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Rationale and Objectives: To characterize and compare commer-
cially available contrast media (CM) for magnetic resonance imag-
ing (MRI) in terms of their relaxivity at magnetic field strengths
ranging from 0.47 T to 4.7 T at physiological temperatures in water
and in plasma. Relaxivities also were quantified in whole blood
at 1.5 T.
Methods: Relaxivities of MRI-CM were determined by nuclear
magnetic resonance (NMR) spectroscopy at 0.47 T and MRI phan-
tom measurements at 1.5 T, 3 T, and 4.7 T, respectively. Both
longitudinal (T1) and transverse relaxation times (T2) were mea-
sured by appropriate spin-echo sequences. Nuclear magnetic reso-
nance dispersion (NMRD) profiles were also determined for all
agents in water and in plasma.
Results: Significant dependencies of relaxivities on the field
strength and solvents were quantified. Protein binding leads to both
increased field strength and solvent dependencies and hence to
significantly altered T1 relaxivity values at higher magnetic field
strengths.
Conclusions: Awareness of the field strength and solvent associated
with relaxivity data is crucial for the comparison and evaluation of
relaxivity values. Data observed at 0.47 T can thus be misleading
and should be replaced by relaxivities measured at 1.5 T and at 3 T
in plasma at physiological temperature.
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Shortly after the development and market introduction of
magnetic resonance imaging contrast media (MRI-CM;

gadolinium diethylenetriaminepentaacetic acid �Gd-DTPA�,
MAGNEVIST), their use became a worldwide established,

powerful tool for improved medical diagnosis with
MRI.1–5 After the first marketing authorization of Gd-DTPA
(MAGNEVIST) in the United States, Europe, and Japan in 1988,
other Gd-based chelates (eg, DOTAREM,6 OMNISCAN,7,8

PROHANCE,9,10 OPTIMARK,11 GADOVIST12,13) were intro-
duced to the market. Today, contrast media are applied in approx-
imately 30% of all MRI procedures.

Although the dominance of extracellular, low molecu-
lar-mass Gd chelates such as Gd-DTPA still persists, a
number of novel and more specific MRI-CM containing other
metals than Gd (Mn chelates or iron oxide particles) also have
been introduced.14–17 The use of Mn as a paramagnetic center
was first introduced in Mn-DPDP (TESLASCAN).18,19

MRI-CM based on coated superparamagnetic iron oxide
(SPIO) nanoparticles such as FERIDEX/ENDOREM and
RESOVIST have been developed and marketed. The SPIO
substances often are referred to as “negative contrast agents”
because of their strong susceptibility effects, which make
them most suitable for T2- and T2*-weighted sequences. The
paramagnetic Gd-containing MRI-CM, on the other hand, are
sometimes named “positive contrast agents” based on their
effective T1-shortening characteristics, which provide an in-
creased signal intensity in T1-weighted sequences.

The efficacy of MRI contrast agents is not just deter-
mined by their pharmacokinetic properties (distribution and
time dependence of their concentration in the area of interest)
but also by their magnetic properties, described by their T1-
and T2-relaxivities. Various factors influence these relaxivi-
ties. In the case of paramagnetic metal chelates, the paramag-
netic center of the metal chelate directly interacts with the
protons of the surroundings (“inner-sphere effects”), which is
quantitatively described by the Solomon-Bloembergen-Mor-
gan equations,20 containing field-/frequency-dependent con-
tributions from dipolar and scalar contact interactions. Mo-
tion factors (rotation, water exchange rates) are accounted for
via the correlation times. Comprehensive descriptions and
reviews on relaxation theory, including further contributions
(“outer-sphere effects,” diffusion) can be found, for instance,
in the reviews by Lauffer and coworkers or Bertini and
coworkers.21–24 Detailed theoretical descriptions become fur-
ther complex, when MRI-CM are considered in vivo, because
the properties of the agent depend on the different physio-
logical environments (eg, blood, interstitial fluids, intracellu-
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lar space). Another factor that also should be taken into
consideration is the binding of the contrast agent to macro-
molecules in the blood (protein binding). This property has
been described in detail elsewhere for contrast agents specif-
ically designed to bind to proteins (eg, gadolinium benzyl-
oxypropionictetraacetate �Gd-BOPTA�, gadolinium ethoxy-
benzyl diethylenetriaminepentaacetic acid �Gd-EOB-DTPA�,
and MS-325).22,25–28 The pharmacokinetic properties of the
CM (eg, hepatobiliary sequestration, prolonged blood half-
life) and the degree of relaxation rate enhancement are
affected by protein binding. The concentration dependence of
relaxivity, which results from the protein binding of these
MRI-CM, requires awareness of the concentration, at which
the relaxivity data were measured.29

For all commercially available MRI-CM, relaxivities
are published and listed in the respective package inserts.
However, the most commonly used field strength for relax-
ation measurements (0.47 T) is different from the currently
most frequently used field strength of clinical MRI instru-
ments (1.5 T). Hence, the purpose of this study is to compare
the relaxivities of MRI-CM at different magnetic field
strengths. The measurements were performed in water and in
blood plasma at 0.47 T, 1.5 T, 3 T, and 4.7 T, as well as in
whole blood at 1.5 T.

In the literature, relaxivities and their field strength
dependencies have been discussed frequently, mostly in the
context of specific and practical concerns such as the associ-
ated dose dependence,30–34 specific applications of contrast-
enhanced (CE) MRI,35–44 or comparison of a few different
MRI-CM.45–48 This article intends to complement the exist-
ing literature by providing an overview on relaxivity data of
all commercially available MRI-CM, measured under com-
parable conditions at different magnetic field strengths.

