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The Challenge of T1 Contrast Agents for 
High-Magnetic Field MRI

Lothar Helm*

Abstract: Magnetic resonance imaging (MRI) is one of the most powerful diagnostic techniques used in clinics. 
The need for higher spatial resolution and better sensitivity led to the development of imagers working at high 
magnetic fields. The routine clinical use of 3 T MR systems raised the demand for MRI contrast agents work-
ing at this field or above. In the following we summarize the research in our research group on such high-field 
contrast agents.
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Introduction

Magnetic resonance 
imaging (MRI) be-
came in the last de-
cade one of the most 
powerful diagnostic 
techniques used in 
clinics. The need for 
higher spatial resolu-

tion and better sensitivity led to the devel-
opment of 3 T imaging systems working 
at 127 MHz[1,2] which are now readily 
available in clinics. Several research in-
stitutions have now MRI instruments for 
human whole body examination working 
at magnetic fields of 7 T or even 9.4 T. The 
increasing availability of high-field MRI 
systems (3 T) in clinics and the introduc-
tion of ultrahigh-field systems (>3 T) in re-
search raise the demand for MRI contrast 
agents (CA) at high magnetic fields.[3] In 
MRI the enhancement of image contrast by 
contrast media is not due to the visualiza-
tion of the agent itself but due to changes 
in longitudinal (T

1
) or transverse (T

2
) re-

laxation of water proton spins induced by 

the presence of magnetic substances.[4] In 
general, shortening of T

1
 results in positive 

image contrast, meaning an increase of 
signal intensity caused by the presence of 
the agent. The shortening of T

2
 results in a 

negative contrast which means that regions 
with short T

2
 will appear dark in the image. 

Therefore, contrast agents can be classified 
in two categories: T

1
 agents leading to a 

high relative change of longitudinal relax-
ation and T

2
 agents which enhance much 

more transverse relaxation. 
The contrast enhancement by para-

magnetic chemical compounds is a func-
tion of the applied static magnetic field, 
B

0
. Whereas transverse relaxation times 

have been reported to be only slightly 
dependent on the magnetic field for most 
organs,[2] longitudinal relaxation times 
become markedly longer in a nonlinear 
way at high field. It is therefore difficult to 
predict if the contrast generated by admin-
istration of T

1
-contrast agents increases 

or decreases by going to higher magnetic 
fields.[3] Increasing a weak signal is much 
more attractive for contrast enhancement 
than decreasing an already feeble signal to 
zero. 

Since the introduction of the first con-
trast agent for MRI in clinics, Magnevist®, 
several gadolinium based compounds are 
in use:[5]

–  extracellular contrast agents with a 
non-specific biodistribution: Dota-
rem®, Prohance®, Magnevist®, Omni-
scan®, MultiHance®,

–  liver agents: Optimark® and Primo-
vist®,

–  agents for MR angiography: Vasovist® 
and Gadovist®. 
In the following I will first summarize 

very briefly which parameters influence 
the relaxivity of gadolinium-based contrast 
agents. Then I will present the clues how to 
optimize contrast agents for high and ultra-
high magnetic fields.

Parameters Influencing the 
Efficiency of MRI Contrast Agents

The enhancement of nuclear-spin re-
laxation due to the presence of paramag-
netic centers has its source in the interac-
tion between the observed nuclear-spin 
and the electron-spin of the paramagnetic. 
The unpaired electrons produce a magnet-
ic field which fluctuates due to molecular 
motions and electron-spin relaxation.[6] In 
MRI the main contribution to the detected 
signal arises from the nuclear spin of the 
water protons and not from fat or protein 
protons. In the theoretical description of 
relaxation enhancement two types of water 
molecules are distinguished (Fig. 1):
–  coordinated water molecules directly 

bound to the paramagnetic ion,
–  bulk water molecules diffusing freely 

in the vicinity of the paramagnetic 
complex.
The relaxation enhancement generated 

by the presence of a 1 mM concentration 
of gadolinium ions, called relaxivity (r

1
), 

is therefore described by an inner-sphere 
(r

1
IS) and an outer-sphere (r

1
OS) contribu-

tion.[7] The outer-sphere contribution de-
pends on the closest distance of approach 

Gd3+

τR
bulk
water

inner sphere
water

Figure 3Fig. 1. Representation of a Gd3+ complex with 
inner sphere and bulk water molecules.
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er than 1 nm. What is desirable is a ‘high 
density of relaxation enhancement’, which 
we can define as the relaxation enhance-
ment divided by the volume of the com-
pound approximated by a sphere. Several 
attempts have been made in our laboratory 
to synthesize such units (Fig. 3).[11–13] The 
most prominent is certainly the ‘metallo-
star’ which has six Gd3+ ions assembled 
around a divalent iron- or ruthenium ion. 
In another example three Gd-complexes 
are linked to a benzene core. In calculating 
the relaxivity of these compounds we have 
to account not only for the global rotation 
of the entity but also for internal rotation of 
the bound water molecule in the first coor-
dination sphere or of the whole chelating 
group.

