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Abstract

This review presents an overview of various elements used in the preparation of imaging
contrast agents. After a brief introduction to the history of the development of labelling
agents, a review of magnetic resonance imaging (MRI) and radio labelled imaging (RI)
agents is presented. On the one hand, transition metals were investigated, allowing more
special attention to manganese, iron and technetium. Classification of the metal chelates is
done taking into account the chemical structure of the compounds. Information on stability,
lipophilicity and toxicity of the chelates is given. On the other hand, lanthanide complexes,
especially Gadolinium chelates, were investigated, taking into account the chemical structure,
the stability, the lipophilicity and the toxicity of the compounds. The various techniques for
labelling were analysed and information presented about peptides, antibody and cell la-
belling. Finally, the authors carry out a brief review of the imaging contrast agents used in
the study of several organ systems, i.e. vascular structures, liver, spine and brain, heart,
kidneys, skeleton, lungs and abdominal diseases. © 1999 Elsevier Science S.A. All rights
reserved.

Keywords: Imaging contrast agents; Transition metal complexes; Lanthanides

1. Generalities

Radio imaging (RI) and magnetic resonance imaging (MRI) are important tools
in the non-invasive diagnostics of diseases and tumours. Improving the contrast
and the selectivity for target organs led to more sensitive and more accurate
detection. This is why contrast agents have been developed for many years. Radio
isotopes of iodine played a pioneering role since their early use in thyroid
metabolism studies and in the in vitro techniques of radioimmunoassays [1,2].
However, iodine is not efficient for improving the contrast in MRI and none of the
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iodine isotopes have both ideal nuclear properties and availability for large scale
use for in vivo diagnostics, there has been intense interest in developing more
adapted contrast agents [3]. Alternative contrast agents have been found in dif-
ferent families as IIIa (111In, 201Tl) but the most widely used were selected from
transition metals and rare earths (51Cr, 52mMn, Mn, Fe, 99mTc, 188Re, Gd, Yb
and Dy) [4–12]. Some of them are normally present in the body as trace ele-
ments (Mn, Fe, Cr) and are considered less toxic for this reason. Nevertheless,
as pointed out by Misselwitz et al. [13], even trace elements may induce adverse
even toxic effects when the regulations of enteral absorption is bypassed by
parenteral administration. The toxicity of metals having no physiological role is
well known (Tl, 111In, 99mTc, Re and Gd).

To reduce metal ion toxicity, the concepts of covalent binding, chelation,
coupling to proteins and amino-acids or glucide polymers, inclusion into dex-
trins, liposomes or cells and weakly dissociated salts have been investigated.
Covalent binding has been mainly used for radiolabelling of proteins and phar-
maceuticals using iodine but enzymatic deiodination problems [14,15] and the
poor applicability of iodine isotopes for radio imaging have considerably reduced
the interest in that method.

Formation of weakly dissociated salts, chelation and other methods, which
are, from an analytical point of view, particular cases of the former, are of
general applicability and are widely used for the preparation of contrast agents
based on metallic ions. The chelating method is of particular interest in that
both the acute and the long term toxicity of both the metal and the chelating
agents are dramatically reduced owing to the complexation.

This review will focus on the most frequently used contrast agents in both RI
and MRI, i.e. transition metals and rare earths and discuss how adequate bind-
ing can ensure the safety, the targeting and the efficiency of contrast agents.

2. Complexes: generality, stability, lipophilicity and toxicity

2.1. Transition metals

Four transition metals are often mentioned in the labelled complexes used as
imaging contrast agents. They are divided in two groups according to the
Mendeleev classification and imaging use.

The low molecular weight metals, manganese and iron are used in contrast
agents which induce the relaxation of water protons, i.e. decrease T1 and/or T2

values in MRI [16–18]. This results in a greater signal intensity differential
between abnormal and normal tissues. They are used mainly in MRI, although
52mMn has been proposed for RI [5].

The higher molecular weight metals, radio isotopes of technetium and rhenium
are used as contrast agents for RI.
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2.1.1. Manganese
Manganese ions contain unpaired electrons giving them paramagnetic properties

which facilitate T1 relaxation by interacting with water protons [19]. Mn2+ with
five unpaired electrons in the 3d orbital is the most efficient but Mn3+, especially
as a porphyrin complex (e.g. Mn TPPS4) has also been used.

Mn2+ is administered in complexed forms to diminish the toxicity of the free
metal ions and mainly to improve the urinary elimination without significant loss of
the paramagnetic properties [20]: as manganese is an essential trace element present
in all mammalian cells, it is generally assumed in the radiologic community that less
attention must be given to the release of this element in the body [21–23]. This is
true after manganese ingestion. Regulation of enteral absorption limits the toxicity
[23,24]. However, if manganese is injected intravenously, the regulation is bypassed
and potentially deleterious effects on metabolic pathways involving manganese or
exchangeable cations as cofactors may occur.

