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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-
ation rate; amino acids; heterocyclic chemistry; indole.
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which can limit some applications. In addition, metal agent
suffer from the drawback that, once administered, the chang
in tissue parameters persist until the agent has cleared the tis
or body.

Based on these limitations, a metal-free MRI contrast age
may be desirable. Use of chemical-exchange-dependent s
ration transfer (CEST) methods in combination with agent
possessing a proton exchange site can provide a signific:
change in the magnitude of the water proton signal (see Tt
ory), potentially providing a non-metal-based contrast mech
nism. This indirect detection technique also results in a signi
icant gain relative to specific agent concentratid@). (In
addition, the system is relatively unperturbed by the contra
agent unless the specific saturation of the exchanging site
performed, in contrast to metal-based agents. Saturation
magnetization transfer (MT) techniques are currently exploite
in generating contrast based on macromolecule—water prot
interactions by using a single off-resonance irradiation of tt
relatively small macromolecular proton po@)(Proton chem-
ical exchange between a metabolite and water interrogat
with CEST generates MRI contrast based on the exchange r
and concentration of the metabolite. This has been demc
strated in phantoms7) and ex vivokidney preparationsgj.
These results suggested that if a molecule with appropric
chemical exchange sites was identified, then the CEST ¢

Exogenous contrast agents are often used to provide @foach could provide a new class of MRI contrast agents.

hanced image contrast as well as to improve the specificity ofThe purpose of this study was to begin to find and evalua
MRI. These contrast agents generally work by altering thgecific chemical groups that could function as effective protc
water protonT,, T,, or both parameters. The types of MRlchemical exchange partners with water for use as exogenc
contrast agents are quite diverse and include paramagngBtrast agents. Such chemical groups would have to poss
chelated metal ions (Gd-DPTAL), diamagnetic ions in com- gppropriate proton exchange rates as well as chemical st

bination with superparamagnetic iong),( proton chemical properties at physiological pH and temperature.
exchange agents acting throughrelaxation properties3j, or

dipolar interactions between water and the immobilized agent
(4, 5). Metal chelates or metal particles are the most popul&Peory
MRI contrast agents. The metal-based contrast agents can

restricted to low-dose applications by toxicity @% effects b?he effect of chemical exchange on the water proton sign

can be estimated from the equati®) (

! Present address: The CNA Corp., 4401 Ford Avenue, RM1131 Bullpen,
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Mg/Mo = [1 — K Tysarl, [1]
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whereMg is the magnitude of the water proton signal durin@€hemical Shift
the saturation of the exchangeable protons on the metabolite O,fA | hemical shift betw i d it i
interest; M, is the magnitude of the signal under control arge chemical shitt between water and 11s proton €

irradiation at the opposite frequency offskt; is the pseudo change r?'ti on é". candlgateSagintlls advanta%eou_s Torhf
first-order exchange rate constant; and,; is the spin—lattice 2PProach. According to Eq. [3], the larger the chemical shi

relaxation time constant of water protons as measured w)'ggetween water and the agent, the greater the exchange rate

the exchange metabolite is saturated. In simple reactions, W'_thOUt approaching the fasF exchange [imit. The high
pseudo first-order exchange rate constaqt, is the single chemical exchange rate results in a larger CEST (Eq. [1]).

exchange site rate constakt, (s°), multiplied by the total The largerAwc, also improves the specificity of the CEST

number of chemical exchange sites available as determinedetg ct. The magnetic field inhomogeneity for many tissues c

the mole fraction and number of exchanging protomp fger € cged 2 ppm&). Thus, a ch_erpical shift bgyond 2 ppm Is
molecule (0): desirable to avoid direct irradiation of water in these inhomc

geneous regions. A largeXwc, Will also permit the use of
broadband irradiation to achieve saturation of the agent witho

k, = kea[ Agenl[n]. 2] direct effects on v_vgt_er protons. Thls is advantageou; to avc
magnetic susceptibility resulting in poor agent saturation due
magnetic field variations.

