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Comparison of the Relaxivities of Macrocyclic Gadolinium-Based
Contrast Agents in Human Plasma at 1.5, 3,

and 7 T, and Blood at 3 T

Pavol Szomolanyi, PhD,*†Martin Rohrer, PhD,‡ Thomas Frenzel, PhD,‡ Iris M. Noebauer-Huhmann, MD,*§

Gregor Jost, PhD,‡ Jan Endrikat, MD,‡|| Siegfried Trattnig, MD,*¶# and Hubertus Pietsch, PhD‡
Purpose: The relaxivities of 3 macrocyclic gadolinium-based contrast agents
(GBCAs) were determined in human plasma and blood under standardized and
clinically relevant laboratory conditions.
Methods: The T1 relaxivity, r1, was determined in human plasma at 1.5, 3, and
7 T, and in human blood at 3 T at 37°C in phantoms containing 4 different con-
centrations of the macrocyclic GBCAs gadobutrol, gadoteridol, and gadoterate.
An inversion recovery turbo spin echo sequencewas used to generate imageswith
several inversion times. The T1-times were obtained by fitting the signal intensi-
ties to the signal equation. r1 was obtained by a 1/y-weighted regression of the
T1-rates over the concentration of the GBCAs.
Results: For gadobutrol, the obtained r1 [L/(mmol·s)] in human plasma at
1.5 T, 3 T, and 7 T, and in human blood at 3 T was 4.78 ± 0.12,
4.97 ± 0.59, 3.83 ± 0.24, and 3.47 ± 0.16. For gadoteridol, r1 was
3.80 ± 0.10, 3.28 ± 0.09, 3.21 ± 0.07, and 2.61 ± 0.16, and for gadoterate,
3.32 ± 0.13, 3.00 ± 0.13, 2.84 ± 0.09, and 2.72 ± 0.17.
Conclusions: The relaxivity of gadobutrol is significantly higher than that of
gadoteridol and gadoterate at all magnetic field strengths and in plasma as well
as in blood, whereas that of gadoteridolwas higher than gadoterate only in plasma
at 1.5 and 7 T. This is in accordance with results from 3 previous studies obtained
in different media.
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G adolinium-based contrast agents (GBCAs) for magnetic reso-
nance (MR) imaging are in clinical use since 1988. Although they

are considered having a high safety margin,1,2 concerns about their tol-
erability were raised recently.3 The observation of increased signal in-
tensity (SI) on nonenhanced images in focal brain areas after repeated
administration of GBCAs in patients with normal kidney function trig-
gered intense research to better understand the underlying mechanisms.
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In the majority of clinical studies, this was observed only after the ad-
ministration of linear GBCAs and not after macrocyclic agents.4–6 This
finding was supported in many preclinical studies mainly in rats but
also in pigs in several laboratories.7–9 Some preclinical studies ad-
dressed the chemical species of Gd that might be responsible for the ob-
served hyperintensity in the dentate nucleus and found only traces of
soluble species, most likely the intact GBCA for the macrocyclic agents
but observed Gd-containing macromolecular structures and insoluble
deposits after the administration of linear GBCAs.10–12

By the end of 2017, the Commission of the European Commu-
nity decided to suspend the linear GBCAs from the market with the ex-
ception of gadobenate and gadoxetate for liver imaging.13 In Europe,
only the 3 macrocyclic GBCAs gadobutrol, gadoteridol, and gadoterate
can be used in all approved indications.

The efficacy of GBCAs to generate contrast is based on their lo-
cal tissue concentration and on their relaxivities. Influences from poten-
tial binding to plasma proteins can be neglected for these macrocyclic
GBCAs (according to their package inserts).

Several studies have been conducted in the past decades to com-
pare the relaxivities of the 3macrocyclic GBCAs invitro mimicking the
in vivo situation as closely as possible.14–19 The majority of the studies
usedMR imaging to measure T1 times, but nuclear magnetic relaxation
dispersion, NMRD, a spectroscopic method, was also used, for instance
by the group from Mons.17–19 However, the experimental settings such
as the contrast agents used, solvents (most often water, not physiologi-
cal media), or field strength in these studies were not always compara-
ble with the current study, and values for T1 relaxivity were not always
reported. The major difference between all studies was the medium in
which the GBCAs were dissolved. So far, human and bovine blood
plasma was used as well as human and canine blood. In addition, not
all relevant magnetic field strengths were used in all studies.

