enzyme activity (145). These
responsive agents share the same advantages and disadvantages
with responsive relaxivity-based CAs (146).
The most critical disadvantage of (PARA)CEST agents is their

low sensitivity. Theoretically, the ST process is dependent on a
Wiley & Sons, Ltd. www.interscience.wiley.com/journal/cmmi
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number of parameters, among which kex and the number of
mobile protons available are particularly relevant. Small-sized
CEST agents, containing less than 10 mobile protons per
molecule, such as amino acids, heterocyclic compounds, sugars
or paramagnetic chelates, have the detection limit in the mM

range (131,137,138,147). To solve this problem, some approaches
have been suggested in order to increase the number of mobile
protons in the CEST agents, such as the investigation of the ST
properties in macromolecules, both diamagnetic (polyaminoa-
cids, dendrimers and RNA-like polymers) and paramagnetic ones
(147–149), sometimes exploring supramolecular interactions
(SUPRACEST) (149), with which their detection limit goes down
into the range of mM.
Another approach to improve the sensitivity of CEST agents is

represented by liposomes, where the number of mobile protons
which can be entrapped in their aqueous cavity is in the range of
106–109, depending on the liposome’s size. Besides the water
molecules, an efficient paramagnetic shift reagent, such as
[Tm(DOTMA)]�, can also be entrapped in the liposome cavity,
shifting the proton resonance of trapped water relative to the
bulk water. Because of the slow water exchange across the
liposome membrane, this type of assembly, named LIPOCEST
agent, can be used at nM concentrations to generate a CEST
image (150).
Such a high sensitivity can be used to design targeted

PARACEST CAs for molecular imaging applications. A fibrin
targeted CA has been obtained by incorporating a phospholi-
pid-conjugated Eu-DOTA derivative into the lipid layer of
perfluorocarbon nanoparticles, which were targeted to clots by
antifibrin antibodies. A contrast-to-noise ratio of 10 was produced
at the clot surface in MRI images of plasma clots (151).

4.2. Hyperpolarized agents and molecular imaging
using MRI

MRI provides unsurpassed soft tissue contrast, but its inherent
low sensitivity has limited the clinical use to imaging of water
protons. This is because the NMR signal is proportional to the
thermal equilibrium polarization (population difference) of
nuclear spins, which depends on the magnetic field strength
and temperature, but is normally very low, for instance, 5� 10�6

for 1H and 1� 10�6 for 13C at 1.5 T and at body temperature.
Some sensitivity improvement has been achieved using MRI
systems at field strengths of 3–11.7 T, as the thermal equilibrium
polarization increases with the magnetic field strength.
A totally different approach for increasing the polarization of

spins is to create an artificial, nonequilibrium distribution of
nuclear spins called the hyperpolarized state (152). In this state,
the polarization of spins can be increased by a factor of �105

compared with that in the thermal equilibrium state. This
extraordinary gain in polarization translates directly into a gain in
signal strength for MRI. The strong signal enhancement enables
imaging of nuclei other than protons, e.g. 3He, 129Xe, 13C, 15N, 6Li,
and their molecular distribution in vivo can be visualized in a
clinically relevant time window (153).
The nuclear spin polarization of the noble gas isotopes 3He and

129Xe can be increased by four to five orders of magnitude using
optical pumping, a process in which light is used to raise (or
‘pump’) the nuclear spins of the gas molecules from a lower
energy level to a higher one, so as to achieve the population
inversion characteristic of the hyperpolarized (HP) state. This new
technology of hyperpolarized gas MRI holds enormous potential
www.interscience.wiley.com/journal/cmmi Copyright # 2009
for enhancing sensitivity and contrast in pulmonary imaging. Its
applications range from MR microscopy of airspaces to imaging
pulmonary function in patients (154). Liþ is the major drug
administered to patients with manic depression. Because of the
low sensitivity of 6Liþ, with a T1 of the order of several minutes, its
use to study the distribution of lithium in the human brain by
conventional MRI is not feasible. However, MRI detection and
imaging of hyperpolarized 6Liþ in the rat brain in vivo has been
reported. The long T1 of 6Liþ is considerably shortened by
Gd-DOTP, with a relaxivity of 11/mM/s, suggesting that the
presence of 0.1–10mM CAs should be detectable, provided
sufficient sensitivity is available, such as that afforded by
hyperpolarization (155).
A wide range of organic substances containing 13C has been

hyperpolarized by either parahydrogen-induced polarization
(PHIP) (156) or by dynamic nuclear polarization (DNP) (157).
The potential applications of hyperpolarized 13C imaging include
vascular imaging, perfusion imaging (158), catheter tracking
(159), and visualization and metabolic/molecular imaging (152).
The PHIPmethod increases the nuclear polarization by a chemical
reaction of parahydrogen with a substrate containing double or
triple bonds (160). In parahydrogen, the two hydrogen nuclei are
oriented antiparallel. This is a nonequilibrium state in which the
magnetic moments of the hydrogen nuclei cancel mutually (152).
In practice, the parahydrogen molecule is added as a whole