MATERIALS AND METHODS

Substances and Solvents
All currently commercially available contrast agents

were used as supplied by the manufacturers and diluted with
distilled water or plasma. In addition, 4 compounds currently

(ie, at the time of article submission) in different stages of
development by Schering AG and its collaboration partners
also were included. All investigated MRI-CM are listed in
Table 1 together with their short name as well as their generic
name (International Nonproprietary Name �INN�).

If a linear relationship between relaxation rates and CM
concentration is assumed, the relaxivity can, in principle, be
determined from a single concentration, if the relaxation rate
of the solvent is known. All nuclear magnetic resonance
dispersion (NMRD) profiles rely on this assumption. How-
ever, the accuracy of any relaxivity determination depends on
the number of concentrations at which the relaxation rates
were measured.

The goal to investigate all commercially available CM
in different solvents and at several field strengths within a
reasonable time, restricted the number of concentrations that
could be measured for each MRI-CM. The relaxation times of
solutions containing Gd and Mn chelates were measured at
the concentrations of 0.25 and 0.50 mmol/L. The SPIOs were
additionally measured at 0.10 mmol/L. This approach re-
sulted in 31 samples to be measured per solvent and field
strength. Consequently, a total of 248 individual data analysis
had to be conducted for the 2 solvents and 4 field strengths.

For protein-binding CM, exhibiting at least 2 different
relaxing specimen in protein containing solvents (biophysical
states), relaxivity values need to be considered together with
the chosen concentration range. In compliance with the “Rec-
ommendations for the Nomenclature of MR Imaging Contrast
Agent Terms,”29 these compounds also can be specified by
single relaxivity values.

The advantage of a comparative investigation on a large
number of MRI-CM with such an experimental approach is
hence complemented by the limitation that, because of the
large amount of samples investigated at several magnetic
field strengths and in different solvents, the individual lin-
earities of relaxation rates versus concentration could not be
verified by further relaxation rate measurements in a wider
concentration range. Thus, caution is advisable with regard to
possible errors because of potential nonlinear concentration

TABLE 1. Investigated MRI Contrast Media

Short Name or Internal Code Generic Name (INN) Trade Name(s) Company

Gd-DTPA Gadopentetate dimeglumine MAGNEVIST Schering

Gd-DO3A-butrol Gadobutrol GADOVIST Schering

Gd-HP-DO3A Gadoteridol PROHANCE Bracco

Gd-BOPTA Gadobenate dimeglumine MULTIHANCE Bracco

Gd-DOTA Gadoterate meglumine DOTAREM Guerbet

Gd-DTPA-BMA Gadodiamide OMNISCAN Amersham

Mn-DPDP Mangafodipir trisodium TESLASCAN Amersham

Gd-DTPA-BMEA Gadoversetamide OPTIMARK Tyco Healthcare

SH U 555 A Ferucarbotran RESOVIST Schering

AMI-25 Ferumoxide FERIDEX/ENDOREM Berlex/Guerbet

SH L 643 A (Gadomer) Gadodenterate N/A Schering

MS-325 Gadofosveset trisodium N/A Epix/Schering

Gd-EOB-DTPA Gadoxetic acid, disodium PRIMOVIST Schering

SH U 555 C Ferucarbotran N/A Schering
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dependencies of relaxation rates, in particular for concentra-
tion ranges far from the investigated values.

All solutions for relaxivity measurements were pre-
pared in nonsterile bovine plasma (Kraeber GmbH, Pharma-
ceutical Raw Materials, Ellerbek, Germany, with a specified
total protein concentration of 7.0–9.0 g/dL; corresponding
to an albumin concentration of 0.64 to 0.82 mmol/L, assum-
ing an albumin content of 60% within the total protein
content and a molecular weight of 66000 for bovine albu-
min), in distilled water (sterile, deionized, resistance �16
M� cm, Millipore GmbH, Schwalbach, Germany) and in
canine blood (pooled from 25 beagles, heparin added). The
metal concentration of the solutions containing Gd, Mn, and
Fe were verified by Inductively Coupled Plasma Atomic Emis-
sion Spectrometry (ICP-AES; Minitorch 3410; ARL, Lausanne,
Switzerland) and found to be accurate within �5%.

Measurement of Relaxation Curves
Measurements at 0.47 T were performed using a Minis-

pec PC-20 spectrometer (Bruker Analytik, Karlsruhe, Ger-
many) operating at a proton frequency of 20 MHz and a
preset temperature of 40°C. The standard software of the
Minispec (EDM 510 A for T1) was a 2-pulse inversion-
recovery (IR) sequence with a fixed relaxation delay of at
least 5 � T1. The variable TI was calculated automatically,
based on an estimated T1 value (T1e), and ranged from
0.04 � T1e to 5.12 � T1e in 8 steps. The T2 measurements
were done by using the corresponding Carr-Purcell-Mei-
boom-Gill (CPMG) software (EDM 610), applying relaxation
delays of 5 � T1, with the T1 values as determined above. All
samples were measured individually at 0.47 T.

Measurements at 1.5 T were conducted using standard
imaging protocols on a MAGNETOM-type MRI scanner (Sie-
mens Medical Solutions, Erlangen, Germany). Measurements at
3 T were performed with a MAGNETOM TRIO whole-body
MRI scanner (Siemens Medical Solutions, Erlangen, Germany).
For sequence parameters at 1.5 T and at 3 T, see below.

