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It has been previously shown that intrinsic metabolites can be
imaged based on their water proton exchange rates using satura-
tion transfer techniques. The goal of this study was to identify an
appropriate chemical exchange site that could be developed for
use as an exogenous chemical exchange dependent saturation
transfer (CEST) contrast agent under physiological conditions.
These agents would function by reducing the water proton signal
through a chemical exchange site on the agent via saturation
transfer. The ideal chemical exchange site would have a large
chemical shift from water. This permits a high exchange rate
without approaching the fast exchange limit at physiological pH
(6.5–7.6) and temperature (37°C), as well as minimizing problems
associated with magnetic field susceptibility. Numerous candidate
chemicals (amino acids, sugars, nucleotides, heterocyclic ring
chemicals) were evaluated in this preliminary study. Of these,
barbituric acid and 5,6-dihydrouracil were more fully character-
ized with regard to pH, temperature, and concentration CEST
effects. The best chemical exchange site found was the 5.33-ppm
indole ring –NH site of 5-hydroxytryptophan. These data demon-
strate that a CEST-based exogenous contrast agent for MRI is
feasible.

Key Words: barbiturate; sugars; polymers; spin–lattice relax-
tion rate; amino acids; heterocyclic chemistry; indole.

INTRODUCTION

Exogenous contrast agents are often used to provid
hanced image contrast as well as to improve the specific
MRI. These contrast agents generally work by altering
water protonT1, T2, or both parameters. The types of M
contrast agents are quite diverse and include parama
chelated metal ions (Gd-DPTA) (1), diamagnetic ions in com
bination with superparamagnetic ions (2), proton chemica
exchange agents acting throughT2 relaxation properties (3), or
dipolar interactions between water and the immobilized a
(4, 5). Metal chelates or metal particles are the most pop
MRI contrast agents. The metal-based contrast agents c
restricted to low-dose applications by toxicity orT*2 effects

1 Present address: The CNA Corp., 4401 Ford Avenue, RM1131 Bu
lexandria, VA 22302-2029.

2 To whom correspondence should be addressed.
79
n-
of
e

tic

nt
ar
be

which can limit some applications. In addition, metal ag
suffer from the drawback that, once administered, the cha
in tissue parameters persist until the agent has cleared the
or body.

Based on these limitations, a metal-free MRI contrast a
may be desirable. Use of chemical-exchange-dependent
ration transfer (CEST) methods in combination with ag
possessing a proton exchange site can provide a sign
change in the magnitude of the water proton signal (see
ory), potentially providing a non-metal-based contrast me
nism. This indirect detection technique also results in a si
icant gain relative to specific agent concentration (6). In
addition, the system is relatively unperturbed by the con
agent unless the specific saturation of the exchanging s
performed, in contrast to metal-based agents. Saturati
magnetization transfer (MT) techniques are currently explo
in generating contrast based on macromolecule–water p
interactions by using a single off-resonance irradiation o
relatively small macromolecular proton pool (7). Proton chem
ical exchange between a metabolite and water interro
with CEST generates MRI contrast based on the exchang
and concentration of the metabolite. This has been de
strated in phantoms (7) and ex vivokidney preparations (8).
These results suggested that if a molecule with approp
chemical exchange sites was identified, then the CEST
proach could provide a new class of MRI contrast agents

The purpose of this study was to begin to find and eva
specific chemical groups that could function as effective pr
chemical exchange partners with water for use as exoge
contrast agents. Such chemical groups would have to po
appropriate proton exchange rates as well as chemical
properties at physiological pH and temperature.

Theory

The effect of chemical exchange on the water proton s
can be estimated from the equation (9)

MS/MO < @1 2 k1T1SAT#, [1]

n,
1090-7807/00
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80 WARD, ALETRAS, AND BALABAN
whereMS is the magnitude of the water proton signal du
the saturation of the exchangeable protons on the metabo
interest; MO is the magnitude of the signal under con
rradiation at the opposite frequency offset;k1 is the pseud
first-order exchange rate constant; andT1SAT is the spin–lattic
relaxation time constant of water protons as measured
the exchange metabolite is saturated. In simple reaction
pseudo first-order exchange rate constant,k1, is the single
exchange site rate constant,kCA (s21), multiplied by the tota
number of chemical exchange sites available as determin
the mole fraction and number of exchanging protons (n) per
molecule (10):

k1 5 kCA@Agent#@n#. [2]

As long askCA is rapid but does not approach the fast excha
limit (see below) significant increases in the proton si
associated with metabolites with exchangeable sites ca
obtained by indirect detection through the water proton sig
This concept has been exploited for the detection of amm
and urea in phantoms and the kidney (6, 8). Similar indirec

etection schemes have also been used with other nuc
xamples include31P NMR CEST studies between enzym

bound and free metabolites (11) and13C NMR CEST studies o
dissolved CO2 and bicarbonate (12).