The purpose of the present study was to reassess the
relaxivities of the macrocyclic GBCAs under standardized and clini-
cally relevant conditions.
MATERIALS AND METHODS

Contrast Agents
The following contrast agents were used: gadobutrol (Gadovist,

Gadavist; Bayer Vital GmbH, Leverkusen, Germany), gadoteridol
(Prohance; Bracco Imaging GmbH, Konstanz, Germany), and gadoterate
(Dotarem; Guerbet GmbH, Sulzbach, Germany).

Media and Sample Preparation

Blood Samples
Heparinized human blood was obtained from one healthy volun-

teer after informed consent from the Medical University of Vienna,
Austria. It was stored at +4°C, and all experiments were performed
within 48 hours after taking the blood sample. To spike the blood with
different concentrations of the 3 GBCAs, 1.9 mL of the pooled blood
was mixed with 0.1 mL of an appropriate dilution of the GBCA in
www.investigativeradiology.com 559
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TABLE 1. Sequence Parameters of the IR-TSE Sequence, Used for the
Determination of the Relaxivities

1.5 T 3 T 7 T

TR, ms 7500 7500 12500
TE, ms 8 8.1 6.8
TI, ms 0, 23, 50, 100, 250, 375, 500, 750, 1500
No. data points (TIs) 9
Echo train length 4
No. averages 1
Spatial resolution, mm � mm 0.47 � 0.47
Slice thickness, mm 3

FIGURE 1. IR-TSE images with inversion time (TI) of 750 milliseconds at
3 T of a series of blood samples, illustrating the determination of the SI
in the samples. The black box indicates the ROI that was used in each
sample to determine the SI in the center of each vial.

Szomolanyi et al Investigative Radiology • Volume 54, Number 9, September 2019
saline to obtain 0.5, 1, 2, and 6 mmol Gd/L in the final samples. This
resulted in a 5% dilution of the blood.

Plasma Samples
Human blood plasmawas obtained from heparinized blood from

3male and 3 female healthy volunteers after informed consent collected
at the Clinical Pharmacology Department of Bayer AG, Berlin,
Germany. It was stored frozen at −20°C. Equal volumes from the volun-
teerswere pooled just before the preparation of the samples. The protein
content of the plasmawas 7.35 g/dL. To spike the plasmawith different
concentrations of the 3 contrast agents, 5.7 mL of the pooled plasma
was mixed with 0.3 mL of an appropriate dilution of the contrast agents
to obtain 0.5, 1, 2, and 6 mmol Gd/L in the final samples. This resulted
in a 5% dilution of the plasma. The plasma samples were split in 3 iden-
tical sets of 1.8 mL each and were stored at −20°C until the experiment
took place. One set of samples was used for eachmeasurement at one of
the different field strength.

The Gd concentration of the individual samples were measured
using inductively coupled optical emission spectrometry (ICP-OES, IRIS
Advantage, Thermo), calibrated with dilutions of certified standard solu-
tions. The concentrations deviated less than ±3% from the nominal value.

Relaxation Time Measurements
Themeasurementswere performed in tightly closed plastic tubes

that contained 1.8mL of the respective samples. During themeasurements,
the tubes were kept at 37°C ± 1°C using a sample holder connected to a
heat circulation with silicon oil. To be able to mix the samples between
measurements without changing its position in the magnet, which was
deemed necessary for the blood samples to avoid sedimentation, thewhole
sample holder could be manually rotated along its horizontal axis.

A 1.5 T Magnetom Avanto, a 3 T Magnetom Trio, and a 7 T
whole-body investigational MR scanner (all Siemens Healthineers,
Erlangen, Germany) were used. For the 1.5 T scanner, a matrix de-
signed coil was used; for 3 T, a 16-channel head array coil was used
(Invivo, Gainesville, FL); and for 7 T, a 32-channel head array coil
(Siemens) was used.

The relaxation times were measured by imaging of groups of
samples simultaneously using an inversion recovery turbo spin echo
(IR-TSE) pulse sequences with variable inversion times, which allowed
to record the relaxation curves in the range from at least 20% to 80% of
the longitudinal magnetization. Inversion times of 0, 23, 50, 100, 250,
375, 500, 750, and 1500 milliseconds were used for all samples. The
obtained T1-times were used for the final relaxivity calculation.