The sample tubes (10 mm inner diameter) were posi-
tioned in 2 rows of 15 and 16 tubes, in a styrene box filled
with water. The temperature of the water was equilibrated at
37°C for 1 h and manually controlled throughout the duration
of the measurements. At each field strength, the entire imag-
ing protocols were completed in approximately 10 minutes.

Measurements at 4.7 T were performed using an
INOVA MRI scanner (Varian Inc., Palo Alto, CA). Up to 6
samples were placed in a row in a plastic holder. The
temperature was adjusted to 37°C with heated air and con-
trolled by 2 test tubes containing a thermocouple. Spectra in
the presence of the readout gradient only were recorded,
instead of acquisition of the usual 2D data sets.

Relaxation curves for T1 calculations were obtained by
2D imaging with an inversion-recovery turbo spin-echo (IR-
TSE) pulse sequence. At 1.5 T, the sequence was either run
with a fixed sequence repetition time (TR) of 3 seconds, or
with a constant relaxation delay of 1.5 seconds after the
registration of the last echo (variable TR). For T1 values in
the range of 100 milliseconds to 600 milliseconds, both
protocols resulted in equivalent values, but the variable TR
measurement saved approximately 50% of imaging time and

hence allowed for higher temperature stability. At 3 T and 4.7
T, constant delays (TR-TI) of 1.5 seconds and 3 seconds were
applied. The shortest possible echo-time values (TEs) were
chosen: 6.9 milliseconds at 1.5 T, 7.3 milliseconds at 3 T, and
6 milliseconds at 4.7 T. The effective echo train lengths
(ETL) were 17, 7, and 1, respectively. The following inver-
sion times were applied: at 1.5 T: 30, 60, 90, 120, 150, 250,
400, 600, 800, 1200, 1600, and 2000 milliseconds; at 3 T: 40,
60, 70, 100, 140, 160, 200, 250, 300, 600, 800, 1000, 1500,
and 1700 milliseconds; and at 4.7 T: 10, 50, 100, 150, 200,
300, 400, 500, 600, 800, 1000, 2000, 4000, 8000, and 15000
milliseconds. The inversion times at 1.5 T and 3 T were
chosen to optimize the sequence to measure T1 values in the
range from 100 milliseconds to 600 milliseconds, corre-
sponding to the estimated T1 range of all relaxation times of
CM containing solutions. At 4.7 T, according to faster data
acquisition without phase encoding, longer TI values could
be additionally applied. As an example, the T1 relaxation
curves obtained for MAGNEVIST at 1.5 T, 3 T and at 4.7 T,
are shown in Figure 1. For details of the fit procedure, see the
section “Calculation of Relaxation Times.”

The experimental matrices for the phantom measure-
ments were 176 � 256 (1.5 T), 128 � 256 (3 T), and 1 � 256
(4.7 T, no phase encoding). The reconstructed matrices were
256 � 256 pixel at 1.5 T and at 3 T and 1D spectra of 256
pixels at 4.7 T. Relaxation curves for T2 calculation were
obtained by a multiecho spin-echo sequence (ME-SE) record-
ing one image for each echo time. Echo train lengths were 32
with an echo spacing of 7 milliseconds (1.5 T) and 11.5
milliseconds (3 T), respectively. At 4.7 T the ETL ranged
from 64 to 1200 with an echo spacing of 4.5 milliseconds.

NMRD
In addition to the relaxivity measurements, NMRD

profiles were recorded with a field-cycling relaxometer (Spin-
master FFC-2000, Stelar, Mede, Italy), operating at a fre-
quency range of 0.01 to 70 MHz, corresponding to a magnetic
field range of 0.23 mT to 1.64 T. All NMRD measurements
were recorded at a temperature of 30°C and at a single
concentration for each MRI-CM between 1 mmol/L (Ga-
domer) and 4 mmol/L (SH U 555 C). The temperature setting
of 30°C and the technically limited magnetic field range were
different to the other measurements. Hence, results from
NMRD profiles were not quantitatively accounted for the data
presented in the tables.

Calculation of Relaxation Times
Using MRI, the mean signal intensity (SI) of each

sample was determined individually by evaluation of the
respective region of interest (ROI) within the phantom mea-
surements. The longitudinal relaxation times T1 were ob-
tained by fitting the experimental SI of the IR-TSE sequence
to the absolute values of the calculated SI(TI), given by the
basic equation:

SI(TI) � �SIinf �1 � (1 � k) � e�TI/T1�� (1a)

where SI(TI) denotes the SI as a function of TI, SIinf is the SI
from the spin system in thermal equilibrium, and k corre-
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sponds to the cosine of the excitation angle of the inversion
pulse (cos(�)). Eq. (1a) is strictly valid for inversion recovery
sequences with full relaxation (TR �� T1). For IR sequences
with faster repetition (TR 	 T1), Eq. (1a) still holds true, if
the correction k is modified to:

k � cos(�)
MSS

Minf

(1b)

taking into account the steady-state magnetization (MSS),
which is a fraction of the magnetization at thermal equilib-
rium (Minf). MSS only depends on the delay after the signal
registration (TD). Hence, TD is to be kept constant and can be
even shorter than T1 (fast inversion recovery sequence),
allowing the obtainment of a relaxation curve in a shorter

total acquisition time compared with the measurement
using a constant TR with TR �� T1.49 Furthermore, the
condition TE 

 T1 must be fulfilled and the excitation
pulse must be close to 90°. In Figure 1, calculated relaxation
curves are depicted for MAGNEVIST in plasma at 1.5 T, 3 T,
and 4.7 T.