As long akc, is rapid but does not approach the fast exchangeAn additional advantage of a lardev., is a reduction in the
limit (see below) significant increases in the proton sign#f@cromolecular-water MT background. The further away fror
associated with metabolites with exchangeable sites canB@ water resonance the saturation pulse is applied, the |
obtained by indirect detection through the water proton sign&i@gnetization transfer between macromolecules and wa
This concept has been exploited for the detection of ammomiEptons will be observed for a given irradiation power, due t
and urea in phantoms and the kidney ®. Similar indirect reduced macromolecule saturatiah §).
detection schemes have also been used with other nuclidedn this preliminary study, we are interested in establishin
examples includé’P NMR CEST studies between enzymethe clagses of exchange sites and compounds that migh.t
bound and free metabolite$) and**C NMR CEST studies of Useful in the CEST approach. Thus, issues of osmolalit
dissolved CQ and bicarbonatel@). solubility, specmc_:lty, anq toxicity of thg compounds were no
Several other factors must be considered in order to optimi@¥aluated, but will be critical for any final implementation of

a chemical compound as an exogenous contrast agent basetfiisn@Pproach. Based on the above considerations we searc
CEST and are discussed below. for compounds with proton chemical exchange sites with larg

Chemical exchange rate.The single site exchange ra,[eobserved chemical shifts, high solubility, and appropriat

constant,kc,, should be as large as possible to enhance tﬁre]emlcal exchange rates at pH 7.4 ana-T37°C,
CEST effect as described in Eq. [1]. However, it must also

remain in the slow to intermediate exchange rate domain to MATERIALS AND METHODS
ensure that a discrete spectral difference between water and the

agent is maintained. The slow to intermediate exchange ratelest solutes were dissolved in HPLC grade water wit
domain is defined aslL() inorganic phosphate buffer$4) to maintain pH. All chemicals

were obtained from commercial sources (Aldrich Chemic:
Co., Milwaukee, WI; Mallinckrodt Specialty Chemical Co.,
TerAwen > 1, [3] Paris, KY; and Sigma Chemical Co., St. Louis, MO). Phos
phate buffer concentration affected CEST resul® and was
held constant at 20 mM except as noted. Screening stud
whereAwc, is the chemical shift difference (in rad/s) betweewere performedta7 T where saturation transfer spectra wer
the exchange site proton and water, aggl is the single site acquired using a Bruker AC-300 wide-bore spectrometer mai
proton lifetime (s). The site proton lifetime is the reciprocal ofained at 37+ 0.1°C (except as noted) with heated. N
the single site exchange rate constapt,= 1/Kca. SincCeAwca The spectral dependence of the CEST effects was det
increases with magnetic field strength, the overall relationshipined by sweeping the irradiation frequency and monitorin
betweenAwc, and ¢, Will be a function of the field strength the effects on the water resonance. Studies were conduc
of the MR experiment. Because the exchange rate is oftesing a steady-state irradiation (1583 T,) over a range of
highly sensitive to proton concentrations3( 14, pH will be frequencies+8 ppm from water. The observation frequency
an important factor in determining the effectiveness of amas set on the water peak and the decoupler used to prov
agent. In addition, it is important to realize that temperaturdf-resonance saturation. Tivs data were plotted in the form
(10) and the ionic environmentl) can also influence the of water amplitude versus irradiation frequency for a consta
chemical exchange rate. power level. This action spectrum of irradiation effects as
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100 Fbergs e = Using this type of spectral data, we determined the optim
Y/ mLi i CEST spectral response for each compound evaluated. T
80 I R optimum was defined, for a specific concentration and satut

L, 60 T FE23.2"3»?"»?552&33“"“ tion power, as the smallest observild/M, value (M, is the
= ; magnitude of the signal under control irradiation at the oppc
40 | . B site frequency offset from water) for an exchange site. Becau
20 i ‘ V the CEST response changes as a function of pH, each cc
f ‘ pound was evaluated over a range of pH values. Generally,
0 — i results at the optimal pH are reported. For each compour

8 6 4 2 0 -2 -4 -6 -8

ppm Offset Table 1 lists proton exchange functional group, associat

optimum CEST offset frequencyAfoss in ppm), pH, mint

FIG. 1. Representative chemical exchange dependent saturation trangfgm M¢/M,, concentrations studied, and Corresponding ma
(CEST) spectra of phosphate buffer (20 mM, pH 4.0) and hydantoin (62.5 mli\flnum (M _' M ) '
o S)-

20 mM phosphate buffer, pH 4.0) solutions at=T37°C. . .
Several classes of chemical exchange sites were evalual