The other sequence parameters were set to identical values for
the 3 different field strengths with only slight variations in echo time
(TE) and repetition time (TR) (Table 1). The selected TRs were suffi-
ciently long to allow full relaxation of the spins before the next excitation
occurred (>5 � longest expected T1 time, which was approximately
0.55 second). The echo time was set as short as possible to fulfill the
560 www.investigativeradiology.com
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requirement TE << T2, resulting in slight variations between 6.1millisec-
onds and 8.1 milliseconds due to sequence specific limitations.

In all images, a rectangular region of interest (ROI) of constant
size was placed in the center of the cross-sectional view of each tube
to measure its SI avoiding artifacts at the borders. The ROI comprised
121 pixel per sample (Fig. 1).

Data Evaluation

T1 Time
For each sample, the T1 time was obtained by fitting the mea-

sured SI using the different TIs to the signal equation of the IR-TSE se-
quence,20 taking into account that the SI is always a positive value:

SI TIð Þ ¼ SI inf � 1−2� e−
TI
T1 þ e−

TR
T1

� ����
���� e−

TE
T2 Eq: 1

where SI(TI) is the measured SI of the selected ROI at the respective in-
version time TI, and SIinf the SI at full relaxation. TR and TE are the re-
spective repetition and echo times of the IR-TSE sequence. TR was
selected sufficiently long, so that TR >> T1, and the term e−

TR
T1 becomes

very small and can be neglected. The term e−
TE
T2 is essentially a constant

scaling term for each sample with no influence on the shape of the
curve, which is governed by T1 and becomes close to 1 with TE << T2.
Under these conditions, Equation 1 can be reduced to Equation 2,
which was used for the fitting of the data points.

SI TIð Þ ¼ SI inf � 1−2� e−
TI
T1

� ����
��� Eq: 2

SIinf and T1 were allowed to vary during the fitting procedure, which
provided the T1 time of the respective sample.

Relaxivity
T1-relaxivity (r1) is by definition the slope of the linear correla-

tion between relaxation rate (1/T1) and the concentration of the
GBCA, CGBCA:

1
T1

¼ 1
T10

þ r1� CGBCA Eq: 3

where T1 is the measured T1 time of the solution containing the respec-
tive GBCA, and T10 is the T1-time of the blankmatrix (plasma or whole
blood). The relaxivity was obtained by fitting the measured T1-rates to
Equation 3 using a 1/y-weighted linear regression. The weighting was
used because unweighted regression forces the fit through the data point
of the highest concentration. This data point, however, is measured with
the least accuracy, because the fit to Equation 2 is based on less TI-times
© 2019 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 3. Linear relationship between the GBCA concentration in
human blood plasma and the relaxation rates of the respective samples
at 1.5, 3, and 7 T. The lines represent the fit of the data points to Equation
2 using 1/y-weighted linear regression that was forced through a joint
value for T10 at each field strength. The error bars represent the standard
error of the fitted T1 rates. In most cases, they are smaller than the
symbols. The slopes yield the respective T1-relaxivities.

FIGURE 2. Plot of the relaxation curve of the signal intensities at 3 T in
blood samples with different concentrations of gadobutrol using
different inversion times (TI). The lines represent the fit of the measured
signal intensities (SI) to Equation 1. The error bars represent the scatter
of the SI within each ROI. This yields the T1-time of the respective sample.
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than for the longer T1 times, due to its very short T1 time. The 1/y-
weighted regression applies the same weight to all measured T1-times
and is therefore a better representation of all measurements. T10 was
not measured due to its very long T1-time, which did not fit to the used
TI times. The fitting of the linear correlation between 1/T1 and CGBCA

included T10 as a variable and was performed in a way that the same
T10 was obtained for all 3 GBCAs.14 This is appropriate because all
samples were prepared from the same medium. All calculations and
data fitting were performed using Microsoft Excel and Prism 7.0
(GraphPad Software Inc, La Jolla, CA).

Statistical Tests
The significance of the differences between the relaxivities of 2

compounds was tested separately for each medium and field strength
using the 1-way analysis of variance, followed by the Tukey test for
multiple comparison between groups. The calculations were performed
with Prism 7.0, using a significance level of 5%.

