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Abstract Thirty years ago, Schering filed the first patent

application for a contrast agent for magnetic resonance

imaging (MRI) covering the forefather of the gadolinium

contrast agents and still the most widely used gadolinium

probe: gadolinium(III) diethylenetriaminepentaacetate

(Magnevist). To date, 11 contrast agents have been

approved by the US Food and Drug Administration for

intravenous use. Coordination chemists have done a great

deal to move the field forward. Our understanding of lan-

thanide chemistry now makes possible the design of

complexes with long rotational correlation times, fast or

slow water-exchange rates, high thermodynamic stabilities,

and kinetic inertness, leading to sensitive and nontoxic

contrast agents. Chemists did not stop there. The last few

decades has seen the development of novel classes of

probes that yield contrast through different mechanisms,

such as paramagnetic chemical exchange saturation trans-

fer agents. Thirty years since the first patent, chemists are

still leading the way. The development of high-sensitivity

contrast agents for high magnetic fields, safe probes for

patients with kidney disorders, and multimodal, targeted,

and responsive agents demonstrates that the field of con-

trast agents for MRI still has much to offer.

Keywords Magnetic resonance imaging � Contrast

agents � Gadolinium � Lanthanides

‘‘What happened to all the promises?’’ This question was

first asked to one of us on starting our independent career.

It was asked by one of the most prominent members of our

field, one of the founders of functional magnetic resonance

imaging (MRI) and high-field MRI. He had believed in

contrast agents. He had looked forward to using responsive

contrast agents with high sensitivity at high magnetic field

strengths, but as 15 years passed and these powerful ideas

had not yet been translated into clinical medicine and

everyday biomedical research, he and much of the field of

MRI moved on from contrast agents. Of the 4,575 abstracts

of the 2013 meeting of the International Society for Mag-

netic Resonance in Medicine, fewer than 15 % contained

the term ‘‘contrast agent.’’ What happened? Where is the

field of contrast agents going? What is the place of

chemists in this trek? This commentary is not a review. It

does not provide answers to these questions either. It rep-

resents our current opinion, and is meant to open a dialog.

It all started about 30 years ago. The forefather of the

gadolinium contrast agents, gadolinium(III) diethylene-

triaminepentaacetate (Gd-DTPA; Magnevist), was first

described as a contrast agent in 1981 [1, 2]. By 1983, the

first report of an animal study using Gd-DTPA as an NMR

contrast agent was published [3]. A year later, Schering

filed the first patent application on an MRI contrast agent.

The first claim of US patent 4,647,447 was broad to say the
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least; it protected every ‘‘diagnostic medium [which]

comprises a physiologically compatible salt of (a) an anion

of a complexing acid and (b) at least one central ion of an

element with an atomic number of 21 to 29, 42, 44 or 57 to

83 chelated therewith’’ [4]. In 1988, Magnevist received

US Food and Drug Administration (FDA) approval in the

USA for contrast-enhanced MRI of the central nervous

system; this approval was extended in 1993 to the rest of

the body except for the heart. The field of MRI contrast

agents was born.

In the 15 years after the FDA approval of Magnevist,

three other extracellular fluid contrast agents would receive

FDA approval: ProHance (gadoteridol) in 1992, Omniscan

(gadodiamide) in 1993, and Optimark (gadoversetamide) in

1999. Additionally, five other contrast agents (three for

extracellular fluid, one for hepatobiliary imaging, and one

blood pool agent) that were initially reported in this

timeframe have since been approved: MultiHance (gad-

obenate dimeglumine) in 2004, Eovist (gadoxetate) in

2008, Ablavar (formerly Vasovist and MS-325; gadofo-

veset) in 2008, Gadavist (gadobutrol) in 2011, and Dotarem

(Gd-DOTA) in 2013. Many of these, such as Gd-DOTA,

had been approved much earlier in Europe and other

countries. Only two non-gadolinium-based contrast agents

have been approved for intravenous use by the FDA: Fe-

ridex (dextran-coated iron oxide nanoparticles) and Tesla-

scan (mangafodipir) were approved by the FDA for the

evaluation of lesions of the liver in 1996 and 1997. Neither

of these is commercially available anymore owing to poor

sales. To this day, all extracellular fluid and blood pool

contrast agents approved by the FDA are gadolinium-

based. By the end of 2009, gadolinium-based contrast

agents had been administered an estimated 87.5 million

times in the USA alone, with most administrations (more

than 50 million) using the original Gd-DTPA [5].

It was quickly discovered that the toxicity of these

agents is linked not only to their thermodynamic instabil-

ity, but also to their kinetic lability with respect to metal

dissociation, ligand exchange, and transmetallation [6–9].