Sugar hydroxyl groups provided good chemical exchange sit
function of frequency offset is termed a CEST spectrum. At PH 7 Ms/M, = 0.89-0.68; 250 mM sugar) but theliwoss
single-acquisition FID was collected following each off- reso¢@lues (2 ppm) were too small foin vivo use. Sugar poly-
nance saturation with the following pulse sequence parametdh&rs, such as dextran, maintained these chemical exchange
90° flip angle, 8192 data points, resolution of 0.977 Hz/pghift properties but provided numerous exchange sites f
acquisition bandwidth= 8000 Hz. TheM amplitudes were 0smole. This result demonstrated the use of polymerization
obtained following postprocessing (baseline correction, life method to increase the number of sites without a lar
broadening (5 Hz), and phase correction) of the individugccompanying osmotic load.
free-induction decays. Backbone amino acid amino and the arginine R grou

Spin—lattice relaxation time constant$,] were obtained guanidinium, protons provided a better contrast agent moc
with inversion-recovery experiments. The range of inversioMith Awoss 0f 2-3 ppm. These compounds, however, were |
delays {T;) was between 0.001 and 30 s, with a 30-s predeldist exchange at pH 7.0.

A four-acquisition FID was collected for each inversion delay We evaluated additional ring —NH groups present on imin
using the above pulse sequence parameters and postproces8figds, indoles, nucleosides, and their pyrimidine and purir
Similar inversion recovery experiments were conducted Bfses, as well as those on derivatives of barbituric acid a
measure thd, in the presence of metabolite Saturatid'qs(m_) imidazole. Several of these Compounds revealed promisil
in order to estimate the pseudo first-order rate constant, Properties withAwggs >3.0 ppm andM¢/M, values in the
from Eq. [1]. In these experiments the magnetization wé&gnge of 0.7 (62.5 mM). Analyses of these chemicals al
prepared with a 30-s off-resonance irradiation before beginniflgmonstrated how pH, phosphate concentrati@), @nd tem-
the inversion-recovery portion of the experiment. After theerature affect CEST results.
180° pulse the irradiation was again applied to maintain the Shifts in pH affectk, because H and OH' are reactants
spin saturation during the inversion-recovery time. After posgontributing to the overall proton exchange rate. The effects
processing, the water peak amplitudes were fitted to a singid are readily observed in the CEST spectrum of 5,6-dih)
exponential to determine eith@ or T,sar. drouracil (Fig. 2A). This compound possesses two base-ca
|maging studies were collected on a 4-T Oxford magnet dyzed exchange sites with different chemical shifts at 5.00 ar

~25°C for phantom experiment). See figure legends for pd-67 ppm. The proton exchange rate dependence on pH
rameters. different at the two sites. At pH 5.0, the 2.67-ppm site is in ver

slow exchange resulting in almost no CEST effect, while th

RESULTS 5.00-ppm site is somewhat faster causing a CEST peak to

observed. At pH 6.0, the 2.67-ppm site is now observed in tt

Figure 1 is an example of CEST spectra from solutions &EST spectrum while the effect at 5.00 ppm has increased.

hydantoin (62.5 mM, 20 mM phosphate buffer) and phosphatél 7.0, the 2.67-ppm site has increased while the 5.00-pp

buffer (20 mM). The magnitude of the water proton signal witbeak has apparently entered the intermediate exchange 1

presaturationls) is plotted versus the frequency offset of the@esulting in a shift in the optimum toward the larger water poc

saturation pulse at constant power. Preirradiation at the watesonance and a broadening of the CEST spectrum.

resonance (0 ppm) reducédis to ~0 in both samples. How  Because of the above pH effects, a 20 mM phosphate cc

ever, in the hydantoin solution a second CEST spectral pealcantration standard was selected to ensure a stable pH for |

+5.67 ppm was observed that caused 20% drop in water solutions across a range of temperatures. Any changes

signal due to proton chemical exchange at the 3 —NH site phosphate concentration may result in CEST spectral diffe
this heterocyclic ring chemical. ences due to potential catalytic effects of phospha8. (To
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TABLE 1
Chemical-Exchange-Dependent Saturation Transfer Data from All Compounds Evaluated in this Study