RESULTS
Figures 1 to 3 illustrate the steps that were necessary to deter-

mine the relaxation times in plasma and blood samples containing dif-
ferent concentrations of GBCAs. The SIs at the individual TI times
were always in good agreement with the fitted relaxation curve. As ex-
pected from the full signal Equation 1 of the IR-TSE sequence, SIinf
dropped with increasing GBCA concentration due to the faster T2 re-
laxation. The linear relationship between the concentration of the
GBCA and the resulting relaxation rates was used to derive the T1-
relaxivity of each macrocyclic GBCA, which are presented in Table 2.

DISCUSSION
T1 relaxivity is a measure of the efficacy of a contrast agent to

shorten the T1 time of water protons in its surrounding. The higher
the relaxivity, the lower the concentration of the agent that is required
to achieve the same T1 shortening, which in turn results in a higher
SI in the MR image. Because all 3 macrocyclic GBCAs share a very
similar pharmacokinetic profile with passive distribution in the
© 2019 Wolters Kluwer Health, Inc. All rights reserved. www.investigativeradiology.com 561
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FIGURE 4. Plot of the T1-relaxivities of the 3 macrocyclic GBCAs at 1.5 T,
3 T, and 7 T obtained in this study and previous studies14–16 listed in
Table 2. The bars represent the ranges between the lowest and highest
reported value for each GBCA. Of note are the different media from
different species that were used in the different studies.

TABLE 2. T1-Relaxivities, r1, of the Macrocyclic GBCAs

Study Field Medium Total Protein, g/dL Sample Concentrations, mmol/L

Gadobutrol
r1 ± SD,
L/(mmol·s)

Gadoteridol,
r1 ± SD,
L/(mmol·s)

Gadoterate,
r1 ± SD,
L/(mmol·s)

Rohrer et al14 1.5 T Bovine plasma 7–9 0.25, 0.5 5.2 ±0.3 4.1 ±0.2 3.6 ±0.2
Rohrer et al14 1.5 T Dog blood ND 0.25, 0.5 5.3 ±0.3 4.4 ±0.3 4.2 ±0.3
Shen et al16 1.5 T Human blood 6.3–6.5 0.063, 0.125, 0.25, 0.5, 1, 2, 4 4.61 ±0.18 4.39 ±0.47 3.91 ±0.13
This study 1.5 T Human plasma 7.35 0.5, 1, 2, 6 4.78 ±0.12 3.80 ±0.10 3.32 ±0.13
Rohrer et al14 3 T Bovine plasma 7–9 0.25, 0.5 5.0 ±0.3 3.7 ±0.2 3.5 ±0.2
Noebauer-Huhmann et al15* 3 T Human plasma 4.59 0.25, 0.5, 1, 2 4.9 ±0.15 3.5 ±0.08 3.3 ±0.24
Shen et al16 3 T Human blood 6.3–6.5 0.063, 0.125, 0.25, 0.5, 1, 2, 4 4.46 ±0.24 3.46 ±0.46 3.43 ±0.29
This study 3 T Human plasma 7.35 0.5, 1, 2, 6 4.97 ±0.59 3.28 ±0.09 3.00 ±0.13
This study 3 T Human blood ND 0.5, 1, 2, 6 3.47 ±0.16 2.61 ±0.16 2.72 ±0.17
Noebauer-Huhmann et al15* 7 T Human plasma 4.59 0.25, 0.5, 1, 2 4.7 ±0.13 3.3 ±0.13 3.2 ±0.17
Shen et al16 7 T Human blood 6.3–6.5 0.063, 0.125, 0.25, 0.5, 1, 2, 4 4.20 ±0.24 3.35 ±0.12 2.82 ±0.40
This study 7 T Human plasma 7.35 0.5, 1, 2, 6 3.83 ±0.24 3.21 ±0.07 2.84 ±0.09

Comparison of the Methods and Results of this Study (in bold face) and 3 other relevant studies.