The transverse relaxation times T2 were determined by
fitting the experimental SI of the ME-SE sequence to the
basic equation:

SI(TE) � SI0 � e�TE/T2 � SInoise (2)

where SI(TE) denotes the SI as a function of TE and SI0
corresponds to the steady-state SI; SInoise is the baseline noise
level, taking into account that the SI in MRI cannot vanish
because of the absolute value mode for image calculation.

The basic assumptions for the validity of Eqs. (1) and
(2) are described elsewhere50,51 and include that the correla-
tion time �C is short compared with the relaxation times: �C 

Ti (i � 1, 2) and that the underlying correlation function is of
a typical exponential shape.

These conditions for the obtainment of single relaxation
rates with monoexponential decay functions (fast exchange
limit) can be strictly predicted only for the relaxation time
measurements in water. In solutions containing proteins
which strongly interact with the MRI-CM, contributions from
slow exchange limit will alter the situation. This is sometimes
referred to as the compartmentalization effect.52 As can be
rationalized by an altered �C in the protein bound state,
deviations from a mono exponential decay become possible.
If in such cases a single relaxation time (apparent Ti) is
calculated, the result depends on the experimental conditions
including the protein concentration.53

Eq. (1) was fitted with 3 parameters (SIinf, k, T1) using
the Solver Add-In of MS-Excel™. The errors of these pa-
rameters were determined individually (see the section “Error
Estimation”). For Eq. 2 only a 2-parameter fit (SI0, T2) was
performed, because the noise baseline (SInoise) is a constant
technical parameter, that could be determined from the ex-
perimental SI after full relaxation (TE � 5 � T2).

Calculation of Relaxivities
Relaxivities (r1 and r2) are generally defined as the

slope of the linear regression generated from a plot of the
measured relaxation rate (1/Ti, where i � 1, 2) versus
the concentration of the MRI-CM:

1

Ti

�
1

Ti(0)

� ri � �CM� (3a)

�1

Ti

�
1

Ti(0)
� � ri � �CM� (3b)

where Ti denotes the longitudinal (T1) or transverse (T2)
relaxation times of a solution containing CM and Ti(0) the
relaxation times of the solvent without MRI-CM. The differ-
ence of the relaxation rates (Eq. 3b) is referred as �(1/Ti).

0

20

40

60

80

100

120

0 500 1000 1500 2000

MAGNEVIST, 1.5 T

TI / ms

• experiment   0.25 mM
experiment    0.5 mM
fitting

0

20

40

60

80

100

120

0             2000           4000          6000          8000         10000         12000

MAGNEVIST, 4.7 T

0

20

40

60

80

100

120

0 500 1000 1500 2000

MAGNEVIST, 3.0 TMAGNEVIST, 3 T

SI / a.u.

SI / a.u.

SI / a.u.

FIGURE 1. Relaxation curves obtained at 1.5 T, 3 T, and 4.7
T in plasma at 0.25 mM and 0.5 mM. Three-parameter fit-
ting of normalized experimental signal intensities as a func-
tion of TI. As an example, the T1 relaxation curves of a Gd
chelate (MAGNEVIST) at 0.25 mM and 0.5 mM concentra-
tion in bovine plasma, obtained at 37°C at 1.5 T (top), 3 T
(center) and at 4.7 T (bottom) are shown. The standard
errors for the T1 fittings at 0.5 mM concentration were
�0.88%, �0.71% and �0.32%, respectively. They were de-
termined and taken into account for each sample measure-
ment individually. For details, see text.
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To keep the measurement time short and hence to avoid
temperature drifts that would affect the measured relaxation
times, the sequence parameters (TR, TI) were optimized
for T1 relaxation times in the range of 100 to 600 millisec-
onds. Thus, the determination of the solvent relaxation rate
(1/T1(0)), required for Eq. (3), was intrinsically less accurate
due to the sequence parameters, than was the case for the
relaxation rates (1/T1) obtained for the CM solutions. Instead
of applying a linear regression with 2 variable parameters, ie,
1/T1(0) and r1 for each CM individually, as given in Eq. (3a),
the following procedure was applied: taking advantage of the
fact that the actual solvent relaxation rate was the same for all
CM solutions measured simultaneously, the number of vari-
able parameters, ie, 2 � n (where n is the number of different
CM), could be reduced to n � 1. This was achieved by
linking the individual slope determinations (relaxivities) with
a global determination of 1/T1(0) by applying Eq. (3b) as
shown in Figure 2. The experimentally determined solvent
relaxation rate 1/T1(0) was subtracted as a starting value from
the CM relaxation rates prior to the linear regression analysis.
In the analysis, the global 1/T1(0) was varied together with all
relaxivities. The best fit for the solvent relaxation rate was
obtained for the minimum sum of the relative errors of all

relaxivities. The relative error was then given as the ratio of
the error of the slope divided by the slope.

Importantly, the solvent relaxation rate was not an
individual fit parameter within the single slope determina-
tions, but always applied to all linear regressions simulta-
neously. This procedure is certainly justified, since during the
respective measurement the solvent relaxation rate was the
same for all solutions. The final solvent relaxation rates
calculated by this procedure (except for 0.47 T) are given in
Table 2.