Compound Conc (mM) Functional group ppim pH® MgMo Mo — Ms (%)
Sugar8 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 1333 7.0 0.88 9.3
Dextrose 250 mM —OH 1500 7.0 0.89 8.7
Galactose 250 mM —OH 1.167 7.0 0.85 10.3
Sucrose 250 mM —OH 1333 7.0 0.86 10.2
Maltose 250 mM —-OH 1.500 7.0 0.79 14.8
Lactose 250 mM —-OH 1333 7.0 0.68 20.9
Dextrarf
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 1333 7.0 0.88 10.2
7.00 gm/100 ml 1.0 mM —OH 1333 7.0 0.81 13.6
14.0 gm/100 ml 2.0 mM —OH 1500 7.0 0.76 18.9
Amino acid$ Amino protons (—NH)
L-Alanine 125 mM -NH 3.000 4.0 0.36 67.4
L-Arginine 125 mM -NH 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 —-NH 3.000 4.0 0.34 66.2
L-Glutaminé 125 mM —NH, 2.000 5.2 0.70 27.6
L-Tryptophand 35 mM -NH, 2.000 6.5 0.89 12.2
5-Hydroxytryptophah 62.5 mM —NH 2833 4.0 0.57 41.6
Indole ring —NH 5.333 8.0 0.79 21.2
Nucleosides and their pyrimidine and purine béses 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
Uridine 125 mM 3-NH 6.333 4.0 0.65 34.7
Thymidiné 125 mM 3-NH 6.333 5.0 0.65 34.8
Barbituric acid and its derivatives Pyrimidine ring protons (—NH)
Barbituric acid 62.5 mM —NH 5000 6.5 0.68 325
2-Thiobarbituric acifl 62.5 mM —NH 6.333 5.0 0.65 35.3
5-Isopropylbarbituric acid) 62.5 mM —-NH 5.000 7.0 0.64 36.0
Barbital (5,5-diethyl-barbituric acifl) 62.5 mM —NH 5.000 4.0 0.82 14.2
Imino acids (their azetidine, pyrrolidine, and piperidine forms) Base protons (—NH)
Pipecolinic acid 62.5 mM —-NH 3.33 5.0 0.81 19.3
4-trans-Hydroxyproline 62.5 mM —NH 4.50 4.0 0.77 18.6
-NH 350 4.0 0.80 20.0
Azetidine-2-carboxylic acid 62.5 mM —-NH 3.50 5.0 0.74 255
Miscellaneous
Guanidine HCI 125 mM Guanidinium protons 2.000 7.0 0.38 60.0
Hydantoir 62.5 mM —NH 5.667 4.0 0.81 18.7
—NH 2.833 6.0 0.78 21.3
Parabanic acid 62.5 mM —NH 5.167 7.0 0.79 20.5
—NH 3.333 8.0 0.74 25.4
—NH 2333 8.0 0.77 22.5
Imidazole and its derivatives:
2-Imidazolidoné 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-Imidazolidinethionk 62.5 mM Ring protons (—NH) 2833 3.0 0.64 36.7
Ring protons (-NH) 2833 7.0 0.65 34.5

# All compounds were evaluated at 37°C and were dissolved in HPLC water using a 20 mM phosphate buffer unless otherwise noted.
® Ppm listed is relative to the resonant frequency of water.
°The pH listed is where the greatest proton chemical exchange effect was noted, save for those solutions only evaluated at pH 7.
Y These compounds were evaluated at a single pH level of 7.0.
¢ Dextran molecular weight was approximately 70,000 gm/mol; thus, concentrations listed (mM) for these solutions are approximate.
" All solutions were evaluated at pH 4, 5, 6, 7, and 8, except.fglutamine and.-tryptophan.

9 Solution was evaluated at 25°C.

" These solutions were evaluated at pH 4, 5, 6, 7, and 8. 5,6-Dihydrouracil, 5-hydroxytryptophan, and barbituric acid solutions were also @rlbuStea@7 4.
" All solutions of this compound were evaluated gsin2 mMphosphate buffer. Because phosphate is the optimal physiologic catalyst of proton chemical exct
(13), the use of a 20 mM concentration increased the exchange rate observed, increased the desiredviybharag®, and decreased thiel{ — Mg).
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ppm Offset FIG. 3. Temperature-dependent CEST spectra of barbituric acid solutic
(62.5 mM, 20 mM phosphate buffer), pH 7.4.
B
100 |
o5 y- mg/kg, Sprague—Dawley adult rats; LD58 5124 mg/kg,
\ 1-day-old Charles River ratd5p)).
@ 90 AN The saturation of a chemical exchange site is both a powe
= o \ 0 iutier A and an offset frequency-dependent phenomenon. Individt
20 mM butfer -
15 mM batfer g/;\%l CEST spectra only present the frequency-dependent comj
10 mM buffer .
I s SmM bulfer 52 ¥ nent. Because the maximulm¢/M, effect only occurs when
s omMbufer 01 the exchange site is maintained in the completely saturat

