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It has been shown that magnetic resonance spectroscopy
(MRS) can improve the specificity of the MR examination by the
spectroscopic detection of choline (Cho). Commonly, the lesion
is first visualized on postcontrast studies, and the MRS voxel is
prescribed accordingly. The implicit assumption made in this
approach is that the presence of gadolinium-based contrast
agents will have a negligible effect on the MR spectra obtained
from the lesion. In this work, we examined this assumption by
determining the effects of six gadolinium-based contrast
agents: Magnevist, Multihance, Omniscan, Optimark, Pro-
Hance, and Dotarem, on the Cho peak in phantoms and in a rat
model for breast cancer. We found that only the three negative-
ly-charged chelates: Magnevist, MultiHance, and Dotarem,
broadened the Cho peak in phantoms and reduced the area of
the Cho peak in vivo by an average of about 40%. The use of
negatively-charged chelates may lead to an underestimation of
the levels of Cho present in human breast cancers, since most
studies use MRS postcontrast administration. Therefore, we
recommend the use of the neutral chelates in MRI/MRS studies
of the breast. Magn Reson Med 61:1286–1292, 2009. © 2009
Wiley-Liss, Inc.
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There is increasing adoption of MRI of the breast both as a
screening examination for younger women who are at high
risk for developing breast cancer (1–3) or as a problem-
solving tool following mammography and/or ultrasound
imaging (4–8). The visualization and characterization of
breast lesions on MRI is based on a combination of mor-
phological features of the lesion precontrast injection and
patterns of dynamic contrast enhancement postinjection of
gadolinium-based contrast agents. Recently, it has been
shown that magnetic resonance spectroscopy (MRS) can
improve the specificity of the MR examination by the
spectroscopic detection of choline (Cho)-containing com-
pounds (see Refs. 9–13 for reviews). The majority of the in
vivo MRS studies were performed using single-voxel
methods, where the lesion was first visualized on the
postcontrast studies and the MRS voxel prescribed accord-
ingly. The implicit assumption made in this approach is
that the presence of gadolinium-based contrast agents will
have a negligible effect on the MR spectra obtained from

the lesion. The only report that has addressed this issue
explicitly in breast MRS is the study of Joe et al. (14),
which showed that there were changes in both the line-
width (increase of 15–21%) and area (decrease of 11–18%)
of the Cho peak, in the same subjects, pre- and postinjec-
tion of Omniscan (gadodiamide). There have been several
reports addressing the effects of gadolinium-containing
contrast agents on MR spectra both in vitro (15,16) and in
vivo (17–22). All of the in vivo studies involved determin-
ing the effects of gadolinium diethylenetriamine penta
acetate (Gd-DTPA; Magnevist) or gadolinium-tetraazacy-
clododecane tetra acetate (Gd-DOTA; Dotarem) on the pro-
ton MRS of brain tumors. Although the in vitro studies
reported significant alterations in the spectral properties of
Cho in phantoms, in the presence of Gd-DTPA, the in vivo
studies reported smaller changes (10–15%) in the Cho
peak postcontrast administration. This smaller change was
attributed to the fact that in the brain the Cho is predom-
inantly intracellular and thus cannot come into direct
contact with the contrast agent.

There are currently five gadolinium-based contrast
agents approved for human use in the United States. These
are: Magnevist, Multihance, Omniscan, Optimark, and
ProHance (see Fig. 1 for the chemical names). The struc-
tures of these five agents and a sixth agent, Dotarem, which
was part of the studies of brain MRS reported by Sijens et
al. (19–21), are shown in Fig. 1. Note that three of these
agents are neutral at physiological pH, i.e., they have no
overall charge (Omniscan, Optimark, and ProHance),
while the other three agents (Magnevist, Multihance, and
Dotarem) are negatively charged. It has been suggested that
the charge of the agent is important since Cho is a posi-
tively-charged molecule at neutral pH and in solution Cho
can form a weak complex with negatively-charged gado-
linium chelates (22,23). The situation in vivo may be com-
plicated by the fact that Cho must come into direct contact
with the contrast agent in order to form a complex. The
formation of this complex can lead to shortening of the
relaxation times of the methyl protons of Cho through the
electron–nuclear dipole interaction.

The overall goal of this work was to determine the ef-
fects of the six gadolinium-containing contrast agents,
shown in Fig. 1, on the proton MRS resonance of Cho, both
in phantoms and in an animal model for breast cancer. We
discuss the implications of these findings with respect to
clinical MRS studies of breast lesions.