Several other factors must be considered in order to opt
chemical compound as an exogenous contrast agent ba
EST and are discussed below.

Chemical exchange rate.The single site exchange ra
onstant,kCA, should be as large as possible to enhance

CEST effect as described in Eq. [1]. However, it must
remain in the slow to intermediate exchange rate doma
ensure that a discrete spectral difference between water a
agent is maintained. The slow to intermediate exchange
domain is defined as (10)

tCADvCA @ 1, [3]

whereDvCA is the chemical shift difference (in rad/s) betw
he exchange site proton and water, andtCA is the single sit
proton lifetime (s). The site proton lifetime is the reciproca
the single site exchange rate constant,tCA 5 1/kCA. SinceDvCA

increases with magnetic field strength, the overall relation
betweenDvCA andtCA will be a function of the field streng
of the MR experiment. Because the exchange rate is
highly sensitive to proton concentrations (13, 14), pH will be

n important factor in determining the effectiveness o
gent. In addition, it is important to realize that tempera
10) and the ionic environment (13) can also influence th
hemical exchange rate.
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A large chemical shift between water and its proton
hange site on a candidate agent is advantageous fo
pproach. According to Eq. [3], the larger the chemical
etween water and the agent, the greater the exchange ra
e without approaching the fast exchange limit. The hi
hemical exchange rate results in a larger CEST (Eq. [1]
The largerDvCA also improves the specificity of the CE

effect. The magnetic field inhomogeneity for many tissues
exceed 2 ppm (8). Thus, a chemical shift beyond 2 ppm
desirable to avoid direct irradiation of water in these inho
geneous regions. A largerDvCA will also permit the use o
broadband irradiation to achieve saturation of the agent wi
direct effects on water protons. This is advantageous to a
magnetic susceptibility resulting in poor agent saturation d
magnetic field variations.

An additional advantage of a largeDvCA is a reduction in th
macromolecular-water MT background. The further away f
the water resonance the saturation pulse is applied, th
magnetization transfer between macromolecules and
protons will be observed for a given irradiation power, du
reduced macromolecule saturation (7, 8).

In this preliminary study, we are interested in establis
he classes of exchange sites and compounds that mig
seful in the CEST approach. Thus, issues of osmol
olubility, specificity, and toxicity of the compounds were
valuated, but will be critical for any final implementation

his approach. Based on the above considerations we sea
or compounds with proton chemical exchange sites with l
bserved chemical shifts, high solubility, and approp
hemical exchange rates at pH 7.4 and T5 37°C.

MATERIALS AND METHODS

Test solutes were dissolved in HPLC grade water
inorganic phosphate buffers (14) to maintain pH. All chemical
were obtained from commercial sources (Aldrich Chem
Co., Milwaukee, WI; Mallinckrodt Specialty Chemical C
Paris, KY; and Sigma Chemical Co., St. Louis, MO). Ph
phate buffer concentration affected CEST results (13) and was
held constant at 20 mM except as noted. Screening st
were performed at 7 T where saturation transfer spectra w
acquired using a Bruker AC-300 wide-bore spectrometer m
tained at 376 0.1°C (except as noted) with heated N2.

The spectral dependence of the CEST effects was d
mined by sweeping the irradiation frequency and monito
the effects on the water resonance. Studies were cond
using a steady-state irradiation (15 s,.3 T1) over a range o
frequencies68 ppm from water. The observation freque

as set on the water peak and the decoupler used to pr
ff-resonance saturation. TheMS data were plotted in the for

of water amplitude versus irradiation frequency for a cons
power level. This action spectrum of irradiation effects a
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81CONTRAST AGENTS BASED ON PROTON CHEMICAL EXCHANGE
function of frequency offset is termed a CEST spectrum
single-acquisition FID was collected following each off- re
nance saturation with the following pulse sequence param
90° flip angle, 8192 data points, resolution of 0.977 Hz
acquisition bandwidth5 8000 Hz. TheMS amplitudes wer
obtained following postprocessing (baseline correction,
broadening (5 Hz), and phase correction) of the indivi
free-induction decays.