p 5 4 3 5 state, it is crucial to optimize to an appropri@epower level
ppm Offset while evaluating compounds in solution. As shown in Fig. 4
the observedNl, — M) increases with increasing power, until

mM phosphate buffer, pH 5.0, 6.0, 7.0). Two exchange sites are noted at S%nplete saturation of the barbituric acid eXChange site

) - = . .
and 2.67 ppm. (B) CEST spectra from 5,6-dihydrouracil solutions evaluat@&ta|m_3d (VBl._ 25.8X 107" T). Due to the dm(?rences I_'ﬁz_
with varying levels of phosphate buffer at constant pH (62.5 mM: 37°C, associated with the exchange rate, power requirements diffel

pH 6.0). between exchange sites depending on experimental conditic
and were calibrated for each experiment.

test the effect of phosphate on the CEST spectra, the buffelFigure 5 presents the effects of pH on barbituric acid at 37°
concentration was varied from 0 to 30 mM in a 5,6-dihydrouFig. 5A, pH 6.0 to 8.0; Fig. 5B, pH 7.0 to 8.0). The barbituric
racil solution (Fig. 2B). Changes in phosphate buffer conceaeid exchange site at4.83 ppm is in near fast exchange at pk
tration affected only the 2.67-ppm exchange site and reduc&@ but slows with decreasing pH to a sharp CEST peak at y
its apparent rate with increasing buffer concentration. Tie5 with the optimum at 5.0 ppm. The compound exhibits
mechanism of this inhibitory effect of phosphate is unknowsjgnificant 15%M, — Mg effect under physiologic conditions
but the data demonstrate that phosphate, or other catalypel 7.4, T = 37°C, 20 mM phosphate buffer). Since both
compounds, can significantly affect the chemical exchangeotons on water contribute to the overall water signal ampl
rate. In addition, these results reveal that this effect can even

differ between exchange sites present on the same molecule.

FIG. 2. (A) CEST spectra of 5,6-dihydrouracil (62.5 mM,= 37°C, 20

Increased solution temperature increases most chemical ex- 60 1 ‘
change rates as illustrated by the barbituric acid CEST spec- 0 | I — s
trum (Fig. 3). The increase in temperature from 25 to 37°C lo="TF Barbiturie Acid:
changed the CEST optimum at 5.00 ppm from slow to inter- p 40 = s
mediate exchange. The above results also underscore the im- > 3 o
portance of controlling pH and phosphate (and potentially § 5000 ppm []
other proton buffers) concentration, as well as temperature in 07
evaluating CEST effects. The phosphate dependence of CEST 10
may provide a new method of detecting phosphate. 0

Remaining experimental results further characterize another 5 10 15 0 25 30 35
prototypical CEST compound, barbituric acid. This compound B1 Saturation Field (10-7T)

was seIecteq becausg it combined a chemical exchange site gk 4 power dependence of CEST spectral maxifda ( M) versus
5.00 ppm with a maximal CEST effect at pH 6.5. It was als@creasing, saturation pulses for barbituric acid (125.0 mMM=T37°C, 20
selected because it has a low oral toxicity (LD505000 mM phosphate buffer, pH 6.0).
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FIG.5. (A) CEST spectra of barbituric acid (62.5 mM,=T 37°C, 20 mM FIG. 6. CEST spectra of barbituric acid solutions at varying concentratio
N N : ' ’ H H —7 — 0,
phosphate buffer, pH 6.0, 6.5, 7.0, 7.4, 8.0). (B) CEST spectra of barbitulRY€!S USing @ field of 10.88x 10" T (T = 37°C, 20 mM phosphate buffer)

acid demonstrating the effect of small incremental changes in pH (62.5 mm\,) PH 7.0 (B) pH 74.
T = 37°C, 20 mM phosphate buffer, pH 7.0, 7.2, 7.4, 7.6, 7.8, 8.0).