Error Estimation
To obtain relaxation times T1 according to Eq. (1), a

3-parameter fit was applied to the experimental SI versus TI
curves, as described previously and shown in Figure 1. Standard
errors were determined for each T1 value from the variance-
covariance matrix, the sum of squared deviations and the
degree of freedom, individually. The degree of freedom was
given by the difference between the number of data points
and the number of variable parameters. Typically, for T1
values in the range of 100 to 600 milliseconds, these errors
were in the range of �0.2 to �1%, depending on field
strength, solvent and CM concentration.

The absolute errors of the differences of T1 relaxation
rates (�(1/T1)) were calculated according to the Gaussian law
of error propagation as given in Eq. (4a):

err�(1/Ti) � �(err1/Ti)
2 � (err1/Ti(0))

2 (4a)

where err1/Ti
denotes the absolute error of the relaxation rate

(i � 1 for T1) with CM and err1/Ti(0) the absolute error of the
relaxation rate of the solvent, as given in Table 2.

The error of the relaxivity errri for one sample, ie, ri �
�(1/Ti)/�CM�, was obtained by Eq. (4b):

errri

ri

� ��err�(1/Ti)

�(1/Ti)
�2

� �err�CM�

�CM�
�2

(4b)

where �CM� denotes the concentration of CM, and err are the
respective absolute errors.

The calculated errors for the samples containing the
highest CM concentration were regarded as the maximum
possible errors for the relaxivities. Since these maximum
possible errors are directly related to the respective con-
centration (0.5 mmol/L), they are also legitimate error
values for CM exhibiting nonlinearity, solely for the cho-
sen concentration.
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FIGURE 2. Determination of r1 of Gadomer, RESOVIST and
GADOVIST at 1.5 T in plasma. Plot of the differences of re-
laxation rates �(1/T1) versus the concentration of 3 exam-
ples of MRI-CM (Gadomer, GADOVIST, SH U 555 C) and
their linear regressions. These measurements were per-
formed at 1.5 T in bovine plasma at 37°C. The individual
accuracy ranges of relaxivity values were determined for the
0.5 mM concentration, as explained in the text.

TABLE 2. Relaxation Rates* of Investigated Solvents at 37°C†

0.47 T† 1.5 T 3 T 4.7 T

1/T1(0) 1/T2(0) 1/T1(0) 1/T2(0) 1/T1(0) 1/T2(0) 1/T1(0) 1/T2(0)

Water 0.270 � 0.001 0.313 � 0.001 0.24 � 0.03 0.8 � 0.1 0.2 � 0.1 0.32 � 0.06 0.22 � 0.01 0.38 � 0.03

Plasma 0.667 � 0.003 1.887 � 0.006 0.63 � 0.06 2.4 � 0.2 0.44 � 0.06 2.9 � 0.4 0.37 � 0.02 4.4 � 0.2

Blood 0.8 � 0.1 4.4 � 0.2

*Values in s�1 (see text for details).
†At 0.47 T: measured separately at 40°C.
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The final accuracy ranges of the relaxivities r1, as
determined by this procedure and listed in Tables 3 to 5,
include the concentration error of �5%.

T2 was obtained by a 2-parameter fit according to Eq.
(2) as described previously. Individual error calculation for
T2 relaxation was done similar to the procedure described for
T1. The lowest errors for T2 were found in plasma at 4.7 T,
lying well below 1%, except for the SPIO. The highest error
values of up to 20% were found in water at 1.5 T. The final
accuracy ranges of the relaxivities r2, were found according to

the same procedure as described previously for r1 and are also
listed individually in Tables 3 to 5.

RESULTS AND DISCUSSION

Relaxivities in Water
The generated NMRD profiles of 3 selected contrast

media (Fig. 3) illustrate the field strength dependencies of
their relaxivities. Although the magnetic field range of the
relaxometer was restricted to an upper limit of about 1.65 T,

TABLE 3. Relaxivities* of Investigated Contrast Media in Water at 37°C

Trade Name or
Internal Code

0.47 T† 1.5 T 3 T 4.7 T

r1 r2 r1 r2 r1 r2 r1 r2

MAGNEVIST 3.4 (3.2–3.6) 4.0 (3.8–4.2) 3.3 (3.1–3.5) 3.9 (2.8–5.0) 3.1 (2.8–3.4) 3.7 (3.4–4.0) 3.2 (3.0–3.4) 4.0 (3.8–4.2)

GADOVIST 3.7 (3.5–3.9) 5.1 (4.8–5.4) 3.3 (3.1–3.5) 3.9 (3.1–4.7) 3.2 (2.9–3.5) 3.9 (3.6–4.2) 3.2 (3.0–3.4) 3.9 (3.7–4.1)

PROHANCE 3.1 (2.9–3.3) 3.7 (3.5–3.9) 2.9 (2.7–3.1) 3.2 (2.5–3.9) 2.8 (2.6–3.0) 3.4 (3.1–3.7) 2.8 (2.7–2.9) 3.7 (3.5–3.9)

MULTIHANCE 4.2 (3.9–4.4) 4.8 (4.6–5.0) 4.0 (3.8–4.2) 4.3 (3.8–4.8) 4.0 (3.7–4.3) 4.7 (4.4–5.0) 4.0 (3.8–4.2) 5.0 (4.7–5.3)

DOTAREM 3.4 (3.2–3.6) 4.1 (3.9–4.3) 2.9 (2.7–3.1) 3.2 (2.5–3.9) 2.8 (2.6–3.0) 3.3 (3.0–3.6) 2.8 (2.7–2.9) 3.7 (3.5–3.9)