Spin–lattice relaxation time constants (T1) were obtaine
with inversion-recovery experiments. The range of inver
delays (T i) was between 0.001 and 30 s, with a 30-s pred
A four-acquisition FID was collected for each inversion de
using the above pulse sequence parameters and postproc
Similar inversion recovery experiments were conducte
measure theT1 in the presence of metabolite saturation (T1SAT)
in order to estimate the pseudo first-order rate constank1,
rom Eq. [1]. In these experiments the magnetization
repared with a 30-s off-resonance irradiation before begin

he inversion-recovery portion of the experiment. After
80° pulse the irradiation was again applied to maintain
pin saturation during the inversion-recovery time. After p
rocessing, the water peak amplitudes were fitted to a s
xponential to determine eitherT1 or T1SAT.
Imaging studies were collected on a 4-T Oxford magne

;25°C for phantom experiment). See figure legends for
rameters.

RESULTS

Figure 1 is an example of CEST spectra from solution
hydantoin (62.5 mM, 20 mM phosphate buffer) and phosp
buffer (20 mM). The magnitude of the water proton signal w
presaturation (MS) is plotted versus the frequency offset of
saturation pulse at constant power. Preirradiation at the
resonance (0 ppm) reducedMS to ;0 in both samples. How-
ever, in the hydantoin solution a second CEST spectral pe
15.67 ppm was observed that caused a;20% drop in wate
signal due to proton chemical exchange at the 3 –NH si
this heterocyclic ring chemical.

FIG. 1. Representative chemical exchange dependent saturation tr
(CEST) spectra of phosphate buffer (20 mM, pH 4.0) and hydantoin (62.5
20 mM phosphate buffer, pH 4.0) solutions at T5 37°C.
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Using this type of spectral data, we determined the opt
CEST spectral response for each compound evaluated
optimum was defined, for a specific concentration and sa
tion power, as the smallest observedMS/MO value (MO is the
magnitude of the signal under control irradiation at the o
site frequency offset from water) for an exchange site. Bec
the CEST response changes as a function of pH, each
pound was evaluated over a range of pH values. Generall
results at the optimal pH are reported. For each compo
Table 1 lists proton exchange functional group, assoc
optimum CEST offset frequency (DvOBS in ppm), pH, mini-
mumMS/MO, concentrations studied, and corresponding m-
imum (MO 2 MS).

Several classes of chemical exchange sites were eval
Sugar hydroxyl groups provided good chemical exchange
at pH 7 (MS/MO 5 0.89–0.68; 250 mM sugar) but theirDvOBS

values (,2 ppm) were too small forin vivo use. Sugar poly
mers, such as dextran, maintained these chemical exchan
shift properties but provided numerous exchange sites
osmole. This result demonstrated the use of polymerizati
a method to increase the number of sites without a
accompanying osmotic load.

Backbone amino acid amino and the arginine R gr
guanidinium, protons provided a better contrast agent m
with DvOBS of 2–3 ppm. These compounds, however, wer
fast exchange at pH 7.0.

We evaluated additional ring –NH groups present on im
acids, indoles, nucleosides, and their pyrimidine and pu
bases, as well as those on derivatives of barbituric acid
imidazole. Several of these compounds revealed prom
properties withDvOBS .3.0 ppm andMS/MO values in the
range of 0.7 (62.5 mM). Analyses of these chemicals
demonstrated how pH, phosphate concentration (13), and tem

erature affect CEST results.
Shifts in pH affectkCA because H1 and OH2 are reactan

contributing to the overall proton exchange rate. The effec
pH are readily observed in the CEST spectrum of 5,6-d
drouracil (Fig. 2A). This compound possesses two base-
lyzed exchange sites with different chemical shifts at 5.00
2.67 ppm. The proton exchange rate dependence on
different at the two sites. At pH 5.0, the 2.67-ppm site is in v
slow exchange resulting in almost no CEST effect, while
5.00-ppm site is somewhat faster causing a CEST peak
observed. At pH 6.0, the 2.67-ppm site is now observed i
CEST spectrum while the effect at 5.00 ppm has increase
pH 7.0, the 2.67-ppm site has increased while the 5.00
peak has apparently entered the intermediate exchang
resulting in a shift in the optimum toward the larger water p
resonance and a broadening of the CEST spectrum.