Experiments similar to those presented in Figs. 6A and 6
tude and each proton is equally likely to participate in protofjére carried out along with corresponding inversion-recove
chemical exchange with the metabolite compound, this effe@tperiments to determiriks,r of the same samples. Using Eq.
is equivalent to an~16.5 M decrease in the water protor{llv k, was calculated for each sample and is clearly linear wit
concentration from~110 M (2 X 55 M, molecular water barbituric acid concentration (Fig. 7), with a slope of 2.158
concentration). Thus, CEST provides an effective amplificatid\ﬂ/S-
of 26,400% (16.5 M/62.5 mMx 100%) of the 62.5 mM AN imaging series of barbiturate-containing phantoms |
barbituric acid under these conditions. These results are c@fesented in Figs. 8A and 8B. Three of the test tube pha
sistent with those obtained from imaging experiments preJPMS in this image contain 62.5 mM barbituric acid (pH 6.5
ously reported, where a solution of ammonium chloride (6250, and 7.4). The fourth test tube contains 500 mM,NH
mM, pH 5.0, T= 23°C) provided aM, — M of 50% and an at pH 5.0 as another chemical exchange site for contre
amplification of 88,000% (55 M/62.5 mM 100%) ©).

Figures 6A and 6B demonstrate the concentration depen-
dence of barbituric acid on the CEST effect at two values of I
pH. The CEST effect linearly increased with [barbituric acid] 0.25 <
at both pH values. Note that, despite the increase in rate, the :

0.3

0.2

lineshape of each set of curves is maintained, regardless of f e
concentration. This is consistent with the barbituric acid ex- 2015 5
change site rate constarit.f) being unaffected by changes in 2 o1

the mole fraction of exchange sites. These results are also P pH=60 O

consistent with enhancement of the CEST effect through in- 0.05 =

creases in mole fraction of exchange sites as outlined in Eg. 0

[2]. 0 25 50 75 100 125
The pseudo first-order rate constaki)(was determined for Barbituric Acid (mM)

barbituric acid at pH 6.0, where the compound remains in slowg g, 7. pseudo first-order rate constakt) determination plotted versus
exchange, as evidenced by the sharp spectral peak in Fig. babituric acid concentration (¥ 37°C, 20 mM phosphate buffer, pH 6.0).
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pH=74
pH=6.5
pH=7.0 \
S50{r mM NH,4Cl solution
Water

pH=7.4
pH=6.5

pH=7.0 \
50 mM NH,4ClI solution

Water

FIG.8. (A)Image obtained at 4 T of barbituric acid solutions (62.5 mM, ambient temperat2®eC, 20 mM phosphate buffer, pH 6.5, 7.0, 7.4) and,QH
(500 mM, pH 5.0, no buffer) submerged in water following irradiation-&00 Hz. (B) Difference image obtained of the same phantoms following irradiatic
at =900 Hz. NH,Cl was used as a control proton chemical exchange agent to test the specificity of the CEST effect.

These test tubes were placed inside the 4-T custom imaging DISCUSSION

system (ambient temperature25°C). Figure 8A is the .
control image obtained after irradiation at900 Hz. The 'Nne potential advantages of a CEST agent when compar

phantoms were then irradiated #800 Hz (~5 ppm, based with currently available contrast agents are the ability to tur

on Fig. 5A data) to detect barbituric acid (se8)( Figure th]? contrke)\_T.t effect off and on(,j a neggtlilvel contra§t_,Tf§9|_h
8B is the difference image generated by subtraction of t ects, ability to enter cells, and potentially less toxicity. Th

+900-Hz (experimental) image from the900-Hz (control) ST effect can be turned off either by eliminating the preir
radiation step or by changing its frequency; thus images can

2?12976 4? J:/;?;eeen ﬁgLLg;%n\?vh?Teb:;ggg:Ishzcslgrfsrngi.r?, Zv'ggétrerleaved with and without contrast agent effects. This mig|
' S 9 e useful in evaluating different pathologies as well as spe«
nor the NHCI controls were significantly affected. Thef