MATERIALS AND METHODS

All of the MRI/MRS studies were performed on 3.0T GE
Signa short-bore twin speed system (GE Healthcare, Mil-
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waukee, WI, USA). The standard head coil was used for
the in vitro studies. The animal studies were performed
using a custom-built quadrature birdcage coil (diameter �
6 cm, length � 10 cm).

In Vitro Studies

We prepared a 250-ml solution containing 10 mM Cho
(choline chloride; Aldrich, St. Louis, MO, USA) at pH 7.2.
Single-voxel MR spectra were acquired sequentially using
the point-resolved spectroscopy sequence (PRESS)
method from a 1 � 1 � 1 cm3 voxel with a TR � 2 s and a
TE � 144 msec, before and after serial additions of a
solution containing 10 mm Cho and 250 mM of each of the
six contrast agents. The T2 of Cho was estimated from the
line-width of the Cho peak. We also measured the T1 of the
Cho peak in each case using a progressive saturation
method. These studies were repeated at a 15 mM Cho
concentration after sequential additions of a solution con-
taining 15 mM Cho and 250 mM of each of the six agents.

In Vivo Studies

All of the animal experiments were performed with the
approval of our institutional committee for animal re-
search and in accordance with the guidelines of the Na-

tional Institutes of Health for the care and use of laboratory
animals. For all of the experiments and procedures, anes-
thesia was induced by means of an intraperitoneal injec-
tion of a mixture of ketamine (Phoenix Pharmaceutical, St.
Joseph, MO, USA), at a dose of 75 mg/kg of body weight,
and xylazine (Bayer, Shawnee Mission, KA, USA), at a
dose of 10 mg/kg. A total of 24 six-week-old female Fi-
scher-344 rats (Taconic Farms, Germantown, NY, USA)
were injected with 0.2–0.3 ml of R3230 mammary adeno-
carcinoma cell suspension (1 � 108 cells/ml) into the hind
limb (see Ref. 24 for details about the tumor model). These
studies were performed when the desired tumor size (1.5–
3.0 cm) was achieved. Rats were anesthetized before each
MR examination; a 24-gauge catheter was inserted into the
tail vein for injection of the contrast agent during the MR
examination.

Rats were placed in the prone position; the tumors were
set at the center of the birdcage coil. Following the three-
plane localization sequence, each animal was imaged us-
ing a T1-weighted spin-echo sequence (TR � 300 ms, TE �
11 ms, slice thickness � 3.0 mm, matrix size � 256 � 128,
FOV � 8 � 8 cm2, number of excitations [NEX] � 2).
Localized 1H-MRS was acquired from a 1 � 1 � 1 cm3

voxel centered in the tumor using the PRESS method with
water suppression (TR � 2 s; TE � 144 ms, data points �

FIG. 1. The chemical structures of the six gadolinium-based contrast agents used in this study. Gd-DTPA-BMA is Omniscan, Gd-DTPA-
BMEA is OptiMark, Gd-HP-DO3A is ProHance, Gd-DTPA is Magnevist, Gd-BOPTA is MultiHance, and Gd-DOTA is Dotarem.
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2048, sweepwidth � 2500 Hz, and averages � 256). Fol-
lowing the automated shimming, the homogeneity was
checked manually and adjusted, if necessary, for each
acquisition. In order to examine the reproducibility of the
1H MR spectroscopy, the spectroscopy was performed
twice in six rats before the administration of the contrast
agents.

For each of the six contrast agents, data were acquired in
four rats prior to and after the tail vein injection of
0.1 mM/kg of each agent. The T1-weighted spin-echo se-
quence (TR � 300 ms, TE � 11 ms, slice thickness �
3.0 mm, matrix size � 256 � 128, FOV � 8 � 8 cm2, NEX �
2) was repeated postinjection for 15 min. The voxel loca-
tion and voxel size for postcontrast spectroscopy was cop-
ied from the precontrast spectroscopy sequence, and the
postcontrast MRS acquisition was started approximately
15 min postinjection.

Data Analysis

Spectra were processed using SAGE spectral analysis soft-
ware (General Electric Healthcare Technologies, Milwau-
kee, WI, USA). Processing included 120-Hz high-pass fil-
ter, Gaussian apodization, Fourier transformation, phase,
frequency, and baseline corrections. The area and the line-
width of the Cho peak was determined with the automatic
curve fitting routine operating in the frequency domain.