The problem of gadolinium release would haunt the field

with the first cases of nephrogenic systemic fibrosis (NSF)

reported in 2006 in patients with chronic or acute severe

renal insufficiency and who had received a gadolinium-

based contrast agent [10]. Gadolinium was found in the

skin and internal organs of those patients, leading to an

association of gadolinium with this rare, but devastating,

disease [11]. There also appeared to be a correlation

between the prevalence of NSF and the type of contrast

agent used, with more kinetically labile and less thermo-

dynamically stable complexes resulting in more cases of

the disease [12, 13]. In 2007, the occurence of NSF

symptoms resulted in the requirement for a black box

warning in the labels of gadolinium-based contrast agents.

In 2010, this warning was revised to explicitly contrain-

dicate the use of Gd-DTPA, gadodiamide, and gadoverse-

tamide in patients with chronic severe kidney disease [14].

Today, the incidence of NSF is extremely low because of

prescreening of patients for renal dysfunction [15]. The

interplay between NSF and fundamental coordination

chemistry demonstrates the need for chemists to be

involved in the field.

The effectiveness of a contrast agent, given by its

longitudinal and transverse relaxivities, is another area

where chemistry plays an important role. The sensitivity

of clinical agents remains a problem although the opti-

mization of gadolinium-based contrast agents began

immediately after their initial reports. The recommended

dose for gadolinium-based contrast agents, typically

0.1–0.3 mmol kg-1, requires the injection of gram quan-

tities of drugs for standard clinical applications.

Researchers swiftly turned to relaxation theory developed

by Solomon, Bloembergen, and Morgan [16–19] to

rationally improve gadolinium-based contrast agents. For

low molecular weight complexes such as Gd-DTPA, the

relaxivity is limited by the fast molecular tumbling. The

first step in improving the relaxivity of these contrast

agents thus involved slowing down the tumbling with

macromolecular complexes. As early as 1985, Lauffer

et al. [20, 21] demonstrated that conjugating a gadolinium

complex to a protein reduces its tumbling rate, which

leads to a tremendous increase in relaxivity. When the

tumbling rate is slowed, however, another parameter

becomes limiting: the water-exchange rate. In the 1980s, it

was assumed, on the basis of the fast kinetics observed for

the aqua complex (109 s-1 [22]) that the water-exchange

rate at Gd(III) was universally fast. Despite these early

expectations, the lability of the inner-sphere water mole-

cules is substantially impacted by chelate structure. Clin-

ical gadolinium-based contrast agents have water-

exchange rates in the range of 106–107 s-1 [23], far too

slow to optimize the relaxivity of macromolecular com-

plexes [24–26]. Since those early reports, complexes with

fast water-exchange kinetics have been reported that do

not limit the relaxivity of macromolecular derivatives

[27–29]. These new complexes include the hydroxypyri-

done family of complexes [30], phosphonic acid deriva-

tives of dodecanetetraacetic acid [31], and the extended

diethylenetriaminepentaacetate analog ethylenepropylene-

triaminepentaacetate [32].

This fundamental coordination chemistry research also

identified ligands that impart complexes with slow water-

exchange kinetics, such as the tetraamide derivatives

of dodecanetetraacetic acid [33]. Although such ligands

were not suitable for gadolinium-based contrast agents,

Sherry et al. [34] and Aime et al. [35] recognized that

when Gd(III) was replaced with another paramagnetic
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lanthanide, the resulting complexes could generate contrast

through the paramagnetic chemical exchange saturation

transfer (PARACEST) mechanism.

As we look at the work accomplished over the last

30 years, and the lessons learned from these studies, we

believe that the field of contrast agents for MRI is by no

means declining. As with the rest of the pharmaceutical

field, a substantial amount of time and money is needed to

move a contrast agent from the bench to the bedside.

Although the length of time required for new contrast

agents to become clinically approved is long, the success

rate is encouraging: the fact that there are ten approved

agents from 130 listed in the Molecular Imaging and

Contrast Agent Database [36] indicates that the percentage

of approved agents is relatively high compared with the

roughly one in 5,000 therapeutics that make it to the market

[37]. We might not have fulfilled all the promises yet, and

these promises may not be fulfilled as we initially envi-

sioned, but the potential remains. As the reviews and

research articles in this special issue attest, much innova-

tive and promising research is ongoing. The imagination of

contrast-agent chemists should not be underestimated. The

following are some of the most significant areas of current

research:

• High-relaxivity gadolinium complexes The clinical

need for extracellular fluid contrast agents, and perhaps

even blood pool contrast agents is likely fulfilled. This

does not mean that the poor sensitivity of these agents

has been resolved. Detection of gadolinium-based

contrast agents at local concentrations in the micromo-

lar range in vivo remains elusive. Hence, a continuing

research area of interest for chemists remains the

development of contrast agents with high relaxivity

(greater than 100 mM-1 s-1 per Gd3? ion) at high to

ultrahigh magnetic field strengths (3–16.4 T). The

efficacy of targeted and responsive contrast agents

(see below) still depends on this. The road to high-

relaxivity gadolinium contrast agents will likely

involve macromolecular complexes. In this issue, two

novel approaches to rapidly achieving macromolecular

size are presented. Botta et al. [38] describe a new

ditopic functionalized gadolinium complex for rapid

preparation of supramolecular assemblies, and the

Helm group [39] proposes self-aggregating complexes

as a way to slow rotational correlation rates.