. : : icity of the agent. The negative contrast might be useful in tf
brightest signal in these phantoms (where the control a@ﬁmination of bright signals, such as blood, Ty-weighted

experimental image difference was the greatest) was gengly ences. A drawback of this negative contrast, however,
ated by barbituric acid at pH 7.0. The experimental resulf§a; tissue not affected by the CEST contrast agent cannot
presented in Fig. 5A would have predicted that the greatesﬂppressed in the image as is done viithcontrast agents.
contrast, as indicated byMo — Ms), should have been This may limit the contrast to noise in a single image obtaine
observed from the pH 6.5 solution. However, because thgough this approach. To get similar contrast to noise wit
ambient temperature of the 4-T system was significantyeST agents, two interleaved images will be required, or
lower than 37°C, subsequent studies were conductedy@th and one without the CEST effect. An alternative imagint
25°C on the 7-T system (Fig. 3; additional data not showngirategy would eliminate the need for the control image, b
The results demonstrated that temperature-specific shiftsfpuld provide contrast at the expense of diminisieddue to
the proton chemical exchange rates produckld, (— Ms) saturation transfer. First, an inversion-recovery pulse sequer
results at 25°C consistent with the contrast effects observiedadjusted for an inversion time in the absence of off-res
in Fig. 8C. nance irradiation. When the irradiation pulse is turned on, tt
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pulse sequence will highlight areas of the tissue where wateh@ve a rapid exchange rate at physiologic temperature and
in exchange with the CEST agent. These areas appear withua one that remains below the slow to intermediate exchan
positive contrast because the irradiation pulse shortens thwite limit relative toAwc, (EQ. [3]). An ideal agent would also
observedT; (Tisar). possess a larg&wc, to support this rapidc, and thus main
As previously mentioned, magnetization transfer techniqu&sn a correspondingly minimalig/M.. In addition, a high
currently exploit the contrast that can be generated from intéfeoc, Would enhance specificity, avoid direct irradiation of
actions between macromolecules and water protons. MT imater resonance, allow use of a broadband pulse, and red
aging sequences normally use a single off-resonance saturabiagkground macromolecular-water magnetization transfer ¢
pulse to prepare the magnetization before the imaging data fets. The ideal agent would also be highly water soluble wit
collected. Because CEST contrast is gained via a similar offww osmolality and biochemical toxicity.
resonance saturating pulse, an appropriate imaging scheme M/e began this study with a small group of preliminary
required to produce contrast specifically attributable to a CE®EST candidates chosen primarily because their frequen
contrast agent alone. Initial proton chemical exchange imagioffsets were at or greater than 2 ppm from water (amino acic
work (6) utilized a scheme where two images were collecte(t4)). No advance knowledge of pH, temperature, or buffel
the first following irradiation at the metabolite site of interesspecific CEST effects was available. Follow-on compounc
(Mg image) and the second following the irradiation of thevere chosen because their offset was at or greater than 5 p
opposite side of the water resonance from the site of interéstm the water resonance (pyrimidine baség)). While these
(M, image). Pixel-by-pixel division ;1¢/M) or subtraction chemicals did possess a more advantageous offset, optir
(Mo — M) of the images produced a final image with contra®2EST results remained outside the desired physiologic [
due to the proton chemical exchange agent. The usefulnessasfge. Solubility problems limited initial analysis oftrypto-
this approach was further demonstrated in experiments usingten, but the large chemical shift offset of the labile indole rin
proton chemical exchange model system consisting of amnpreton (L4) might be promising for future modifications. 5-Hy-
nia (metabolite) in 3% agarose gel (macromolecular matrigyoxytryptophan, a more soluble derivative, clearly possess
(8). The results indicated that the simple control imaginthe same proton chemical exchange site-agptophan with a
approach was also sufficient to substantially eliminate the Marge frequency shift (5.33 ppm) combined with a useful e»
contribution of the background macromolecular matrix. Thehange rate at pH 7.4. Regrettably, 5-hydroxytophan is
approach worked because the magnetization transfer spectnguronal toxin; however, its exchange site remains the mc
of the agarose gel was symmetric around the water resonandgable candidate structure identified for further development
as were the MT spectra of most of the biological samplegork.
examined under similar experimental conditions. It proved Another ring chemical, imidazolidone, suggested that syn
effective to detect an ammonia concentration of 10 mM againsetry of chemical structure could result in two CEBIE/Mo
a background macromoleculdts of ~62% at~2.4 ppm in  minima, the second at a physiologic pH level. This observatic
the model system. The control irradiation imaging approaded to evaluation of barbituric acid, which has a similar rin
was, therefore, implemented for the imaging portion of thistructure as the previously tested pyrimidine bases, but pc
preliminary CEST contrast agent study. sesses two identical proton chemical exchange sites. It has
A major practical issue for future applications of the CES@additional advantage of low oral toxicity and was selecte
contrast agent approach concemsivo agent concentration. rather than 5-hydroxytryptophan, for further characterizatio
Since no metal is needed in the CEST agentd, heffects will and use in the preliminary imaging studies.
be induced at high contrast agent doses. Agent dosage woul@able 1 contains the optimal CEST data from chemica
be limited only by the physiologic toxicity of the final formu-selected for this study, the majority of which are heterocycli
lation. The more crucial question is the lower bound on ageriihg bases. Several of the chemicals also provide empiric
concentration to ensure reliable CEST image contrast. Teeidence as to features which could alter the optimal pH ran
minimum lifetime of a proton on a CEST moleculg() can be of a particular parent molecule, shift its frequency offset, ¢
estimated at 1.5 T to be’5 ms assuming a 5-ppm chemicalessen the problem of osmotic load.
shift and arcaAwc, = 10. Assuming ar; (in the absence of From some systematic studies in the ring molecules, v
exchange) of 1.5 s in blood and a useliL/M of 0.9, the found that we could shift the shielding atdvogs. FOr exam
pseudo first-order rate constakt, would be~0.07 s* (9). To ple, the replacement of oxygen by sulfur at the C-2 site ¢
attain this rate constant, the mole fraction of the CEST agdwdrbituric acid caused & 1.33-ppm shift in the —NH site.
protons relative to water protons must then be on the ordertddwever, these shielding effects were also accompanied
3.5X 10 or a concentration of 39 mM. This calculation als@hanges in the optimum pH of the CEST effect. Again, th
underscores the importance of having multiple exchange sitgfur replacement caused a drop of 1.5 pH units in the optim
per molecule to reduce the osmotic load of the CEST agenCEST effect. These examples show that the shielding and |
As previously outlined, an ideal CEST contrast agent woultependence of the exchange rate are often linked throu
possess the following combination of characteristics. It woufgborly defined mechanisms. A better theoretical model ¢
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extensive empirical survey may result in more ideal CES™®. V. Govindaraju, D. J. Meyerhoff, A. A. Maudsley, M. Vermathen,
agents and M. W. Weiner, Effects of brain membranes on 'H nuclear
The data acquired from the dextran (glucose ponmer) solu- magnetic resonance signal intensity of ethanol in vitro, Alcohol.