*The mean and SD were calculated from the r1 values of 4 samples with different concentrations as provided in the Tables 2 and 3 of that reference.
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extracellular volume of the body and fast renal excretion, driven by glo-
merular filtration,21–23 the tissue concentration during steady state de-
pends almost exclusively on the injected dose and the time after
injection. When imaging the first pass of a fast bolus injection in angi-
ography, the local concentration in the vessel may also strongly depend
on the concentration of the administered contrast agent.24

Very early in the development of the first GBCAs, it had been
demonstrated that relaxivity depends on a large number of parameters
some of which are given by the body of the patient (temperature, viscos-
ity of the tissue environment) or by the used imaging scanner (magnetic
field strength), but most of them are defined by the GBCA itself.25

The major prerequisite for effective T1 shortening by a GBCA is
the binding of water molecules to the Gd3+ ion in its first coordination
sphere, their fast relaxation, and subsequent fast exchangewith the bulk
water.26 The structure of the ligand, occupying most of the first coordi-
nation sphere of the Gd3+ ion and thus shielding it from the surrounding
matrix, strongly influences this process and thus the relaxivity. This is
described in detail in the Solomon-Bloembergen-Morgan (SBM) the-
ory.27 Some of the relevant parameters influencing relaxivity are, for ex-
ample, the number (q) of water molecules bound in the first coordination
sphere of the Gd3+ ion, the distance between the Gd3+ ion and the water
protons (rGdH), and the residence lifetime of the bound water at the Gd3+
ion (τm). Also the number of water molecules bound in a second or outer
hydration sphere28,29 has an influence on the relaxivity as well as the
symmetry and molecular weight of the ligand and its tendency to bind
to proteins in vivo and thus slowing down the local rotational motion.
All these parameters were addressed in the past by many research groups
to optimize the longitudinal relaxivity of gadolinium complexes.30,31

During this optimization process to design clinically suitable
contrast agents, other aspects such as good water solubility, tolerability,
and complex stability of the GBCA had to be taken into consider-
ation.31 Therefore, for example, the number of inner sphere water mol-
ecules was in general limited to one. Due to their low dissociation rates
(kinetic inertness), the investigated macrocyclic GBCAs all share a high
complex stability under physiological conditions,32 which clearly dif-
ferentiates them from the linear GBCAs.

The relaxivities of the macrocyclic GBCAs have been reported
in the past in several in vitro studies (Table 2 and Fig. 4). The data from
the Mons group17–19 were not included, although these studies also in-
vestigated the relaxation behavior of several GBCAs at different field
strengths. They focused on the field dependence of the relaxivity and
562 www.investigativeradiology.com
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on individual SBM parameters and were performed with GBCAs dis-
solved in water or human serum albumin solutions. Nuclear magnetic
relaxation dispersion, a spectroscopic method, required the fit of the
measured data to the SBM equations, using several not very accurately
known parameters. This introduces additional scatter in the derived r1
values. In addition, these data were obtained with one single concentra-
tion and did not provide any data on the precision of the measurement,
and specific r1 values were not reported in all studies.

The relaxivities of the 3 GBCAs decrease with increasing field
strength by approximately −15% to −20% from 1.5 to 7 T. This fact
is well known from numerous nuclear magnetic relaxation dispersion
studies over a wide magnetic field range17–19,33 and was reproduced
in this study, with one exception. We observed a slight increase of the
relaxivity of gadobutrol from 1.5 to 3 T in human plasma, which was
probably due to an unusual large uncertainty (±12%) in the
© 2019 Wolters Kluwer Health, Inc. All rights reserved.
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measurement of r1 at 3 T. It is also known that the native T1 time of hu-
man tissue increases with increasing magnetic field.34 Taking both ef-
fects together, the efficiency of the GBCAs to shorten the T1-time
and to create image contrast, however, remains almost unaffected by
the magnetic field strength or even increases with increasing field.35,36