• Non-gadolinium-based contrast agents The route to

high sensitivity might not involve gadolinium com-

plexes. Recent research on europium complexes shows

their promise as 1H T1-shortening contrast agents [40].

PARACEST agents have also shown promise as a new

approach to imaging protons. As for the optimization of

gadolinium complexes, this is a field in which

coordination chemists can make an impact. In this

issue, Sherry et al. [41] and Woods et al. [42] discuss

the effects of stereochemistry and regioisomerism of

PARACEST complexes on water-exchange rates and

sensitivity. PARACEST agents need not necessarily

incorporate lanthanide ions. Morrow et al. [43] review

the use of transition metals as PARACEST agents.

Multiplex detection is another promising aspect of

PARACEST agents not offered with gadolinium-based

contrast agents; Aime et al. [44] describe the design of

such an agent and evaluate its potential. PARACEST

agents are not the only new class of contrast agents.

Fluorinated probes and 19F MRI have been reported for

some time, but the field jumped forward with the recent

development of more sensitive lanthanide-based fluo-

rine probes with increased sensitivity. Parker et al. [45]

describe glycol chitosan conjugates of paramagnetic

fluorine probes for tumor imaging in vivo.

• Safe contrast agents for patients with chronic kidney

disorders New contrast agents are needed for patients

who cannot use gadolinium-based agents because of

chronic kidney disorders, which increase the suscepti-

bility for NSF. Chemistry will likely be important in

solving this problem. Some options currently evaluated

include iron oxide nanoparticles as well as molecular

iron and manganese complexes, such as the manganese

porphyrin complexes reported by Zhang et al. [46] and

Douglas et al. [47].

• Multimodal agents Multimodal agents that enhance

contrast in two or more imaging modalities are

promising because different modalities are comple-

mentary in terms of spatial resolution, three-dimen-

sional imaging capabilities, depth penetration, and

sensitivity. An increasing number of articles are

reporting on contrast agents, particularly nanoparticles,

with impact on multiple modalities, although far fewer

reports exist on their in vivo application relative to

in vitro studies. As for macromolecular agents, care

should be taken in how these multimodal probes are

designed and synthesized to maximize the efficacy of

each component [48]. In this issue, Louie et al. [49]

present an example of dual positron emission tomog-

raphy and MRI contrast agents specifically designed to

target macrophages.

• Targeted delivery Targeted agents are not limited to the

extracellular fluid or the blood. They can be intended to

image specific tissues or known disease markers. A

variety of strategies enables specific delivery in vivo,

including conjugation of targeting molecules and co-

opting of biological systems. As for every in vivo

application, biological barriers such as the blood–brain

barrier and the toxicity of the contrast agent also need

to be considered. Three different approaches for
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targeted delivery are highlighted in this issue: Yang

et al. [50] propose protein-based biomarkers targeting

liver tumors; Sherry, Mason et al. [51] report a small

gadolinium complex that naturally accumulates in

hypoxic tumors; and Tóth et al. [52] use targeting

moieties for imaging b-amyloid plaques.

• Responsive contrast agents Responsive contrast agents

are probes whose signal varies as a function of the

presence of biomarkers such as small molecules, metal

ions, proteins, enzymes, or pH changes. Their power

lies in reporting physiological processes and markers

characteristic of diseases. For relaxation agents, signal

enhancement depends on both relaxivity (responsive)

and concentration. Understanding the relative contri-

butions of relaxivity and concentration is a problem that

needs to be addressed for practical in vivo application.

Ratiometric probes which can distinguish between

increased signal intensity due to the presence of the

targeted biomarker versus higher local concentration of

contrast agent are needed. Newer types of agents,

including PARACEST, 19F, and Eu(II) agents, offer

potential alternatives to gadolinium-based agents for

overcoming these limitations. The answer will likely be

a combination of different approaches (chemistry,

physics, biology, and radiology).

The articles and reviews presented in this issue offer a

glimpse of ongoing research in the field of MRI contrast

agents and of the diversity of approaches taken to design

contrast agents of higher sensitivity and lower toxicity.

New probes that make possible imaging of specific tissues

or diseases are constantly being developed. Responsive

agents making possible direct monitoring of physiological

events for biomedical research remain within reach. The

field is more than ever multidisciplinary; many groups

collaborate, and chemists and radiologists often join forces.

Not all the promises may have been met, but there is much

power in contrast agents yet to be unleashed, and the

diversity and potential of the field is ever increasing.

Although it is tempting to focus solely on contrast agents

that are already close to moving to the clinic, we think that

this strategy is shortsighted and hinders the future potential

of what can be achieved with advances in the chemistry

relevant to contrast agents. We look forward to following

great chemical, biological, and clinical advances in the

field over the next 30? years.
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