The normal whole-body content in humans is 12–20 mg and the daily turnover
is 5–8 mg. These values are low when compared with the MRI doses employed
which range from 15 to 45 mg of metal [25] [26–35].

Manganese is an activating agent and a cofactor of various enzymes such as
pyruvate carboxylase [22], superoxide dismutase [22], glutamine synthetase [36] and
alkaline phosphatase [37]. It is involved in oxidation–reduction processes [38,39], in
phosphorylation [23,37,40,41], in fermentation [38] and in the synthesis of choles-
terol, fatty acids, mucopolysaccharides and chondroı̈tin sulfate [23,37,38,40–42].

Manganese is also localised in mitochondria with a metabolic function as a
coenzyme in protein synthesis [28,34,36]. It increases cytochrome P-450 dependent
drug hydroxylation activity [36]. Porphyrins that contain manganese instead of Iron
were found in mammalian and human red cells [39]. Manganese is a divalent cation
that may compete with several ions such as iron and calcium [36] or replace them
in enzymatic systems. This is the case for zinc, cobalt, nickel [43] and magnesium
[38].

The enteral absorption of manganese is concentrated primarily in the liver
[22,30,38]. The high uptake in the pancreas suggests an important role for man-
ganese in pancreatic functioning.

In the intravenous administration of manganese, the normal regulatory mecha-
nisms are bypassed and the uptake of free ions is found in several tissues such as
the liver, pancreas, kidneys, gastric mucosa, cardiomyocytes, salivary glands, thy-
roid and pituitary gland [44–47].

In the circulation, manganese ions are bound to proteins. The Mn3+ can be
bound to transferin and cross the blood–brain barrier by transport mechanisms
[36,48,49]. As to Mn2+, it is bound to an a-macroglobulin.

It had been postulated that Mn2+ scavenges oxygen radicals and was oxidised to
Mn3+ which is complexed by various ligands and became a toxic species with
cytotoxic effects [36,50].

For manganese ions, the gastrointestinal tract is the major route of elimination
whereas urinary excretion represents only about 0.1% [22,36,46,51,52].
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Because high blood levels of free manganese may be toxic [53–62], it is very
important that the metal be complexed as a stable chelate [26,28,63,64] to be
injected as a contrast agent in MRI. The best ligand for the Mn2+ is the
dipyridoxyl diphosphate (DPDP) (Fig. 1).

Its three dimensional structure has been determined [63]. The Mn–DPDP is a
stable, highly water-soluble hexadentate chelate but it is less stable than corre-
sponding complexes of Zn2+ (k=10−18,95), Cu2+ (k=10−22,08) or Fe3+ (k=
10−33,52) so that transchelation is possible in the body [63]. This ligand was chosen
with the intention of being recognised by a membrane transport specific of the liver
[65,66]. Nevertheless, Mn–DPDP is not entirely specific for the liver and is taken
up by the pancreas, the kidneys and the adrenal glands.

The acute toxicity of Mn–DPDP is reduced by a factor of ca. 10 [26,28,64]
compared with MnCl2.

A similar reduction factor was found in cardiovascular side effects between
Mn–DPDP and MnCl2 [59,67].

Nevertheless, the diagnostic dose of 10 mmol kg−1 of Mn–DPDP may lead to a
free manganese blood level higher than that known to potentially produce the first
toxic effects (92.5 mmol kg−1), considering in vivo a release of 50% of the free
manganese from the complex [51,56].

Contrary to the free manganese ion (Mn2+), the Mn–DPDP complex allows
urinary excretion of the complexed metal at about 40–45% [68]. Hepatobiliary
excretion remains at 45–50% [28,47] and the body retention was found to be ca.
5–6% [28].

After intravenous injection of a 10 mmol kg−1 solution of Mn–DPDP, several
benign side effects have been reported. Facial flushing was the most frequently
encountered [69], the next most common reactions were warm sensations and
nausea, metallic taste and headaches [6,69,70].

In conclusion, Mn–DPDP, despite the decomplexation which occurs to a non
negligible degree can provide enhanced MRI which offers improved lesion detection
and characterisation.

Nevertheless, slow-drip infusion is much better tolerated than more rapid injec-
tion [29,71].

Fig. 1. Dipyridoxyl diphosphate complex of Mn2+ (Mn DPDP).
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2.1.2. Iron
The transition metal iron contains unpaired electrons. Contrary to the low

molecular weight paramagnetic metal chelates (e.g. Mn2+) iron as an oxide is a
member of a group of superparamagnetic materials which mainly affect T2 values.
The largest number of unpaired electrons that is attainable for transition metal ions
is five (e.g. Mn2+and Fe3+) but iron must not be directly compared with the
manganese ion because rather than a water-soluble chelate, slightly soluble particles
of iron oxides are used. This contrast agent can be prepared in small and large
particles. The larger ones are ferromagnetic and contain multiple alignable mag-
netic domains whereas the small particles of a few nanometers in diameter have a
single alignable magnetic domain and are highly paramagnetic (superparamag-
netic).