Because of the above pH effects, a 20 mM phosphate
centration standard was selected to ensure a stable pH f
solutions across a range of temperatures. Any chang
phosphate concentration may result in CEST spectral d
ences due to potential catalytic effects of phosphate (13). To

fer
,
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82 WARD, ALETRAS, AND BALABAN
TABLE 1
Chemical-Exchange-Dependent Saturation Transfer Data from All Compounds Evaluated in this Study

Compounda Conc (mM) Functional group ppmb pHc MS/MO MO 2 MS (%)

Sugarsd Hydroxyl protons (–OH)
Mannitol 250 mM –OH 1.000 7.0 0.89 9.0
Sorbitol 250 mM –OH 1.000 7.0 0.88 7.3
Fructose 250 mM –OH 1.333 7.0 0.88 9.3
Dextrose 250 mM –OH 1.500 7.0 0.89 8.7
Galactose 250 mM –OH 1.167 7.0 0.85 10.3
Sucrose 250 mM –OH 1.333 7.0 0.86 10.2
Maltose 250 mM –OH 1.500 7.0 0.79 14.8
Lactose 250 mM –OH 1.333 7.0 0.68 20.9
Dextrane

1.75 gm/100 ml 0.25 mM –OH 1.167 7.0 0.91 8.1
3.50 gm/100 ml 0.5 mM –OH 1.333 7.0 0.88 10.2
7.00 gm/100 ml 1.0 mM –OH 1.333 7.0 0.81 13.6
14.0 gm/100 ml 2.0 mM –OH 1.500 7.0 0.76 18.9

Amino acidsf Amino protons (–NH2)
L-Alanine 125 mM –NH2 3.000 4.0 0.36 67.4
L-Arginine 125 mM –NH2 3.000 4.0 0.36 65.8
L-Arginine 125 mM Guanidinium protons 2.000 5.0 0.33 57.7
L-Lysine 125 mM –NH2 3.000 4.0 0.34 66.2
L-Glutamineg 125 mM –NH2 2.000 5.2 0.70 27.6
L-Tryptophang 35 mM –NH2 2.000 6.5 0.89 12.2
5-Hydroxytryptophanh 62.5 mM –NH2 2.833 4.0 0.57 41.6

Indole ring –NH 5.333 8.0 0.79 21.2
Nucleosides and their pyrimidine and purine basesh Base protons (–NH)

5,6-Dihydrouracil 62.5 mM 3-NH 5.000 6.0 0.78 22.2
5,6-Dihydrouracil 62.5 mM 2-NH 2.667 7.0 0.77 22.2
Uridinei 125 mM 3-NH 6.333 4.0 0.65 34.7
Thymidinei 125 mM 3-NH 6.333 5.0 0.65 34.8

Barbituric acid and its derivatives Pyrimidine ring protons (–NH)
Barbituric acidh 62.5 mM –NH 5.000 6.5 0.68 32.5
2-Thiobarbituric acidh 62.5 mM –NH 6.333 5.0 0.65 35.3
5-Isopropylbarbituric acid)h 62.5 mM –NH 5.000 7.0 0.64 36.0
Barbital (5,5-diethyl-barbituric acid)h 62.5 mM –NH 5.000 4.0 0.82 14.2

Imino acids (their azetidine, pyrrolidine, and piperidine forms) Base protons (–NH)
Pipecolinic acidf 62.5 mM –NH 3.33 5.0 0.81 19.3
4-trans-Hydroxyprolinef 62.5 mM –NH 4.50 4.0 0.77 18.6

–NH 3.50 4.0 0.80 20.0
Azetidine-2-carboxylic acidf 62.5 mM –NH 3.50 5.0 0.74 25.5

Miscellaneous
Guanidine HCld 125 mM Guanidinium protons 2.000 7.0 0.38 60.0
Hydantoinf 62.5 mM –NH 5.667 4.0 0.81 18.7

