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A Novel Europium(lll)-Based MRI Contrast Agent Recently, Aime et al.reported that &H NMR signal of bound
water can be detected in EUDTMA (where DTMA = 1,4,7,-
10-tetraazacyclododecane tetrakis(methylacetamide)) at low tem-
peratures in acetonitrilds. We extended this observation by
showing that the bound watéid signal of the E&" complex of
a similar DOTA-tetra(amide) derivativé, (1,4,7,10-tetraazacy-
clododecane tetrakis (ethyl-acetamidoacetate)), can be detected
: at 50 ppm in pure water at ambient temperatdrétie large
Rogers Mggrﬁ):trit:mlggégrz;%g%%%er difference in chemical shift between bound and bulk water
5801 Forest Park Road, Dallas, Texas 75235 suggested to us that [EL)(H.O)]*" might serve as an efficient
MT contrast agent.
Receied Navember 22, 2000 The solid-state structure of [EL)(H,0)](triflate)s® shows that
o . the EG" is bound to four macrocyclic nitrogen atoms and four
magnetic resonance imaging (MRI) by shortening bulk water tyist angle of 38.5 between the N4 and O4 planes. A single
proton relaxation times through rapid exchange of an inner-spherep o nd water molecule occupies a typical mono-capped position
bound water molecule with bulk solvehBalaban and co-workers 5 the 04 surface. A comparison of hyperfine shifts shows that
have recently reported a new class of MRI contrast agents basedpe complex has this same structure in both acetonitrile and water.

on chemical exchange saturation transfer (CBS@gtween
S . : : - The 500 MHZz'H NMR spectrum of [Eu)(H,0)]Cl; shows a
intrinsic metabolites such as amino acids, sugars, nucleotides, O sund water resonance at 49.7 ppm at°g5 This resonance

other heterocyclics having exchangeable OH or NH groups that broad ith 1 X but is ob bl
exchange protons with bulk water. They demonstrated that MR ro? ens with increasing temperature but is observable even at
contrast can be switched on by applying a saturating irradiation 40 C. P_resaturat|on .Of th'$ bound water resonance for variable
pulse at an exchangeable site a few ppm away from the bulk ime periods resulted in an incremental decrease in the bulk_vvater
water resonance. Magnetization transfer (MT) techniques haveZ'gSr?(lj %g:gr']g;tisr:‘]g%g%;z?%% f‘ital‘évzge;g dtoaebquli wa?é‘:e a
historically found many applications in chemical and biological . : S

y y anp g relaxation time Tisa) Of 537 + 23 ms. These values indicated

systems. Theoretically, the extent of observed MT depends on T L .

chemical exchange and relaxation: that significant magnetization transfer would be expected in water,
' even with low concentrations of EJ¢+ (2.5% at 1 mM, 20% at

10 mM, 50% at 39 mM, and 61% at 63 mM). In comparison, it
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%: 1 KobsT1sat has been estimated that a diamagnetic agen wit5 ppm
My (1 + Kypelisad (1 + KypaT 1520 chemical shift difference between exchanging sites would yield
(1+ Kk Tien) only a 10% decrease in bulk water signal at 39 /M.
exp{— = obsiisat t] 1) Figure 1 shows a pld¥ls/M, versus saturation frequency offset
Tisat for 63 mM [Eu@)(H,O)]Cl; at 25 °C. The peak at 0 ppm

) ] ) ) ) ) represents direct saturation of bulk water, while the peak centered
Here,M:andMo is the bulk water signal intensity with and without  near 50 ppm reflects chemical exchange. A 57% decrease in bulk
saturation at the exchanging site, respectivieliis the pseudo-  yater signal intensity was observed wire1 spresaturation pulse
first-order exchange rate between bulk water and the exchangingy,as applied at-9800 Hz. No change in water intensity was
protons, andTys is the spir-lattice relaxation time of water  gpserved when the presaturation pulse was-@800 Hz. It is
protons during saturation at the exchangeable lgjieequals the  gignificant that a MT effect was observed even when the
concent_ratipn ratio of the exchanging site relative to water divided frequency of the presaturation pulse was set to2B5ppm, even
by the lifetime of the exchange sitega.* To observe a CEST  hough the change in bulk water intensity was orB0% at this
effect, the system must be in the exchange limiting regime, foquency. In comparison to the data in the figure collected at
tcaAwea = 1. Thus, one advantage of a paramagnetic complex 4 7' 1 only a 6% decrease was observed when this same
that displays a largawca is that faster exchange can take place gyneriment was performed at 11.75 T. This illustrates that the
(shorterzca) without approaching the fast exchange limit. frequency selectivity of such MT agents will depend on magnetic

field strength because chemical exchange is closer to the slow
Q o exchange limit at the higher frequency. This also indicates that