Another approach is to increase the 
longitudinal relaxation rate locally which 
consists in attaching many gadolinium 
ions to one particle. Even if the relaxiv-
ity of each Gd-chelate is moderate at high 

between the electron- and the nuclear spin 
and on the mutual translational diffusion 
between water molecules and the gadolini-
um complex. Both cannot be altered signif-
icantly by creating new compounds. The 
development of more efficient T

1
-contrast 

agent is therefore based on the increase of 
the inner-sphere relaxivity.

Details of the theoretical description of 
paramagnetic relaxation enhancement can 
be found in recent reviews.[4,8,9] The most 
important parameters and their influence 
on relaxivity are:
– 	 the rotational correlation time (τ

R
); 

longer τ
R
, as obtained by larger com-

pounds, leads to a marked increase of 
r

1
IS at magnetic fields usual for MRI;

– 	 depending on the magnetic field an op-
timal exchange rate constant (k

ex
) for 

water exchange from the 1st coordina-
tion sphere of the Gd-complex exists;

– 	 the electron spin relaxation should be 
as slow as possible;

– 	 the number of water molecules (q) 
which is q =1 for all commercial agents 
should be increased without deteriora-
tion of the excellent stability of the 
complexes.

Towards Efficient Contrast Agents 
for High Magnetic Fields

At a common MRI magnetic field of 
1.5 T relaxivities of the order of 5 mM–1 
s–1 are achieved with actual commercial 
contrast agents. By optimizing τ

R
, k

ex
 and 

electron spin relaxation relaxivities of 
more than 50 mM–1 s–1 can be obtained 
with compounds with q = 1. These high 
values reduce markedly at high magnetic 
field of 3 T and above. At fields above 3 T 
highest relaxivities are no longer obtained 
with large compounds having rotational 
correlation times well above 1 ns but by 
mid-size compounds with 500 ps < τ

R
 < 

1000 ps (Fig. 2). 
Actually there are only two strategies 

to increase the efficiency of gadolinium-
based contrast agents at ultra-high mag-
netic fields:
– 	 increase of the number of first coordi-

nation sphere water molecules to q = 2 
or q = 3;

– 	 construction of compounds or particles 
comprising several Gd-ions.
To increase the number of inner-sphere 

water molecules the number of binding 
atoms of the chelating ligand has to be re-
duced. Because Gd3+ has a maximum coor-
dination number of nine chelating ligands 
with seven or less binding atoms have to 
be synthesized. This leads ineluctably to 
a decrease of the thermodynamic stabil-
ity of the complex. If the residence time 
of the contrast agent in the living organism 
is not too long relatively safe compounds 

are achieved by the use of kinetically stable 
(inert) complexes.[10] The transmetalation 
reaction (replacement of Gd3+ by an endog-
enous ion like Ca2+, Zn2+ or Fe3+) has to be 
slow compared to the elimination from the 
body. Two examples of possible chelating 
ligands can be found in ref. [9]. 

The construction of compounds com-
prising several Gd-ions is limited by the 
maximum size of the entity: remember 
that the rotational correlation time should 
be below 1 ns! This correlation time can 
be estimated by the Debye-Stokes-Einstein 
relation which relates the radius of the par-
ticle (a), respectively the volume (V), and 
the viscosity (η) to τ

R
. 

(1)(1)

From this relation we can estimate that 
the compounds should have a radius small-
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dependence of inner 
sphere relaxivity r1
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correlation times τR. 
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Fig. 3. Mid-size molecules with with six (metallostar {M[Gd2bpy-DTTA2(H2O)4]3}
4–, M = Fe2+, Ru2+, 

left) and three (trimethylbenzene complex) Gd3+ centers (right). 
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magnetic field, a big relaxation enhance-
ment can be achieved if we consider the 
whole particle. An example for such a unit 
is a gold nanoparticle (Fig. 4).[14] Such a 
particle bearing about 50 Gd3+ ions at the 
surface increases the T

1
 relaxation of water 

protons by 500 s–1 at 9.4 T (calculated for 
a 1 mM concentration of particles). The 
mean diameter of the particles is about 5 
nm making it small enough to leave the 
blood vessels.

Even larger constructs can be obtained 
by confining gadolinium-based contrast 
agents in nanoporous microfabricated sili-
con particles (SiMPs, Fig. 5).[15] The size, 
shape and surface properties of the SiMPs 
can be rationally designed and tailored to 
enhance the accumulation at biological 
target sites. The nanoconstructs may po-
tentially be used for single-cell imaging 
techniques, where high relaxivity and large 
local concentrations ([Gd3+] > 107/cell) 
are needed. Finally these nanoconstructs 
might also be loaded with multiple agents, 
such as other nanoparticles and/or small 
molecules and drugs, to generate multi-
functional systems that have both imaging 
and therapeutic capabilities.
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