–NH 2.833 6.0 0.78 21.3
Parabanic acidf 62.5 mM –NH 5.167 7.0 0.79 20.5

–NH 3.333 8.0 0.74 25.4
–NH 2.333 8.0 0.77 22.5

Imidazole and its derivatives:
2-Imidazolidonef 62.5 mM Ring protons (–NH) 1.167 5.0 0.68 30.4

Ring protons (–NH) 1.167 8.0 0.68 29.8
2-Imidazolidinethionef 62.5 mM Ring protons (–NH) 2.833 3.0 0.64 36.7

Ring protons (–NH) 2.833 7.0 0.65 34.5

a All compounds were evaluated at 37°C and were dissolved in HPLC water using a 20 mM phosphate buffer unless otherwise noted.
b Ppm listed is relative to the resonant frequency of water.
c The pH listed is where the greatest proton chemical exchange effect was noted, save for those solutions only evaluated at pH 7.
d These compounds were evaluated at a single pH level of 7.0.
e Dextran molecular weight was approximately 70,000 gm/mol; thus, concentrations listed (mM) for these solutions are approximate.
f All solutions were evaluated at pH 4, 5, 6, 7, and 8, except forL-glutamine andL-tryptophan.
g Solution was evaluated at 25°C.
h These solutions were evaluated at pH 4, 5, 6, 7, and 8. 5,6-Dihydrouracil, 5-hydroxytryptophan, and barbituric acid solutions were also evaluated atpH 6.5 and 7.4
i All solutions of this compound were evaluated using a 2 mMphosphate buffer. Because phosphate is the optimal physiologic catalyst of proton chemical e

13), the use of a 20 mM concentration increased the exchange rate observed, increased the desired exchangeMS/MO ratio, and decreased the (MO 2 MS).
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83CONTRAST AGENTS BASED ON PROTON CHEMICAL EXCHANGE
test the effect of phosphate on the CEST spectra, the b
concentration was varied from 0 to 30 mM in a 5,6-dihydr
racil solution (Fig. 2B). Changes in phosphate buffer con
tration affected only the 2.67-ppm exchange site and red
its apparent rate with increasing buffer concentration.
mechanism of this inhibitory effect of phosphate is unkno
but the data demonstrate that phosphate, or other cat
compounds, can significantly affect the chemical exch
rate. In addition, these results reveal that this effect can
differ between exchange sites present on the same mol
Increased solution temperature increases most chemic
change rates as illustrated by the barbituric acid CEST
trum (Fig. 3). The increase in temperature from 25 to 3
changed the CEST optimum at 5.00 ppm from slow to in
mediate exchange. The above results also underscore th
portance of controlling pH and phosphate (and potent
other proton buffers) concentration, as well as temperatu
evaluating CEST effects. The phosphate dependence of
may provide a new method of detecting phosphate.

Remaining experimental results further characterize an
prototypical CEST compound, barbituric acid. This compo
was selected because it combined a chemical exchange
5.00 ppm with a maximal CEST effect at pH 6.5. It was a
selected because it has a low oral toxicity (LD50. 5000

FIG. 2. (A) CEST spectra of 5,6-dihydrouracil (62.5 mM, T5 37°C, 20
mM phosphate buffer, pH 5.0, 6.0, 7.0). Two exchange sites are noted a
and 2.67 ppm. (B) CEST spectra from 5,6-dihydrouracil solutions eval
with varying levels of phosphate buffer at constant pH (62.5 mM, T5 37°C,

H 6.0).
fer
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mg/kg, Sprague–Dawley adult rats; LD505 5124 mg/kg
1-day-old Charles River rats (15)).

The saturation of a chemical exchange site is both a po
and an offset frequency-dependent phenomenon. Indiv
CEST spectra only present the frequency-dependent co
nent. Because the maximumMS/MO effect only occurs whe
the exchange site is maintained in the completely satu
state, it is crucial to optimize to an appropriateB1 power leve

hile evaluating compounds in solution. As shown in Fig
he observed (MO 2 MS) increases with increasing power, u
complete saturation of the barbituric acid exchange si
attained (;B1 5 25.83 1027 T). Due to the differences inT2

associated with the exchange rate, power requirements di
between exchange sites depending on experimental cond
and were calibrated for each experiment.