To examine the reproducibility of the 1H MRS we used
in this study, we analyzed the Cho peak area differences in

two acquisitions in six rats before the administration of
contrast agent using the correlation coefficient and the
Bland-Altman method (25). A statistical comparison of
pre- and postcontrast measurements was performed using
a paired t-test. A P-value � 0.05 was considered statisti-
cally significant.

RESULTS

In Vitro Studies

Examples of the increases in the line-width of the Cho
resonance with increasing agent concentrations are shown
in Fig. 2 for the 10-mM Cho experiment. All three of the
negatively-charged chelates (Magnevist, Multihance, and
Dotarem) broadened the Cho resonance in an almost iden-
tical manner. These three agents also shortened the T1 of
the Cho resonance in a similar manner. The neutral che-
lates (Omniscan, Optimark, and ProHance) had little or no
effect on either the T1 or line-width of the Cho peak. If we
assume that the negatively-charged chelates form a 1:1
complex with Cho, then the dissociation constant, KD, is
defined as

KD �
�GdA��Cho�

�GdA � Cho�
[1]

where GdA refers to the Gd contrast agent, Cho refers to
choline, GdA-Cho refers to the complex, and [] denote

FIG. 2. The variation in the line-
width of choline (10 mM) as a
function of added contrast agent.
The filled circles indicate Magne-
vist, and the open circles are for
Omniscan.
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equilibrium concentration. The transverse relaxation rate
(� �� 1/2) at each GdA concentration, 1/T2obs, is given by

1/T2obs � 1/T20 � Pm/Tm [2]

where 1/T20 is the transverse relaxation rate before the
addition of contrast agent, PM � [GdA – Cho]/ChoT (ChoT

is the formal concentration of Cho) and 1/T2M is the trans-
verse relaxation rate in the GdA – Cho complex. Mass
balance requires that

GdAT�[GdA]	[GdA
Cho] [3]

and

ChoT�[Cho]	[GdA
Cho] [4]

be true.
Since the concentration of Cho, ChoT, is much larger

than GdAT, we can assume that [Cho] is approximately
equal to ChoT. Rearranging Eq. [1] using this assumption
with mass balance, and substituting into Eq. [2] gives the
following:

1/T2obs � 1/T20 �
�GdAT�

�KD � ChoT�T2m
[5]

Thus a plot of 1/T2obs vs. the concentration of the agent
added should be linear with a slope of 1/(KD 	 ChoT)T2M. An
identical relationship can be derived for 1/T1obs. Repeating
this experiment at two different Cho concentrations can lead
to the determination of both KD and 1/T2M from the two
values of the slopes of these plots. We found that all of the
plots constructed based on either Eq. [5] or the same relation-
ship for 1/T1obs were linear (see Fig. 2 for an example). From
linear regression analysis we determined that the slopes of
the lines found for the line-widths of 10 mM and 15 mM Cho
experiments carried out with Magnevist were 9.9 and 7.5,
respectively. From these slopes we derived values for KD of
around 0.05 M–1 (range � 0.045–0.06 M–1) for Magnevist,
MultiHance, and Dotarem, with no significant difference be-
tween the individual results. The corresponding values for
1/T2M were around 1400 s–1 (range � 1300–1500 s–1). Similar
values were found for the analysis of the T1 results with an
average value for T1M of about 0.7 ms.

The well-known Solomon equation (26–29) describes
the relationship between 1/T2M, 1/T1M, and r, the distance
between the paramagnetic center and the protons being
relaxed

1/T2M � Dr
6f �c� [6]

where D is a known constant and f(c) is a function of
correlation times. The relevant value for c in Eq. [6] is the
rotation correlation time for the complexes, which has
been reported to be around 55 � 10–12 s for Magnevist,
MultiHance, and Dotarem (30). Using this value and 1400
s–1 for 1/T2M gives an average value for r of about 8.2 Ä,
which is in good agreement with the distance reported by
Elgavish and Reuben (23) for the complexes of tri-methyl--

ammonium ions and Gd(ethylene diamine tetra acetate
[EDTA]).