OMNISCAN 3.5 (3.3–3.7) 3.8 (3.6–4.0) 3.3 (3.1–3.5) 3.6 (3.0–4.2) 3.2 (2.9–3.5) 3.8 (3.5–4.1) 3.3 (3.1–3.5) 4.1 (3.9–4.3)

TESLASCAN 1.9 (1.8–2.0) 2.1 (2.0–2.2) 1.6 (1.5–1.7) 2.1 (1.4–2.8) 1.5 (1.3–1.7) 2.3 (2.0–2.6) 1.6 (1.5–1.7) 2.7 (2.6–2.8)

OPTIMARK 4.2 (4.0–4.4) 5.2 (4.9–5.5) 3.8 (3.6–4.0) 4.2 (3.5–4.9) 3.6 (3.3–3.9) 4.5 (4.2–4.8) 3.8 (3.6–4.0) 4.7 (4.5–4.9)

RESOVIST 20.6 (19.5–21.7) 86 (82–90) 8.7 (8.2–9.2) 61 (54–68) 4.6 (4.3–4.9) 143 (132–154) 2.8 (2.7–2.9) 176 (167–185)

FERIDEX/
ENDOREM

27 (26–28) 152 (144–160) 4.7 (4.4–5.0) 41 (39–43) 4.1 (3.8–4.4) 93 (87–99) 2.3 (2.2–2.4) 105 (100–110)

Gadomer 16.5 (15.7–17.3) 17 (16–18) 17.3 (16.4–18.2) 22 (21–23) 13.0 (12.3–13.7) 23 (22–24) 9.1 (8.6–9.6) 22 (21–23)

MS-325 5.8 (5.5–6.1) 6.7 (6.4–7.0) 5.2 (4.9–5.5) 5.9 (5.3–6.5) 5.3 (5.0–5.6) 6.1 (5.7–6.5) 5.5 (5.2–5.8) 6.9 (6.5–7.3)

PRIMOVIST 5.3 (5.0–5.6) 6.2 (5.9–6.5) 4.7 (4.5–4.9) 5.1 (4.5–5.7) 4.3 (4.0–4.6) 5.5 (5.2–5.8) 4.9 (4.7–5.1) 6.3 (6.0–6.6)

SH U 555 C 23.9 (22.7–25.1) 54 (51–57) 13.2 (12.5–13.9) 44 (41–47) 7.3 (6.9–7.7) 57 (54–60) 4.3 (4.1–4.5) 66 (63–69)

*Values in L mmol�1 s�1.
†Measured at 40°C (see text for details).

TABLE 4. Relaxivities* of Investigated Contrast Media in Plasma at 37°C

Trade Name or
Internal Code

0.47 T† 1.5 T 3 T 4.7 T

r1 r2 r1 r2 r1 r2 r1 r2

MAGNEVIST 3.8 (3.6–4.0) 4.1 (3.9–4.3) 4.1 (3.9–4.3) 4.6 (3.8–5.4) 3.7 (3.5–3.9) 5.2 (4.3–6.1) 3.8 (3.6–4.0) 4.8 (4.3–5.3)

GADOVIST 6.1 (5.8–6.4) 7.4 (7.0–7.8) 5.2 (4.9–5.5) 6.1 (5.2–7.0) 5.0 (4.7–5.3) 7.1 (6.2–8.0) 4.7 (4.5–4.9) 5.9 (5.4–6.4)

PROHANCE 4.8 (4.6–5.0) 6.1 (5.8–6.4) 4.1 (3.9–4.3) 5.0 (4.2–5.8) 3.7 (3.5–3.9) 5.7 (4.8–6.6) 3.7 (3.5–3.9) 5.8 (5.3–6.3)

MULTIHANCE 9.2 (8.7–9.7) 12.9 (12.2–13.6) 6.3 (6.0–6.6) 8.7 (7.8–9.6) 5.5 (5.2–5.8) 11.0 (10.0–12.0) 5.2 (4.9–5.5) 10.8 (10.1–11.5)

DOTAREM 4.3 (4.1–4.5) 5.5 (5.2–5.8) 3.6 (3.4–3.8) 4.3 (3.4–5.2) 3.5 (3.3–3.7) 4.9 (4.0–5.8) 3.3 (3.1–3.5) 4.7 (4.2–5.2)

OMNISCAN 4.4 (4.2–4.6) 4.6 (4.4–4.8) 4.3 (4.0–4.6) 5.2 (4.2–6.2) 4.0 (3.8–4.2) 5.6 (4.7–6.5) 3.9 (3.7–4.1) 5.3 (4.8–5.8)

TESLASCAN 3.6 (3.4–3.8) 4.3 (4.1–4.5) 3.6 (3.4–3.8) 7.1 (5.7–8.5) 2.7 (2.5–2.9) 9.3 (8.3–10.3) 2.2 (2.1–2.3) 9.4 (8.8–10.0)

OPTIMARK 5.7 (5.4–6.0) 6.6 (6.3–6.9) 4.7 (4.4–5.0) 5.2 (4.3–6.1) 4.5 (4.2–4.8) 5.9 (5.0–6.8) 4.4 (4.2–4.6) 5.9 (5.4–6.4)

RESOVIST 15 (14–16) 101 (96–106) 7.4 (7.0–7.8) 95 (86–104) 3.3 (3.1–3.5) 160 (140–180) 1.7 (1.6–1.8) 118 (110–126)