In vitro measurements indicated that the relaxivity (i.e. the capacity to change
proton spin relaxation rate per unit concentration) was 75 times stronger than
gadolinium for transverse magnetisation. Iron is a transition metal whose whole-
body content is approximately three magnitudes higher than that of manganese and
its use as a contrast agent leads neither to a higher level of free iron ions nor to
toxicity. The iron released from this contrast agent may become incorporated into
the body’s iron store hematopoesis [72]. Moreover, ferrumoxide is a biomineral
substance that has been found in various organisms such as magnetotactic bacteria,
insects, fishes and possibly birds and dolphins in which it is believed to play a role
in magnetic navigation. In humans, magnetite was recently found to occur in some
parts of the normal brain as an endogenous tissue constituent [73].

With a view to develop a contrast agent for MRI, nanoparticles of magnetite [74]
were prepared and bound to dextran [75]. The dextran–magnetite particles (DMP)
obtained presented an iron core of 4–10 nm [76]. Intravenous injection of a
preparation into rats shows that the DMP has a short half-time of blood clearance
(11 min) and was accumulated particularly in the liver [77,78].

Other contrast agents such as ferrumoxtran [79–82], chondroı̈tin sulfate iron
colloı̈d [83–87], endorem [88,89], ferumoxsil [90], AMI 25 [91–93], AMI 227 [94],
magnetic starch microspheres (MSM) [95] and oral magnetic particles (OMP)
[96–99] are also used as MRI agents.

Another approach to prepare tailored contrast agents is the labelling of peripher-
ical blood lymphocytes by the liposome-mediated incorporation of dextran–mag-
netite particles (DMP) [100].

Superparamagnetically labelled neutrophils were used as inflammation-specific
contrast agents [101]. Monoclonal antibodies conjugated to magnetic particles were
also developed to obtain tailored contrast agents [102].

2.1.3. Other metals
Other elements from the first transition metal group can be used as contrast

agents.

2.1.3.1. Copper. Copper has been studied, particularly for Copper(II) pyruvalde-
hyde bis-(N-4-methylthiocarbazone) [103,104] and several isotopes of Copper such
as 62Cu, 65Cu, 67Cu were also bound to serum albumine [104].
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2.1.3.2. Chromium. Chromium [105] has been used either as 51Cr for cell radiola-
belling or as non radioactive chromium for killer lymphocyte labelling. Non
radioactive chromium does not act as an imaging agent and has to be determined
using GFAAS after blood sampling.

2.1.3.3. Nickel. Ni–DTPA doped agarose gel is a phantom material for Gd–DTPA
enhancement measurements [106,107]. Nevertheless, this element is of little use
compared with manganese and iron.

2.1.4. Technetium
In the second period of the transition metals group, Technetium is the most often

used contrast agent. In the early 1950s, the discovery of the 99Mo/99mTc generator
was a revolution in radiopharmaceutical diagnostics. Indeed, the radiolabelled
compounds used before this discovery need the proximity of a Cyclotron to
produce radioisotopes.

The development of the 99mTc generator by W. Tucker and M. Greene allowed
the rapid expansion of medical diagnostics.

From the production of pertechnetate in 1960 [108], to the development of 99mTc
sulfur colloı̈d [109,110], 99mTc albumin [111,112], 99mTc diethylenetriamine penta-
acetic acid (DTPA) [113–115], 99mTc diphosphonate [116–118], 99mTc dimercapto-
succinate [119], 99mTc isonitriles leading to Sestamibi [120], 99mTc tetrapeptides
leading to mertiatide [121], and finally to 99mTc labelled cells [122–132].

Two important advances led to the rapid proliferation of 99mTc in nuclear
medicine: the development of a generator 99Mo/99mTc that could be eluted with
isotonic saline [133] and the development of a single vital kit containing both the
reducing and the chelating agents [114].

Diagnostic radiopharmaceuticals are generally labelled with single photon-emit-
ting radionuclides. 99mTc is a radionuclide readily available with optimum decay
characteristics and with excellent physical properties (Eg of 140 keV and t1/2 of 6 h),
so it became the most heavily used.

Technetium chelates are used in various fields and the chemical structures are
quite different from one to another. Information about the three dimensional
structure of most Tc complexes has been collected by Dewanjee [134]

Tc complexes might be divided into four classes:
The first class (Fig. 2) includes complexing agents that contain carboxylic acid

functions and amine or hydroxyl groups. The ligands most often used are ethylene-
diamine tetra-acetate (EDTA) (Fig. 2)[134], diethylenetriamine pentaacetate
(DTPA) [114,135], citrate [136], gluconate and glucoheptonate [137], inulin [138],
caseidine [139], mannitol [140], penecillamin-acetazolamide [141,142], pyridoxylene
glutamate (PG), Tetracycline [143] and hepato-diiminodiacetate [144–152] and
N(2,6-dimethylphenylcarbamoylmethyl)-iminodiacetate derivatives.