Reproducibility of In Vivo MRS

We analyzed the results of the repeated MRS acquisitions
that were performed precontrast. The correlation coeffi-
cient was highly statistically significant (r � 0.99, P �
0.001) for repeated analysis of the area of the Cho peak
from the pairs of repeated spectra. The results of Bland-
Altman analysis for these repeat MRS acquisitions are
shown in Fig. 3. There is very good agreement between the
area of the Cho peak measurement in the two acquisitions.
We found that even though there is some variability in the
area of the Cho peak across different tumors, the mean dif-
ference between repeated measurements on the same tumor
is less than 1% and the limits of agreement (1.96 times the
standard deviation) are –7.1% and 6.8% respectively.

IN VIVO STUDIES

All of the tumors exhibited significant enhancement on
the postcontrast MRI and a clear Cho peak (3.2 ppm) on
the 1H-MR spectra obtained both precontrast and post-
contrast. Examples of studies carried out with Magnev-
ist (negatively charged) and Omniscan (neutral) are
shown in Fig. 4. The administration of Magnevist de-
creased the area of the Cho peak by 47.3% in the spec-
trum (Fig. 4a), whereas there was a small, but not sta-
tistically significant, decrease in the area of the Cho
peak (6.2%) in the spectrum acquired post-Omniscan
(neutral chelate) administration (Fig. 4b). Note that in
Fig. 4, even though the peak area of Cho has decreased,
there is little or no line-broadening observed in the
residual Cho peak acquired postcontrast. In the postcon-
trast spectrum obtained with Omniscan, there is also no
change observed in the line-width of the Cho resonance.
All of the negatively-charged agents showed behavior
similar to that shown for Magnevist, while none of the
neutral chelates had any appreciable effect on the Cho
peak (see Fig. 5a). The decrease in the area of the Cho
peak postcontrast for each of the three negatively-

FIG. 3. Bland-Altman plots constructed from repeated choline peak
area measurement in two acquisitions performed precontrast.
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charged chelates and the three neutral chelates is shown
in Fig. 5. These decreases were found to be statistically
significant (P � 0.001). Figure 5b shows the decrease in
the area of the Cho peak area averaged across the group
of negatively-charged chelates and the group of neutral

chelates. The average decrease in the Cho peak area in
the postcontrast spectra was 42.8% � 17.1% (range �
21.8 –76.1%) for the negatively charged chelates,
whereas for the neutral chelates this decrease was 5.0%
� 4.9% (range � 0 –11.2%).

FIG. 4. The representative MR spectra (middle row) prior to (middle left in (a) and (b)) and 15 min after injection of Magnevist (middle right
in (a)) and Omniscan (middle right in (b)). The fitted overlay spectra (bottom row) show the relative choline peak decrease in the postcontrast
spectra (red) of Magnevist (bottom left) and Omniscan (bottom right). The pre- and post-MR images are shown above.

FIG. 5. a: The comparison of choline peak area decrease on postcontrast spectra for the three negatively-charged chelates (gray bar) and
the three neutral chelates (black bar) for the individual contrast agents. b: The comparison of the decrease in the area of the choline peak
averaged across the negative chelates and neutral chelates. The differences are statistically significant (P � 0.001).
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DISCUSSION

We have shown that in aqueous solution, of the six agents
studied, only the three negatively-charged gadolinium-
based chelates form ion pairs with Cho. The agreement
between the effects observed on both the T1 and line-width
of the Cho resonance in vitro clearly demonstrate that the
electron–nuclear dipolar interaction dominates (Eq. [6]),
and there is a direct interaction between Cho and these
three paramagnetic agents. For these negatively-charged
agents, the dissociation constants and limiting relaxation
properties are quite similar to each other and to Gd(EDTA)
(23), suggesting that the structures of the ion pairs are also
quite similar. The common feature of these three chelates
is the presence of a free carboxylate group even though two
of the agents are linear chelates, Magnevist and Multi-
Hance, and the other, Dotarem, is a macrocyclic chelate.
The distance between the methyl groups on the Cho and
the Gd, derived from an analysis of the limiting line-width
or T1, is approximately 10 Ä, which is consistent with the
binding of the Cho head group to the free carboxylate (23).
This distance may be approximate since the Cho methyls
rotate freely in space and thus are weighted by the 1/(r6)
function (31). The three neutral chelates showed negligible
effects on the Cho resonance in solution. To our knowl-
edge, our study is the first to show the importance of the
charge of the chelate on its binding to Cho, although this
point has been made in studies of the effects of individual
agents on the Cho resonance (22).