FERIDEX/
ENDOREM

— — 4.5 (4.2–4.8) 33 (31–35) 2.7 (2.5–2.9) 45 (42–48) 1.2 (1.1–1.3) 25 (24–26)

Gadomer 19 (18–20) 23 (22–24) 16 (15–17) 19 (18–20) 13 (12–14) 25 (23–27) 9.1 (8.6–9.6) 23 (22–24)

MS-325 28 (27–29) 40 (38–42) 19 (18–20) 34 (32–36) 9.9 (9.4–10.4) 60 (56–64) 6.9 (6.6–7.2) 60 (57–63)

PRIMOVIST 8.7 (8.3–9.1) 13 (12–14) 6.9 (6.5–7.3) 8.7 (7.8–9.6) 6.2 (5.9–6.5) 11 (10–12) 5.9 (5.6–6.2) 12 (11–13)

SH U 555 C 22.3 (21.2–23.4) 99 (94–104) 10.7 (10.1–11.3) 38 (36–40) 5.6 (5.3–5.9) 95 (86–104) 2.9 (2.8–3.0) 69 (66–72)

*Values in L mmol�1 s�1.
†Measured at 40°C (see text for details).
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it can easily be seen from the NMRD profiles that relaxivity
differences, as observed at 0.47 T, decrease with increasing
field strengths. For all low molecular-mass Gd chelates with
negligible protein binding, (eg, GADOVIST), the highest
relaxivity was always found at lower field strengths. For this
class of MRI-CM, continuously decreasing relaxivities were
observed with increasing field strength. However, the NMRD
profiles illustrate local maxima at medium field strength for
the relaxivities of a macromolecular MRI-CM and a SPIO, as
shown for Gadomer and SH U 555 C, chosen as examples in
Figure 3. To appreciate the different conditions regarding
sample temperature and magnetic field range compared with
the other measurements, NMRD data were only considered as
additional consistency check and for better qualitative visu-
alization of local field-/frequency dependencies, within the
given ranges.

Relaxivity values r1 and r2 as determined in water at
magnetic field strengths of 0.47 T, 1.5 T, 3 T, and 4.7 T are
summarized in Table 3, together with their individual error
ranges. To visualize the relatively weak field strength depen-
dence of relaxivities in water, the values obtained for the low
molecular-mass Gd chelates are shown graphically in Figure 4.

Relaxivities in Plasma
Relaxivity values r1 and r2 as determined in plasma at

magnetic field strengths of 0.47 T, 1.5 T, 3 T, and 4.7 T are
summarized in Table 4, together with their individual error
ranges. As opposed to the data measured in water, the field
strength dependence of the values obtained in plasma for low
molecular-mass Gd chelates was found to be more pro-
nounced and is shown in Figure 5. Furthermore, it is clearly
seen in Figure 5 that the differences of relaxivities between
the MRI-CM in plasma decrease at higher magnetic field
strengths. As illustrated previously (Fig. 4), this is not the
case for the values measured in water.

Relaxivities in Blood
Measurements of relaxivities also were performed in

whole blood at 1.5 T, which was done to investigate the
comparability of the results within the framework of the
experimental approach presented in this study. The results are
shown in Table 5, together with their individual error ranges.

FIGURE 4. Relaxivities r1 of low molecular-mass Gd chelates
measured in water at 37°C at the field strengths of 0.47 T,
1.5 T, 3 T and 4.7 T.

FIGURE 5. Relaxivities r1 of low molecular-mass Gd chelates
measured in bovine plasma at 37°C at the field strengths of
0.47 T, 1.5 T, 3 T and 4.7 T.

TABLE 5. Relaxivities* of Investigated Contrast Media in
Blood at 37°C

Trade Name or Internal Code

1.5 T

r1 r2

MAGNEVIST 4.3 (4.0–4.6) 4.4 (3.6–5.2)

GADOVIST 5.3 (5.0–5.6) 5.4 (4.6–6.2)

PROHANCE 4.4 (4.1–4.7) 5.5 (5.0–6.0)

MULTIHANCE 6.7 (6.3–7.1) 8.9 (7.9–9.9)

DOTAREM 4.2 (3.9–4.5) 6.7 (6.0–7.4)

OMNISCAN 4.6 (4.3–4.9) 6.9 (5.5–8.3)

TESLASCAN 5.2 (4.9–5.5) 8.9 (8.2–9.6)

OPTIMARK 5.2 (4.9–5.5) 6.0 (5.4–6.6)

RESOVIST 8.0 (7.5–8.5) 77 (71–83)

FERIDEX/ENDOREM 7.0 (6.6–7.4) 66 (61–71)

Gadomer 17 (16–18) 22 (21–23)

MS-325 19 (18–20) 37 (35–39)

PRIMOVIST 7.3 (6.9–7.7) 9.1 (8.2–10.0)

SH U 555 C 14 (13–15) 90 (82–98)

*Values in L mmol�1 s�1.
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FIGURE 3. NMRD profiles for 3 selected MRI-CM (Gadomer,
GADOVIST, SH U 555 C) in aqueous solution, normalized to
1 mmol/L at 30°C. On the logarithmic RF-frequency axis,
the values corresponding to the field strengths of 0.47 T and
1.5 T, are indicated.
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Comparison of the Results Obtained in Water,
Plasma, and Whole Blood

Comparison of the data measured in plasma and in
whole blood shows good agreement in r1 for the Gd chelates
within the given accuracy ranges. The transverse relaxivities
(r2), on the other hand, display moderate to considerable
differences, in particular those of the SPIOs and the Mn
chelate. For the SPIOs, this can be rationalized by the
susceptibility effects on which the shortening of the relax-
ation times are based upon. The relaxivity differences found
between bovine plasma and canine blood are small and we
assume similar relaxivities in human blood, within the given
error ranges.