The stability constants (Ka) and the lipophilicity (log P) of these chelates are
quite different, so they are used to study different organ systems, taking into
account the need or not to cross the blood–brain barrier.
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Fig. 2. Example of a technetium complex of the first class: Tc–EDTA.

The second class (Fig. 3) includes thiol derivatives that can complex 99mTc often
with a higher stability constant than those chelates of the first class.

Among the numerous agents are, dimercaptosuccinic acid (DMSA) [119], cystein
[153], acetylcystein [154], glutathion [155], [NN %-bis(mercapto acetamido) ethylene-
diamine] (DADS) (Fig. 3) [156,157], ketoxa bis(thiosemicarbazone) (KTS) [158],
mercaptoacetyltriglycine (MAG3) [149], dihydrotiotic acid [159], mercaptoisobu-
tyric acid [160], 6-mercaptopurine [161] and [NN %-1,2-ethylendiyl-bis-L-cystein di-
ethylester (Bicisate®, Neurolite® or ECD) (Fig. 3) [162]. The three dimensional
structure and optical properties of Tc–NxSy complexes have been studied and
correlated to their imaging efficacy [157].

In this class several compounds are interesting for different reasons. DADS and
its derivatives are well secreted by the renal tubules and used in the exploration of
the kidney system.

99mTc–KTS is a neutral lipophilic chelate useful for labelling structure that must
cross the phospholipidic membranes.

99mTc–ECD is a lipophilic chelate that can cross the blood–brain barrier and
allows the investigation of the cerebral perfusion. This compound has an ester
group which hydrolyses quite slowly in the blood which allows it to preserve its
lipophilicity and to cross the blood–brain barrier giving a high cerebral uptake. On
the other hand, a fast hydrolysis of the ester function in the brain results in
retention of the more hydrophilc metabolite in that organ.

Fig. 3. Examples of a hydrophilic (Tc–DADS) and a lipophilic (Tc–ECD) complexes of the second
class.
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Fig. 4. Example of a technetium complex of the third class (Tc–MDP).

The third class (Fig. 4) of technetium chelates is characterised by the presence of
phosphorus in the derivatives.

This class includes polyphosphate [140,163], pyrophosphate [164], hydrox-
yethylenediphosphonate (HEDP) [116], methylene diphosphonate (MDP) (Fig. 4)
[117], hydroxymethylene diphosphonate (HMDP) [118,165–168] and 1,2-bis [bis-(2-
ethoxyethyl) phosphino]ethane (tetrofosmine) [169].

This class is particularly dedicated to investigating bone imaging.
The fourth class (Fig. 5) of technetium chelating agents includes isonitrile and

oxime derivatives:(2-methoxy-2-methylpropyl) isonitrile (Sestamibi®) (Fig. 5) [170],
[bis[1,2-cyclohexane-dionedioximato(1)-O ]-[1,2-cyclohexanedione-dioximato(2)-O ]
methyl–borato(2)-NN %N¦N§N¨N§¦]chlorotechnetium (Teboroxime®) [171], nu-
merous derivatives of boronic acid adducts of technetium dioxime complexes
(BATOs) (Fig. 5) [172,173], 99mTc propyleneamineoxime (PNAO) [174], Hexam-
ethyl propyleneamine oxime (HM-PAO CERETEC®) particularly the more efficient
D,L HM–PAO isomer (Fig. 5) [175] and 99mTc 3,3-(1,3 propanediyl-diimino) bis(3
methyl-2-butanoneoxime) (PnAO) [176].

Cyclams, despite their structural analogy with class I complexes, have been cited
also among the compounds of this class [175]. The lipophilic agents of class IV are
especially used as myocardial and brain perfusion agents.

Tc is the principal radio labelling agent and represents about 85% of the nuclear
diagnostic market.

2.1.5. Rhenium
Rhenium is also used in medical imaging but not with much interest [177–179].

2.2. Lanthanides

In the Rare Earth family, gadolinium(III) is the most important imaging agent
considering the number of reports using this metal ion.

The lanthanides are also paramagnetic and these MRI contrast agents induce the
relaxation of water protons decreasing T1 and/or T2 values [16–18,180].

The relaxivity of a paramagnetic metal chelate consists of two components: the
inner-sphere and the outer-sphere relaxivities.
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At a fixed radiofrequency ( f ) the inner-sphere T1 and T2 relaxivities (fr1,2)is a
function of the inner-sphere water coordination number (w), the effective magnetic
moment (meff), the internuclear distance between the paramagnetic center and water
proton (r) and the correlation time (Tc).

fr1,2=
w · m eff

2 · Tc

r6 (1)

Here the correlation time represents the rotational correlation time (Tr), electron
spin relaxation time (Ts) and the inner-sphere water exchange correlation time (Tm)
(Fig. 6) as follows.