Figure 5 presents the effects of pH on barbituric acid at 3
(Fig. 5A, pH 6.0 to 8.0; Fig. 5B, pH 7.0 to 8.0). The barbitu
acid exchange site at;4.83 ppm is in near fast exchange at
8.0 but slows with decreasing pH to a sharp CEST peak a
6.5 with the optimum at 5.0 ppm. The compound exhibi
significant 15%MO 2 MS effect under physiologic conditio
(pH 7.4, T 5 37°C, 20 mM phosphate buffer). Since b
protons on water contribute to the overall water signal am

.00
d

FIG. 3. Temperature-dependent CEST spectra of barbituric acid so
(62.5 mM, 20 mM phosphate buffer), pH 7.4.

FIG. 4. Power dependence of CEST spectral maxima (MO 2 MS) versus
increasingB1 saturation pulses for barbituric acid (125.0 mM, T5 37°C, 20

M phosphate buffer, pH 6.0).
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84 WARD, ALETRAS, AND BALABAN
tude and each proton is equally likely to participate in pro
chemical exchange with the metabolite compound, this e
is equivalent to an;16.5 M decrease in the water pro
oncentration from;110 M (2 3 55 M, molecular wate
oncentration). Thus, CEST provides an effective amplifica
f 26,400% (16.5 M/62.5 mM3 100%) of the 62.5 mM
arbituric acid under these conditions. These results are
istent with those obtained from imaging experiments p
usly reported, where a solution of ammonium chloride (
M, pH 5.0, T5 23°C) provided anMO 2 MS of 50% and a
mplification of 88,000% (55 M/62.5 mM3 100%) (6).
Figures 6A and 6B demonstrate the concentration de

dence of barbituric acid on the CEST effect at two value
pH. The CEST effect linearly increased with [barbituric a
at both pH values. Note that, despite the increase in rate
lineshape of each set of curves is maintained, regardle
concentration. This is consistent with the barbituric acid
change site rate constant (kCA) being unaffected by changes
the mole fraction of exchange sites. These results are
consistent with enhancement of the CEST effect throug
creases in mole fraction of exchange sites as outlined in
[2].

The pseudo first-order rate constant (k1) was determined fo
barbituric acid at pH 6.0, where the compound remains in
exchange, as evidenced by the sharp spectral peak in Fi

FIG. 5. (A) CEST spectra of barbituric acid (62.5 mM, T5 37°C, 20 mM
hosphate buffer, pH 6.0, 6.5, 7.0, 7.4, 8.0). (B) CEST spectra of barb
cid demonstrating the effect of small incremental changes in pH (62.5
5 37°C, 20 mM phosphate buffer, pH 7.0, 7.2, 7.4, 7.6, 7.8, 8.0).
n
ct

n

n-
i-
5

n-
f

]
he
of
-

lso
n-
q.

w
A.

Experiments similar to those presented in Figs. 6A and
were carried out along with corresponding inversion-reco
experiments to determineT1SAT of the same samples. Using E
[1], k1 was calculated for each sample and is clearly linear
barbituric acid concentration (Fig. 7), with a slope of 2.1
M/s.

An imaging series of barbiturate-containing phantom
presented in Figs. 8A and 8B. Three of the test tube p
toms in this image contain 62.5 mM barbituric acid (pH 6
7.0, and 7.4). The fourth test tube contains 500 mM NH4Cl
at pH 5.0 as another chemical exchange site for con

ic
,

FIG. 6. CEST spectra of barbituric acid solutions at varying concentr
levels using aB1 field of 10.883 1027 T (T 5 37°C, 20 mM phosphate buffe
(A) pH 7.0 (B) pH 7.4.

FIG. 7. Pseudo first-order rate constant (k1) determination plotted vers
barbituric acid concentration (T5 37°C, 20 mM phosphate buffer, pH 6.0
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85CONTRAST AGENTS BASED ON PROTON CHEMICAL EXCHANGE
These test tubes were placed inside the 4-T custom ima
system (ambient temperature;25°C). Figure 8A is th
control image obtained after irradiation at2900 Hz. The

hantoms were then irradiated at1900 Hz (;5 ppm, base
n Fig. 5A data) to detect barbituric acid (see (6)). Figure
B is the difference image generated by subtraction o
900-Hz (experimental) image from the2900-Hz (control

mage. All three solutions of barbituric acid (pH 6.5, 7
nd 7.4) were enhanced while neither the surrounding w
or the NH4Cl controls were significantly affected. T

brightest signal in these phantoms (where the control
experimental image difference was the greatest) was g
ated by barbituric acid at pH 7.0. The experimental res
presented in Fig. 5A would have predicted that the gre
contrast, as indicated by (M O 2 M S), should have bee
observed from the pH 6.5 solution. However, because
ambient temperature of the 4-T system was significa
lower than 37°C, subsequent studies were conducte
25°C on the 7-T system (Fig. 3; additional data not sho
The results demonstrated that temperature-specific shi
the proton chemical exchange rates produced (M O 2 M S)
results at 25°C consistent with the contrast effects obse
in Fig. 8C.