A detailed analysis of the concentration dependence of the
relaxivities, in particular for MRI-CM with considerable protein
binding, was not within the scope of this experimental study.
However, this issue has been addressed in the literature, for
example, for MS-325 and for MULTIHANCE.22,26–28,53 Lim-
iting the CM concentration to a range between 0.25 mmol/L
and 0.5 mmol/L and maintaining the serum albumin concen-
tration in the physiological range of 3.5 g/dL to 5 g/dL, the
variations of the measured relaxivity values do not exceed the
accuracy ranges given in Tables 4 and 5. The situation may
change, when protein-binding MRI-CM are present at very
high concentrations, as occasionally obtained in vivo during
the first pass after an i.v. bolus injection. Considering the
protein bound state of such MRI-CM to exhibit a higher
relaxivity than the unbound state, a higher concentration will
lead to a decreased apparent relaxivity. However, to further
elucidate the concentration dependence of the relaxivity of
protein-binding MRI-CM, including concentrations in the
high mM range, additional experimental investigations be-
yond the scope of this work would be required.

Field Strength Dependencies of r1/r2-Ratio
Apart from the absolute relaxivity values, various other

parameters determine the signal intensity in CE-MRI. Some
of these parameters are the intrinsic relaxation times of the
tissue, the concentration of the contrast medium and a series
of technical parameters that influence the signal intensity and
hence the signal-to-noise (SNR) as well as the contrast-to-
noise (CNR) ratios.

The basic equations describing the signal intensity for
Spin-Echo and gradient-recalled-echo (GRE) sequences, include
the respective dependencies on the T1 and T2 relaxation times:

SISE 
 �1 � e�TR/T1�e�TE/T2 (5a)

SIGRE 
 sin�
�1 � e�TR/T1�

�1 � cos� e�TR/T1�
e�TE/T2* (5b)

where the choice of the basic sequence parameters (TR, TE,
flip angle �) determines the respective image weighting.
Within the given context of basic considerations related to
CE-MRI, other contrast weighting such as proton density and
technically specific parameters are left aside.

Obviously, for T1-weigthed MRI, signal-enhancement
by CM is generally observed as long as the T1-shortening

(caused by r1) is the dominant effect of the MRI-CM. How-
ever, the SI dependence on TE/T2

(*) expressed by Eq. (5)
counteracts the signal increase in T1-weighted CE-MRI at
higher CM concentrations, where the condition T2

(*) �� TE
is no longer fulfilled. Hence, the achievable signal enhance-
ment is under these conditions not only determined by the
relaxivity r1, but—via T2

(*)—also by r2. Therefore, in the
limiting case of high CM concentrations (eg, in first pass
CE-MRA), larger r1/r2 ratios can be favorable for T1-
weighted CE-MRI.54

Similar considerations apply for T2
(*)-weighted MRI,

where lower r1/r2 ratios can be advantageous in addition to
high r2 relaxivities.55

According to the different field strength dependencies
of r1 and r2, respectively, the r1/r2 ratios decrease with
increasing field strength. These alterations of r1/r2 ratios are
more pronounced for SPIOs and protein-binding MRI-CM,
than for Gd chelates without protein binding.

CONCLUSION
Comprehensive results of experimentally determined re-

laxivity values, measured at several magnetic field strengths and
in different media, have been reported. All currently mar-
keted MRI-CM in addition to 4 MRI-CM currently (ie, at the
time of article submission) in clinical development have been
included. Taking into account the problematic interlaboratory
reproducibility and consistency of relaxivity measurements,
this paper describes the relaxivity values for MRI contrast
media, in a comparative study for the first time to such an
extend. Error estimates were done based on individual stan-
dard errors of the T1 and T2 relaxation times. For Gd-based
MRI-CM, satisfactory accuracy ranges of the calculated re-
laxivities were obtained, typically lying well within �6% for
r1 and �15% for r2, respectively. Under the chosen experi-
mental conditions, relaxivity data determined in plasma do
not differ significantly from those obtained in whole blood
within the same given accuracy ranges.

In conclusion, the individual dependencies of the relax-
ivities on the field strength for the 7 commercially available
Gd-based MRI-CM (at the time of article submission) was
found to be significantly different. Reflecting their different
mode of action, relaxivity alterations were larger for those
compounds exhibiting protein binding. The most pronounced
decrease of r1 relaxivity in plasma, as observed for one
MRI-CM between 0.47 T and 3 T, was 40%, whereas the
smallest observed change in r1 was lying merely within the
error range of �6%.

Considering the same group of Gd-based MRI-CM,
their relaxivity differences at 0.47 T of up to 142%, decrease
to 75% at 1.5 T and further to 57% at 3 T. As a consequence
of the pronounced relaxivity deviations found between aque-
ous solutions and plasma and furthermore due to their sig-
nificant field strength dependence, we strongly suggest to use
values obtained in plasma at the field strengths of interest
(currently, mainly 1.5 T and 3 T). According to the measure-
ments and results from this study, it is recommended that
relaxivity values determined in water and/or at 20 MHz (0.47 T)
be avoided, if not required for specific investigations.
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