1/Tc=1/Tr+1/Ts+1/Tm (2)

For low molecular weight gadolinium(III) chelates, Tr is the shorter correlation
time and overall relaxation rate.

Fig. 5. Examples of technetium complexes of the fourth class: oxime (D,L HM–PAO), bato’s (Cardio-
tec®) and isonitrile (Sestamibi®).
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Fig. 6. Interactions between gadolinium complexes and water resulting in relaxation of water protons.

In many Gd chelates, only one water molecule is coordinated to the paramag-
netic agent. Gadolinium(III) chelates are found to have greater relaxivities than
transition metal chelates, presumably due to gadolinium(III) ion 4f orbitals

Although lanthanides have no known role in living systems, the free ion toxicity
is not negligible. Complexes of these ions are tolerated much more by organisms
(\100 fold), leading to the exclusive use Rare Earth metal ion chelate complexes.

2.2.1. Gadolinium
Gadolinium is a lanthanide with an atomic weight of 157.25 g/at. which is a

medium weight for a metal of this family. It is used as a gadolinium(III) ion. The
physicochemical properties of Gd3+ chelates were well reviewed by Chang [181]
especially for gadodiamide. Gadolinium(III) binds weakly with serum proteins and
can be displaced by ligands such as citrate [182,183]. Injected as ionic solutions,
lanthanide salts generally hydrolyse to form hydroxides that are taken up by the
reticuloendothelial system, with accumulation in the body, especially in the liver,
spleen and bone [183–185]. The lanthanide ion excretion paths are both urine and
faeces [183,184] in contrast to the manganese ion for example where the gastro-in-
testinal elimination route is almost exclusive [22,36,46,51,52]. As a metal chelate,
the renal excretion is greatly increased and consequently the toxicity decreases
[186,187].

The Gadolinium(III) is complexed by various chelates to form three different
groups:
� ionic and hydrophilic complexes,
� non ionic and hydrophilic complexes,
� ionic and lipophilic complexes.
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Fig. 7. Gadopentetate Magnevist™ (Gd–DTPA).

The first group includes gadolinium(III) diethylenetriamine penta-acetate (Gd–
DTPA, Gadopentetate; Fig. 7), Gd(III) 1,4,7,10 tetrazacyclododecane NN %N¦N§-
tetra-acetate (Gd–DOTA, Gadoterate; Fig. 8) [188] and Gd(III) polyaspartate
[189]. These gadolinium(III) complexes are generally octacoordinated chelates. The
stability of the gadolinium chelates is very important, with pKa values often greater
than 20 [190,191]. So after injection of a 0.1 mmol kg−1 solution (clinical dose) the
free gadolinium ion concentration in the blood is below the detection limits of most
analytical methods. Moreover, Gadolinium chelates are cleared from the body by
the kidneys before an equilibrium concentration can be attained by reaction with
the cations (Zn2+, Cu2+,…) and the anions (PO4

3−, OH−, CO3
2−) present in the

blood.
The synthetic homopolypeptide polyaspartate (30 000 kD) binds up to 40

gadolinium(III) ions per mole of polymer and the relaxivity of this compound is
higher than that of commonly used gadolinium chelates.

Gadolinium contrast agents are generally administrated by infusion. Initially, the
gadolinium chelate is only located in the blood which represents about 8% of the

Fig. 8. Gadoterate Dotarem™ (Gd–DOTA).
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Fig. 9. Calculated values for blood T1 as a function of infused gadolium dose and infusion time
compared to fat T1 (background).

body mass. After a few minutes, gadolinium is redistributed into the extra cellular
fluid space which constitutes about 30% of the body mass. To shorten the T1

relaxation time of the water proton of the blood or target organ, the concentration
of the gadolinium solution injected and the infusion rate are two important
parameters.

The acquisition time is also an important factor which must take into account the
distribution of the contrast agent in the body, to visualise the compartment (blood)
or the target organ to be analysed.

For example, to make blood appear bright compared with background tissues, it
is necessary to give a sufficient dose of gadolinium to make the blood T1 short
compared with the T1 of background tissues. For a gadolinium chelate with a
relaxivity of 4 mM−1 s−1 [181] and assuming that blood represents about 8% of the
body mass and that no recirculation occurs, the blood T1 calculated values for
various infusion times, are shown in Fig. 9. A gadolinium dose of at least 0.2 mmol
kg−1 is needed after allowing for redistribution into the extracellular fluid compart-
ment, to make the blood T1 short compared with the T1 of the background
represented by fat (T1=270 mS).

The second class is represented by non ionic (neutral) hydrophilic chelates of
gadolinium(III) such as: Gd3+ diethylenetriamine penta-acetate bismethylamide
(Gd–DTPA–BMA, Gadodiamide) (Fig. 10) and a macrocyclic chelate analog of
Gd–DOTA where an acetic acid function is replaced by a 2-propanol radical
(Gd–HP–DO3A, gadoteridol) (Fig. 11) [181]. The same considerations on stability
and clearance of gadolinium chelates of the second class can be done [191].