unit onto substrates by rhodium-catalyzed hydrogenation. Then
the nonequilibrium spin polarization of parahydrogen is
converted to the nuclear polarization of a vicinal 13C nucleus
by diabatic–adiabatic magnetic field cycling or by radiofrequency
(RF) pulses. Currently, polarization levels of 20–30% can be obtained
by the PHIP method for a substrate such as 2-hydroxyethylacrylate
(152). Its hydrogenated product, hyperpolarized (2-hydroxyethyl-
propionate, abbreviated as HP[13C]HEPP), can be injected into
subjects at a concentration range of 0.3–1.2 M in 2–3ml. The
injected HP[13C]HEPP can reach hearts and lungs in< 10 s in
mice, at 2–40mM concentration. This provides a reasonable time
window to obtain signals in organs and detect changes in
molecular structures associated with metabolic processes.
The magnetization of hyperpolarized 13C is created outside the

MRI imager in a polarized system. After hyperpolarization, the
polarization return to the thermal equilibrium level occurs at a
rate governed by T1, which ranges from a few seconds to several
minutes for 13C, depending on the functional groups present.
Hyperpolarized 13C MRI, like positron emission tomography (PET)
and single-photon emission tomography (SPECT), generates a
signal with an amplitude that is directly proportional to the
concentration of the imaging agent (161). However, PET and
SPECT have much higher sensitivities, allowing for detection of
tracers at 10�8

M. The lack of background signal is an advantage in
angiography and perfusion. The small molecular size of
HP[13C]HEPP makes it an extracellular fluid (ECF) MRI CA. It
remains mainly within the vasculature during the first few
circulations in the body, then is distributed into the extracellular
space, and is finally excreted through the kidneys (162).
The study of lung perfusion in normal and diseased subjects is

of great interest to physiologists and physicians. Liquid-phase
hyperpolarized (HP) 13C tracers are very useful in MRI of the
pulmonary vasculature and pulmonary perfusion, because of
the high spatial and temporal resolution of the images that are
obtained with this contrast technique, which overcomes the
insufficient signal of classical MRI for quantitative functional
assessments (162).
John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2009, 4 1–23
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13C-labeled endogenous compounds that can be hyperpol-
arized by the DNP technique have significantly extended the
applications of metabolic imaging, e.g. in tumor diagnosis. The
metabolic fate of C1-

13C-pyruvate in images of tumor-bearing
animals injected with hyperpolarized labeled pyruvate has been
followed using the DNP-MR technique, and allowed mapping the
metabolic pattern of labeled pyruvate, as well as of lactate and
alanine. It was confirmed that the hyperglycolic cancer cells
abundantly transform pyruvate into lactate and alanine through
anaerobic glycolysis (163). Cardiac metabolic imaging with
hyperpolarized C1-

13C-pyruvate has been recently shown to be
feasible (164). C1-

13C-pyruvate is part of the energy production of
the heart muscle and is metabolized into lactate, alanine and
CO2/HCO

�
3 . It has been possible to monitor pyruvate metabolism

in the heart during an ischemic episode induced in a pig, which
was examined by 13C chemical shift imaging following
intravenous injection of hyperpolarized C1-

13C pyruvate. Changes
in the concentrations of these metabolites within a minute after
injection were detected and metabolic maps were constructed
using 13C hyperpolarization-enhanced MRI. The pyruvate levels
report tissue perfusion, those of alanine or lactate report cell
transport, while bicarbonate reflects mitochondrial activity. After
a 15min occlusion (area of risk, but no infarct) the bicarbonate
signal level in the affected area was reduced compared with that
in the normal myocardium, while the alanine signal level was
normal. After a 45min occlusion (infarction) the bicarbonate
signal was almost absent and the alanine signal was reduced.
5. CONCLUDING REMARKS

There aremany different ways of classifyingMR CAs. In this review
we decided to classify those currently available using a
combination of several related criteria; on the one hand, the
chemical composition (metal and ligands), the magnetic proper-
ties and the effects on the MRI image, and, on the other hand,
their applications resulting from their in vivo biodistribution. Gd3þ

chelates are present in most types of CAs, reflecting their
important role in the development of clinical applications of MRI,
even adding relevant physiological information to the very high
anatomical resolution characteristic of this imaging modality.
Important new classes of CAs emerging are those useful in the
field of molecular imaging, where the competition with other
imaging modalities is less favorable. Here, nanosystems may play
an important role. The need for efficient CAs at fields higher than
3 T is also a clear indication that clinical imagers seem to be quite
well established. Finally, the development of hyperpolarized
systems has opened up new opportunities for molecular imaging
using MRI, allowing in vivo mapping of molecules. In particular,
the use of hyperpolarized 13C-labeled compounds as tracers in
molecular imaging combines the high sensitivity of PET with the
chemical information present in the NMR chemical shift in an
unsurpassed way.
1
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