FIG. 8. (A) Image obtained at 4 T of barbituric acid solutions (62.5 mM
(500 mM, pH 5.0, no buffer) submerged in water following irradiation at290
at 6900 Hz. NH4Cl was used as a control proton chemical exchange ag
ng

e

,
er

d
er-
ts
st

e
ly
at
).
in

ed

DISCUSSION

The potential advantages of a CEST agent when com
with currently available contrast agents are the ability to
the contrast effect off and on, a negative contrast, noT*2
effects, ability to enter cells, and potentially less toxicity.
CEST effect can be turned off either by eliminating the p
radiation step or by changing its frequency; thus images c
interleaved with and without contrast agent effects. This m
be useful in evaluating different pathologies as well as s
ficity of the agent. The negative contrast might be useful in
elimination of bright signals, such as blood, inT1-weighted
sequences. A drawback of this negative contrast, howev
that tissue not affected by the CEST contrast agent cann
suppressed in the image as is done withT1 contrast agent
This may limit the contrast to noise in a single image obta
through this approach. To get similar contrast to noise
CEST agents, two interleaved images will be required,
with and one without the CEST effect. An alternative imag
strategy would eliminate the need for the control image,
would provide contrast at the expense of diminishedMZ due to
saturation transfer. First, an inversion-recovery pulse sequ
is adjusted for an inversion time in the absence of off-r
nance irradiation. When the irradiation pulse is turned on

mbient temperature;20°C, 20 mM phosphate buffer, pH 6.5, 7.0, 7.4) and NH4Cl
z. (B) Difference image obtained of the same phantoms following irrad

t to test the specificity of the CEST effect.
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86 WARD, ALETRAS, AND BALABAN
pulse sequence will highlight areas of the tissue where wa
in exchange with the CEST agent. These areas appear
positive contrast because the irradiation pulse shortens
observedT1 (T1SAT).

As previously mentioned, magnetization transfer techni
currently exploit the contrast that can be generated from i
actions between macromolecules and water protons. MT
aging sequences normally use a single off-resonance satu
pulse to prepare the magnetization before the imaging da
collected. Because CEST contrast is gained via a simila
resonance saturating pulse, an appropriate imaging sche
required to produce contrast specifically attributable to a C
contrast agent alone. Initial proton chemical exchange ima
work (6) utilized a scheme where two images were collec
the first following irradiation at the metabolite site of inter
(MS image) and the second following the irradiation of
opposite side of the water resonance from the site of int
(MO image). Pixel-by-pixel division (MS/MO) or subtraction
MO 2 MS) of the images produced a final image with cont

due to the proton chemical exchange agent. The usefuln
this approach was further demonstrated in experiments us
proton chemical exchange model system consisting of am
nia (metabolite) in 3% agarose gel (macromolecular ma
(8). The results indicated that the simple control imag
approach was also sufficient to substantially eliminate the
contribution of the background macromolecular matrix.
approach worked because the magnetization transfer spe
of the agarose gel was symmetric around the water reson
as were the MT spectra of most of the biological sam
examined under similar experimental conditions. It pro
effective to detect an ammonia concentration of 10 mM ag
a background macromolecularMS of ;62% at;2.4 ppm in
he model system. The control irradiation imaging appro
as, therefore, implemented for the imaging portion of
reliminary CEST contrast agent study.
A major practical issue for future applications of the CE

ontrast agent approach concernsin vivo agent concentratio
ince no metal is needed in the CEST agents, noT*2 effects will
e induced at high contrast agent doses. Agent dosage
e limited only by the physiologic toxicity of the final form

ation. The more crucial question is the lower bound on a
oncentration to ensure reliable CEST image contrast.
inimum lifetime of a proton on a CEST molecule (tCA) can be

estimated at 1.5 T to be;5 ms assuming a 5-ppm chemi
shift and atCADvCA 5 10. Assuming aT1 (in the absence o
exchange) of 1.5 s in blood and a usefulMS/MO of 0.9, the
pseudo first-order rate constant,k1, would be;0.07 s21 (9). To
attain this rate constant, the mole fraction of the CEST a
protons relative to water protons must then be on the ord
3.53 1024 or a concentration of 39 mM. This calculation a
underscores the importance of having multiple exchange
per molecule to reduce the osmotic load of the CEST ag