The third class of gadolinium complexes includes the Gd benzyl-oxy-methyl
derivative of diethyltriamine penta-acetate dimethylglucamine salt (Gd–
BOPTA.dimeg) and Gd ethoxybenzyl diethylentriamine pentaacetate (Gd–EOB–
DTPA) (Fig. 12) [192–196].



138 L. Thunus, R. Lejeune / Coordination Chemistry Re6iews 184 (1999) 125–155

Fig. 10. Example of a gadolinium complex of the second class.

The Gd–BOPTA chelate is cleared mainly by the kidneys and at 2–4% via the
hepatobiliary system [197–203]. The Gd–EOB–DTPA chelate appears less hy-
drophilic than the Gd–BOPTA chelate (Fig. 13) and is cleared by the hepatobiliary
system at about 50% of the injected dose, the remaining amount being excreted via
the kidneys [199,202,204]. Although Gd–EOB–DTPA is characterised by much
more hydrophilic properties than the gadolinium complexes of the class two, it
shows an hepatocellular specific uptake [193,194]. These two agents are well
tolerated and no toxic actions were observed [197,198,203–207].

2.2.2. Other lanthanides
Several other lanthanides were used as magnetic resonance imaging agents but

are uncommon.
Lanthanum, cerium, praseodimium, dysprosium, ytterbium and lutetium were

investigated as liver specific contrast agents [192], but showed no advantages over

Fig. 11. Example of a neutral hydrophilic chelate of the second class.
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Fig. 12. (4S)-4-(4-ethoxybenzil)-3,9-(carboxylatomethyl)-3,6,9-triazaundecandioic acid disodium salt, Gd
complex (EOB–DTPA).

more commonly used compounds. These were studied as the EOB–DTPA chelate
as an iodine-free liver specific contrast agent.

Europium is frequently used as a tracer in time resolved fluoroimmunoassays
[208]. For MRI, the Eu–DTPA chelate has been used to label target cells [209].

Fig. 13. 4-carboxy-5,8,11-tris-(carboxymethyl)-1-phenyl-2-oxa-5,8,11-triazatridecan-13-cac acid, salified
with meglumine, Gd complex (Gd–BOPTA/dimeg).
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Dysprosium is also proposed as a lanthanide complex, with DTPA–BMA as a
ligand in myocardial investigations [12] and as a potential marker of cell membrane
integrity [210], with HP–DO3A as a ligand in brain investigations [211].

Holmium 166Ho microspheres were proposed for hepatic investigations by com-
puter tomography (SPECT)[212].

Ytterbium is also used as diagnostic agent with 169Yb cis dichlorodimethionine
platinum in scintigraphy [213,214].

3. Labelling methods

Technetium is the radionuclide used most in the labelling of biological molecules.
The binding of technetium to organic compounds can be recognised in two ways
corresponding to low affinity binding and high affinity binding, respectively.

3.1. Low affinity binding

High capacity but low affinity sites exists in a protein, such OH, NH2 and COOH
radicals that can be bound with 99mTc by incubation. These sites represent about
80% of the capability of protein binding [215]. Nevertheless, 99mTc bound to the low
affinity sites can be removed by the diethylenetriamine pentaacetate free ligand
(DTPA). So research has been focused on devising methods to bind 99mTc to the
more stable high affinity sites to avoid the release of free Tc ions in the body.

3.2. High affinity binding

The low capacity but high affinity sites represent about 20% of the total binding
sites of proteins. The high affinity binding sites are thought to be associated with
sulphydryl groups [215,216]. Additional sulphydryl groups can be produced by
reduction of the disulphide bonds existing in the protein structure. Stannous
chloride provides a slow and mild reduction that does not destroy all interchain
disulphide linkages [217–219]. Nevertheless, Fab and F(ab%)2 fragments are more
sensitive to stannous reduction. Monoclonal antibodies labelled with 99mTc using a
pretinning method are stable in vitro against a challenge with EDTA and human
serum albumin. They exhibit a similar immunoreactivity as radioiodinated com-
pounds. The binding of high affinity sites is realised through a transfer ligand that
has a weak affinity for the 99mTc ion.

3.3. Labelling of molecules

3.3.1. Peptides
Two methods have been used to label peptides with 99mTc:

� the direct method,
� the bifunctionnal chelating agent method.



141L. Thunus, R. Lejeune / Coordination Chemistry Re6iews 184 (1999) 125–155

3.3.1.1. Direct method. The direct method binds technetium to sulphydryl groups
that have been produced by reduction of a cysteine bridge in the peptide.

The direct method is simple, rapid, efficient and may be realised with easily
available reagents [220–223].

3.3.1.2. Bifunctional chelating agent method. The general procedure consists in
protecting the free amino groups of lysine by a BOC protective group, then the
bifunctionnal chelating agent is attached to the terminal amino group of the peptide
by an amide bond. The BOC protection is removed and the conjugate purified by
HPLC before labelling with technetium via a transchelation process [222,224–228].