The situation found in vivo is consistent with the obser-
vations made in vitro. That is, the three negatively-charged
chelates decreased the area of the Cho peak by about 40%,
while the neutral chelates had little or no effect. This
decrease is about four times larger than the variability we
found for the in vivo MRS results. The fact that the line-
width of the residual Cho resonance in the presence of the
negatively-charged chelates showed minimal line-broad-
ening and that the three neutral chelates had only small
effects on the line-width of the Cho peak without affecting
its area indicates that these observations can only be ex-
plained by direct interactions of Cho with the contrast
agents rather than through any bulk susceptibility effects.
The most straightforward explanation from an MR point of
view is that the gadolinium agents distribute through the
extracellular space in tumors and there must be direct
contact (ion-pair formation) in order to broaden 40% of the
Cho pool to past the point of detection. This broadening
overcomes the signal intensity enhancements that might
arise from the concomitant shortening of the T1s of Cho in
the ion-pair. Thus 40% of the Cho pool is accessible to the
contrast agent residing in the extracellular space. A poten-
tially complicating factor to any interpretation is the fact
that the resonance detected by in vivo MRS is a composite
peak, comprised of several different compounds that can-
not be resolved in vivo. These include Cho, phosphocho-
line, and glycerophosphocholine.

The underlying mechanisms that result in elevations of
the total Cho resonance in human breast cancer have been
the subject of many studies (for example, see Refs. 32–35).
Cho is considered an essential nutrient in mammals, and
the major source of Cho is from the diet (36,37). Normally,
the concentration of Cho in human plasma is in the range

of 5–10 �M (38,39). Specific active transporters facilitate
the uptake of Cho into cells (40,41), where it is metabo-
lized through the Kennedy pathway (see Fig. 1 in Ref. 33).
The first step in this pathway is the phosphorylation of
Cho by the enzyme choline kinase (ChoK). This is fol-
lowed by PCho conversion to cytidyldiphosphate-choline
(CDP-choline) by cytidine triphosphate (CTP):PCho cyti-
dylyltransferase (CCT) and condensation with diacylglyc-
erol to form phosphatidylcholine (PtdCho), which is the
major phospholipid constituent of cellular membranes.
Free Cho can also be regenerated by the controlled break-
down of Cho phospholipids through the activity of phos-
pholipases D (PLDs), which produce Cho and phospha-
tidic acid, or through that of phospholipases A (PLAs),
which generate lysoPtdCho, which is further hydrolyzed
to free fatty acids and GPCho (42). Based on all of these
pathways and NMR data collected from model studies
carried out in tissue culture, most investigators would
conclude that the levels of extracellular Cho would be low.

Recently Sitter et al. (43,44) have published high-reso-
lution magic angle spinning (HR MAS) spectra acquired
from human breast cancer tissue. Using HR MAS, it is
possible to resolve the total Cho peak into its individual
components, and thus estimate the relative contribution of
each of the components to the total Cho peak. In their first
work, in which there were HR MAS spectra shown from
six patients, we estimate that the free Cho peak represents
at least 30% of the total Cho-containing compounds
present (44). In their subsequent study, spectra were col-
lected from 85 tissue specimens (43) in which the metab-
olite levels were averaged across groups; the percentage of
Cho ranged from about 20% to 35% of the total Cho pool.
Based on these data, it is possible that the extracellular
level of Cho could reach levels that are high enough to
account for the signal loss observed in our animal studies.
Because our tumors were relatively large and appear to
have a necrotic core, it is also possible that in this core
there is extensive cellular breakdown resulting in the for-
mation of compartments that contain Cho at high concen-
tration. This Cho can come into contact with the negative-
ly-charged gadolinium-based contrast agents.

Whatever the explanation for the decrease in the levels
of Cho in the tumors that we observed, it is clear that the
use of negatively-charged chelates may lead to an under-
estimation of the levels of Cho present in human breast
cancers, since most studies use MRS postcontrast admin-
istration. Therefore, we recommend that it is more pru-
dent, at least for the short term, to employ the neutral
chelates in MRI/MRS studies of the breast. We are cur-
rently exploring the possible utility of using the negative-
ly-charged chelates to provide an estimate of the ratio of
intracellular to extracellular Cho levels in those situations
where the MRS can be performed both pre- and postcon-
trast administration.
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