Et00G 4 H_/cooa the frequency selectivity of MT agents such as this will be much
broader at 1.5 T, the most common clinical imaging field.
/HN H—\ T,-weighted spiFH_echo i_mages_ of a phantom cor]taining 63
EtOOC )—/ COOEt mM [Eu(1)(H.0)]Cl; in an inner vial and pure water in a larger
o o outer vial are shown in Figure 2. The intensity of the inner vial
containing the MT agent in the two control images (no presatu-
Molecular structure of 1 ration pulse, left image; presaturation pulse-®800 Hz, right
TUniversity of Texas at Dallas. image) is hlgher than the surrounding water vial due to the bulk
*Rogers Magnetic Resonance Center. paramagnetism of the Eucomplex. Addition of a 1s presatu-
b (|l|)| Lguﬁer,NRMFBQ.CSherr}. R%é%%lg, 23%‘ ((bg KBoeni%, SF% Hd;QB&QV\Im' R. ration pulse at+9800 Hz to both vials prior to the imaging
., lll. Prog. pectros , . (c) Brasch, R. (Radiology ; 0 i i i i
1692 183, 1. (d) Peters, J. A Huskens, J.. Raber. Drag. Nucl. Magn. sequence resulted in a 79% decrease in intensity of the inner vial
Reson. Spectrost996 28, 283. (e) Aime, S.; Botta, M.; Fasano, M.; Terreno,
E. Chem. Soc. Re 1998 27, 19. (f) Caravan, P.; Ellison, J. J.; McMurry, T. (4) Dwek, R. A.Nuclear Magnetic Resonance (N.M.R.) in Biochemistry
J.; Lauffer, R. B.Chem. Re. 1999 99, 2293. Oxford University Press: London, 1973.
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Figure 1. 500 MHz *H NMR spectrum of 250 mM [Eu((H-0)]Cls
aqueous solution at neutral pH and 25 (upper; the huge bulk water
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Figure 2. 4.7 T (~22°C) magnetization transfer (MTl;-weighted spir-

echo images for a phantom with no saturation (left), saturatierf800

Hz (middle, E&"-bound water position), and saturation-a9800 Hz
(right), using a 2.5 cm diameter surface coil with a saturation duration
time of 1s and power of 0, 16.4, 16.4 db, respectively. The outer vial
contained deionized water, while inner vial contained 63 mM fu(
(H20)]Cl; dissolved in pure water.

this regard at 1.5 T because the CEST peak will be naturally
broadened by chemical exchange at this field so it may prove
possible to move the presaturation frequency 80 ppm away
from bulk water and still see a significant CEST effect.

In summary, [Eul)(H.O)]Cl; shows a novel CEST effect in
pure water that may useful for certain imaging applications. One
significant advantage of a CEST agent over typical relaxation or
broadening agents based upon gadolinium or dysprosium is that
the CEST effect can be switched on/off at will. It may ultimately
prove possible to design other &nbased systems with differing
water or proton exchange rates that are altered by the biological
environment.

Experimental Section.The preparation ol and the [Eul)-
(HO)](triflate)s complex had been reportéfEu(1)(H,0)]Cl; was
prepared by mixing a 1:1 molar ratio of ligadidand EuC} in
aqueous solution at room temperature and allowing the mixture

peak was truncated to make the small bound water peak more visible). to reach equilibrium overnight. No free Eucould be detected

A curve of MT effect Msg/Mg) vs saturation frequency offset for 63 mM
[Eu(1)(H20)ICl; aqueous solution at neutral pH are22 °C (lower).
These data were obtained using dByu4.7 T Omega imaging system,
a 2.5 cm surface coil, and 16.4 db of presaturation power over 1s.

and no change in the outer vial. This demonstrates the potential

utility of such MT complexes as a novel way to alter image
contrast.
Biomolecules intrinsic to tissues with proton exchangeable

groups such as OH and NH have been also been proposed ag
CEST agent3’ One disadvantage of such diamagnetic agents is
that the chemical shifts of exchangeable groups in these diamag

netic systems is only1—5 ppm away from bulk water. As many

tissues show an inherent magnetization transfer effect from a
broadened water resonance associated with proteins and othe

large biomolecules, it may be difficult to distinguish the effects

of inherent tissue MT versus those of a diamagnetic CEST agent. gy for th

The advantage of a paramagnetic system such a§¥Euér this
application is the highly shifted water resonance should allow
easy differentiation of the CEST agent from MT effects origi-
nating in tissue. EU)*" may show an additional advantage in

(7) Guivel-Scharen, V.; Sinnwell, T.; Wolff, S. D.; Balaban, RJSMagn.
Reson.1998 133, 36.

after a few hours (xylenol orange in 0.5 M NaAc/HAc buffer,
pH 5.3, was used to test for free ) The pale yellowish freeze-
dried complex was used without further purification. High-
resolution*H NMR confirmed that the complex was fully formed.
Variable temperaturéH-, 13C-, and’0O NMR spectra were
recorded on a Varian INOVA-500 NMR spectrometer at 500,
125.6, and 67.8 MHz, respectively. NMR samples were allowed
to stand in the probe for at least 10 min at each the temperature
before data acquisition. The temperature was constant to within
.5 °C. ProtonT;-weighted spir-echo images were collected
using a Bitker 4.7 T Omega imaging system. The decoupler

‘channel was used to presaturate the bound water signal. A 2.5

cm surface coil was used in all imaging experiments. Typical
imaging par-
Ameters includg a 1 spresaturation pulse with a power level of
0—50% (The maximum saturation power could be as high as 82
is imaging system), a TE of 18 ms and a TR of 500 ms.
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