The most commonly used peptides as radiopharmaceuticals are octreotide
[220,221], RC 160 [220–222,229,230], peptides for imaging infection [226,227,231]
and vascular thrombi [232–235].

3.3.2. Fab fragments
The direct method for labelling Fab% fragments may use the pretinning method

[217] or the Schwartz method [236] using 2-mercaptoethanol or 2-aminoethanethiol
as a reducing agent. The free sulphydryl groups generated are labelled with 99mTc.
The labelling efficiency is greater than 95% and the in vivo stability is good [237].

As an alternative to generating endogenous free sulphydryl groups, free thiol
groups may be introduced into immunoglobulin through reaction with 2-iminothio-
lactone [238].

3.3.3. Antibodies
Peptides and antibodies can be labelled in two ways:

� the direct labelling method,
� the indirect labelling method.

3.3.3.1. The direct labelling method. In this technique, two types of binding sites can
be bound to Technetium. It is important that the low affinity binding sites do no
react with Technetium, because after an in vivo injection, free Technetium may be
detected in the blood. The high affinity binding sites, are thought to be associated
with free sulphydryl groups [217,216]. More sites can be produced as before by
reduction of disulphide bonds on the immunoglobulin molecule (Fig. 14) [217]. The
labelled 99mTc antibodies obtained by the pretinning method are stable in vitro and
in vivo. If less than 4% of the disulphide bonds are reduced, the structural integrity
is relatively preserved [218,239].

The Schwartz method uses 2-mercaptoethanol or 2-aminoethanethiol as reducing
agents [241]. The incubation time is shorter than that of the pretinning method
(930 min) but it is necessary to eliminate the excess of reducing agent by size
exclusion chromatography. The free sulphydryl sites are then labelled with 99mTc by
transcomplexation of the 99mTc from a weaker ligand such as pyrophosphate,
phosphonate, gluconate, glucoheptonate or glucarate [241]. It seems that reduced
antibodies may be stored frozen on lyophilised for subsequent labelling with 99mTc
[240,241].
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Fig. 14. Pretinning method.

3.3.3.2. Indirect labelling methods. Attempts were made to label monoclonal anti-
bodies by 99mTc through a DTPA immunogobulin complex as used for 111In, but
non specific labelling with low affinity sites of the protein occurred [215,242,243].
Better labelling was obtained by replacing DTPA by metallothionein ligand and
transchelation of 99mTc from a weaker ligand [140].

To avoid binding of Technetium to the low affinity sites of the protein, a
preformed chelate approach has been used (Fig. 15) [244,245]. A thiolactone
diaminodithiol chelating agent was used to give a 99mTc stable complex [246] the
pertechnetate being reduced with stannous chloride or sodium dithionite
[243,244,247,248].

The complex is then converted to an active ester for conjugation to the lysine
groups on the immunoglobulin. This technique gives an efficiency of 35–50%.
Nevertheless, the technetium complex is well defined and stable [242] and this
method allows one to label F(ab%)2 fragments without undesired cleavage.
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By substitution of the immunoglobulin with three chelating groups, Baidoo et al.
[246] were able to achieve a relatively high labelling efficiency of the antibody
directly with 99mTc without the need for a preformed chelate approach.

Najafin et al. synthesised Tetrakis (diaminotetrathiol [249] whereas Yokoyama et
al. prepared keto-bis-thiosemicarbozone bifunctionnal chelates [250] and Schwartz
et al. synthesised N. hydroxysuccinimide ester of 6 hydrazinonicotinic acid
[251,252]. The latter appears to give high specific activity peptides and proteins.

The 99mTcO2N4–biotin chelate was used to label biotinylated antibodies [253].

Fig. 15. Example of a preformed chelate approach.
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Magnetite particles were also used to label antibodies as contrast agents for MRI.
In one procedure, magnetite was bound to dextran (DMP) in the first step to give
hydrophilic particles of well controlled size [75]. Then the DMP was bound to
biotin. In a second procedure, monoclonal antibodies were biotinylated and strep-
tavidin was added. The high affinity of streptavidin to biotin allows an irreversible
linkage of the former. Then the biotinylated DMP was added and the labelled MRI
agent was obtained in the sequence: monoclonal antibody�biotin�streptavidin�
biotin DMP [254–256].

3.3.4. Cells
Various labelling agents were used to label cells and especially 111In and 99mTc. In

this review, only 99mTc is discussed.

3.3.4.1. White blood cells (WBC). 111In labelled WBC have been available since the
early 1970s, although 99mTc labelled WBC were only developed in the 1980s
[122–128,257,258]. One of the more commonly used labelling agents is 99mTc
hexamethylpropyleneamine oxime (HMPAO). However, treatment with labelled
WBC require a blood separation and reinfusion procedure which limits its
advantage.