As previously outlined, an ideal CEST contrast agent w
possess the following combination of characteristics. It w
is
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have a rapid exchange rate at physiologic temperature an
but one that remains below the slow to intermediate exch
rate limit relative toDvCA (Eq. [3]). An ideal agent would als
possess a largeDvCA to support this rapidkCA and thus main-
tain a correspondingly minimalMS/MO. In addition, a high
DvCA would enhance specificity, avoid direct irradiation
water resonance, allow use of a broadband pulse, and r
background macromolecular-water magnetization transfe
fects. The ideal agent would also be highly water soluble
low osmolality and biochemical toxicity.

We began this study with a small group of prelimin
CEST candidates chosen primarily because their frequ
offsets were at or greater than 2 ppm from water (amino a
(14)). No advance knowledge of pH, temperature, or bu
pecific CEST effects was available. Follow-on compou
ere chosen because their offset was at or greater than 5

rom the water resonance (pyrimidine bases; (14)). While these
hemicals did possess a more advantageous offset, o
EST results remained outside the desired physiologic

ange. Solubility problems limited initial analysis ofL-trypto-
phan, but the large chemical shift offset of the labile indole
proton (14) might be promising for future modifications. 5-H
droxytryptophan, a more soluble derivative, clearly posse
the same proton chemical exchange site asL-tryptophan with a
large frequency shift (5.33 ppm) combined with a useful
change rate at pH 7.4. Regrettably, 5-hydroxytophan
neuronal toxin; however, its exchange site remains the
viable candidate structure identified for further developme
work.

Another ring chemical, imidazolidone, suggested that s
metry of chemical structure could result in two CESTMS/MO

minima, the second at a physiologic pH level. This observa
led to evaluation of barbituric acid, which has a similar r
structure as the previously tested pyrimidine bases, but
sesses two identical proton chemical exchange sites. It h
additional advantage of low oral toxicity and was selec
rather than 5-hydroxytryptophan, for further characteriza
and use in the preliminary imaging studies.

Table 1 contains the optimal CEST data from chem
selected for this study, the majority of which are heterocy
ring bases. Several of the chemicals also provide emp
evidence as to features which could alter the optimal pH r
of a particular parent molecule, shift its frequency offse
lessen the problem of osmotic load.

From some systematic studies in the ring molecules
found that we could shift the shielding andDvOBS. For exam-
ple, the replacement of oxygen by sulfur at the C-2 site
barbituric acid caused a11.33-ppm shift in the –NH sit
However, these shielding effects were also accompanie
changes in the optimum pH of the CEST effect. Again,
sulfur replacement caused a drop of 1.5 pH units in the op
CEST effect. These examples show that the shielding an
dependence of the exchange rate are often linked thr
poorly defined mechanisms. A better theoretical mode
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87CONTRAST AGENTS BASED ON PROTON CHEMICAL EXCHANGE
extensive empirical survey may result in more ideal C
agents.

The data acquired from the dextran (glucose polymer)
tions compared those from the various sugar solutions ind
that polymerization may be a primary strategy to lesse
eliminate problems ofin vivo osmotic load while maintainin
he overall magnitude of the CEST effect. However, the p
erization of the heterocyclic compounds identified ab
ay result in detrimental shifts inDvOBS and effective pH

range, similar to those discussed above.
This preliminary study demonstrates the feasibility o

CEST-based MRI contrast agent. The range of chem
tested also demonstrates features and strategies that
prove useful to direct future developmental efforts. We wo
suggest that the most viable candidate structure evaluated
the single indole ring proton (i.e., 5-hydroxytryptophan), m
provide an appropriate starting point for further investigat
of potential CEST contrast agents. Other heterocyclic ch
cals, such as barbituric acid, may be additional candidate
development, dependent upon the proposed functionality o
final agent.
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