The results for each individual GBCA cannot be compared di-
rectly between all studies, because different media such as plasma or
whole blood from humans but also from different animal species were
used. Together with the general variability of such measurements, this
resulted in slightly different relaxivities reported from the different lab-
oratories. However, the species difference is the least serious one, be-
cause the macrocyclic agents do not interact with plasma proteins,
which would be the major source for a species-dependence of the
relaxivity.37 Differences in the viscosity of the medium result in longer
rotational correlation times τR of the dissolved GBCAs. Therefore, the
viscosity that is influenced by the lipid and protein concentration of
the used plasma or the hematocrit of blood may influence the
relaxivities, also between media from different human sources. Shen
et al16 reported the total protein concentration (6.3–6.5 g/dL) and he-
matocrit (45 to 50%) of the used human blood. Noebauer-Huhmann
et al15 reported a total protein concentration of 4.59 g/dL and Rohrer
et al14 of 7 to 9 g/dL of the used plasma. In the current study, the used
human plasmawas obtained from 3male and 3 female volunteers to ob-
tain a representative plasma pool, which had a total protein concentra-
tion of 7.35 g/dL. The hematocrit and protein concentration of the
human blood was not measured, and it was obtained from a single
healthy volunteer that may have resulted in a nonrepresentative me-
dium, which is certainly a limitation. The different studies used solvents
with a wide range of protein content and may also have varied in other
components, which is often the case in biological specimen. This is
most likely one reason for the slight differences in the reported r1 values
for each individual GBCA.

When comparing the results of the different studies, their preci-
sion, expressed as the standard deviation of the relaxivities, should be
considered. Rohrer et al,14 who used only 2 different concentrations, re-
ported the relaxivity in general with ±5% to ±7% relative standard de-
viation, with no major differences between the media or field strengths.
Noebauer-Huhmann et al,15 who used 4 different concentrations, re-
ported only the mean relaxivities but did not report standard deviations.
They can be calculated from the individual relaxivities of the investi-
gated samples presented in Tables 2 and 3 of that article. These standard
deviations are shown in Table 2. The precisionwas in the range between
±2% and ±7%. Shen et al,16 who used 7 different concentrations, re-
ported standard deviations from ±3% to ±14%. The 2 highest devia-
tions were ±13% for gadoteridol at 3 T and ±14% for gadoterate at
7 T. The other measurements were below ±11%. In the present study,
the relative standard deviations ranged from ±2% to ±12% with the
highest deviation obtained for gadobutrol in human plasma at 3 T. In
all other samples, the precision was better than ±7%. The 4 studies pro-
vided data with comparable precision.
TABLE 3. Statistical Analysis of the Differences of the Relaxivities of
the Macrocyclic GBCAs at All Field Strengths and Media (p = Human
Plasma, b = Human Blood) Obtained in This Study

Gadoteridol Gadoterate

1.5 T p 3 T p 3 T b 7 T p 1.5 T p 3 T p 3 T b 7 T p

Gadobutrol *** *** *** ** *** *** *** ***
Gadoteridol — — — — ** NS NS *

P values greater than 0.05 are not significant (NS). *P= 0.0021; **P= 0.0002;
***P < 0.0001.

© 2019 Wolters Kluwer Health, Inc. All rights reserved.
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Overall and keeping all the addressed limitations in mind, the
previous and the present studies provide a relatively narrow range for
the T1 relaxivities of each of the 3 macrocyclic GBCAs at 3 different
field strengths.

Although very similar in their chemical structures, significant
differences in the relaxivities of the macrocyclic GBCAs were ob-
served. Gadobutrol showed the highest T1 relaxivity, irrespective of
the medium and field strengths, and this was statistically significant
in the present study, whereas gadoteridol and gadoterate had overlap-
ping ranges with a slightly higher relaxivity of gadoteridol when com-
paring the data in each individual study. Because all 3 GBCAs carry a
single water molecule bound to gadolinium (q = 1), have very similar
molecular weights and thus rotational correlation times (τR), and have
very similar water exchange correlation times (τm),

18 which are the pa-
rameters having the strongest influence on the relaxivity, the differences
in relaxivity may be explained by differences in the second sphere wa-
ter. The increasing number of free hydroxyl groups, not participating in
the complexation of the Gd3+ ion, from gadoterate (0), gadoteridol (0)
to gadobutrol (2) might provide a better environment to retain more wa-
ter molecules through hydrogen bonding in the hydration shell in close
proximity to the complexed gadolinium ion.28,29 Another possible
explanation for the increased relaxivity of gadobutrol can be found
in an intramolecular hydrogen bonding of the inner sphere water
molecule with one of the hydroxyl oxygens in the butrol side chain.
Such hydrogen bonding, which would not be possible for gadoterate
and gadoteridol, could reduce the rotational motion of the inner
sphere water molecule. This effect has been observed in similar Gd
complexes and has led to an increase in relaxivity of a similar order
of magnitude as it was observed for gadobutrol, when compared
with gadoterate and gadoteridol in this study.38
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