Magnetite particles were also used to label WBCs. There were bound to dextran
in a first step, with control of the size shown to be 4–12 nm [75]. Subsequently, the
labelling of WBCs was realised by liposome mediated incorporation [100].

3.3.4.2. Red blood cells (RBC). 99mTc RBC have been available since the late 1970s
[130,131,259–261]. In the beginning, an in vivo technique was used in which a
kit-derived tin ion containing a phosphate bone imaging agent was administrated
intravenously. After a brief period of equilibration, the pertechnetate was also
administrated intravenously. Then, the tin ion-sensitised RBCs bind free 99mTc but
the labelling efficiency is relatively low (985%) and free technetium could be taken
up by various organs [132].

Then, in vitro procedures were developed, the first one by Brookhaven National
Laboratories with about 92% labelling efficiency but with a blood separation and
reinfusion procedure and a second one by Mallinckrodt Medical with a 96%
labelling efficiency.

4. Contrast agents for diagnostic applications

4.1. Vascular structures

Gadolinium chelates are used to investigate vessels [262–266]. The T1 shortening
effect of gadolinium increased the blood signal-to-noise ratio of MR angiography
pulse sequences. Gadolinium pentetate dimeglumine (Gd–DTPA–DME) is one of
the most commonly used gadolinium chelates in this investigation [262,267–270].
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99mTechnetium included in liposomes or polyethylene coated liposomes [271] have
also been used recently as 99mTc red blood cells. 99mTc platelets have been proposed
also for thrombus imaging [272].

4.2. Li6er

Gadolinium chelates were used in the investigation of the liver. Non specific
agents such as Gd diethylentriamine pentaacetate (GD–DTPA) gadoteridol and
gadodiamide, are used frequently [181,273] and the conspicuity of liver metastases
is improved substantially with dynamic MRI [274].

More specific agents: Gd–BOPTA.DMG, Gd–EOB.DTPA and Gd–2,5-BPA–
DO3A are used as lipophilic agents allowing then to be selectively taken up by the
hepatocytes and its mechanism of transport [198,199,202–206,275–283].

Technetium chelates especially hepato-iminodiacetic acid derivatives were used
also as RI contrast agents in this field [116,147–152,284–286].

4.3. Spine and brain

Gadolinium DTPA and gadolinium chelates salified by meglumine and gadodi-
amide without significant adverse effects were used to investigate the spine and
brain [287–300].

Recent data suggest that using dysprosium chelates (Dy–HP–DO3A) could
result in higher contrast [301]. Attempts based on Gd MRI have been made also to
discriminate Alzheimer disease [302] Technetium chelates such as Tc–PNAO,
Tc–HMPAO and Tc–ECD were used also especially to investigate cerebral blood
perfusion [135,162,173–175,303]. Tc–ECD and analogues can be used in diseases
that do not disrupt the blood–brain barrier.

4.4. Heart

Technetium chelates as RI contrast agents were used often. The lipophilicity of
the molecules must be higher than that of Tc–DTPA. The class four chelates with
sestamibi, tetrofosmin and teboroxime are typically the most well adapted to these
investigations [169,170,172,304].

Positively charged lipophilic technetium chelates, such as sestamibi [119] and
tetrofosmine [169] with a half-life of more than 12 h are used in heart exploration.
Neutral 99mTc chelates such as teboroxime, one of the boron adducts of technetium
dioximes (BATOs), are rapidly taken up by the myocardium and released rapidly
[168,305–308]. With teboroxime imaging must be completed within 10 min after
injection.

A review of Tc cardiac agents has been published by Leppo, DePuey and
Johnson [304]. No specific contrast enhancers are proposed for MRI of the heart
but paramagnetic metalloporphyrins developed early for tumour imaging have been
tested as markers of myocardial infarcts [309].
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4.5. Colorectal

Technetium is used as a labelling agent [310] to image colorectal carcinoma. In
this field, 99mTc radiolabelled antibodies or Fab% fragments are commonly used
[311–314]. Gd–texaphyrin has been investigated for human colon cancer xenograft
detection in mice [315].

4.6. Kidneys

Technetium contrast agents were used, especially the class one comprising
chelating agents such as DTPA, DOTA and polyaspatate, to investigate kidneys
[121,134–136,141,142,316,317].

MRI is not currently used for kidney imaging but dynamic measurements could
be useful for studying renal function non invasively [318].

4.7. Skeleton

Technetium phosphorus (third class as described above) complexes were used as
contrast agents in this field [163–166].

4.8. Lungs

Technetium chelates and technetium labelled antibodies were used as contrast
agents in investigations of the lungs [319,320].

Only dynamic procedures allow one to discriminate malignant from benign
nodules using MRI after bolus injection of Gd contrast agents [321].

4.9. Abdominal disease

99mTc was used also to label contrast agents and red blood cells that are used in
the investigation of abdominal diseases [322].

Hexamethylpropylene amine oxime (HMPAO) is one of the chelates used in this
field [122–128,323,324].
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