) : ) > Alcohol. 32, 671-681 (1997).
tions compared those from the various sugar solutions |nd|ca[5eD 3. Meyerhoff, W. D. Rooney, T. Tokumitsu, and M. W. Weiner

that polymerization may be a primary strategy to lessen or gyigence of multiple ethanol pools in the brain: An in vivo proton
eliminate problems oin vivo osmotic load while maintaining magnetization transfer study, Alcohol. Clin. Exp. Res. 20, 1283-
the overall magnitude of the CEST effect. However, the poly- 1288 (1996).
merization of the heterocyclic compounds identified abové. S. D. Wolff and R. S. Balaban, NMR imaging of labile proton
may result in detrimental shifts ihwoss and effective pH ~ €xchange, J. Magn. Reson. 86, 164-169 (1990).
range, similar to those discussed above. 7. S. D. Wolff 'and R. S. Balaban, Magngtizgtioq transfer contrast
This preliminary study demonstrates the feasibility of a &A;jc)lgn‘ist:_slﬁ\E‘fgg;)pmton relaxation in vivo, Magn. Reson.
CEST-based MRI contrast agent. The range _Of Chemlca!f . Guivel-Scharen, T. Sinnwell, S. D. Wolff, and R. S. Balaban,
tested also demonstrates features and strategies that shouléetectiOn of proton chemical exchange between metabolites
prove useful to direct future developmental efforts. We would and water in biological tissues, J. Magn. Reson. 133, 36-45
suggest that the most viable candidate structure evaluated here(1998).
the single indole ring proton (i.e., 5-hydroxytryptophan), migh®. S. Forsén and R. A. Hoffman, Study of moderately rapid chemical
provide an appropriate starting point for further investigations €xchange reactions by means of nuclear magnetic double reso-
of potential CEST contrast agents. Other heterocyclic chemi- 2" J: Chem. Phys. 39, 2892-2901 (1963). o _
cals, such as barbituric acid, may be additional candidates 8¢ R A- Pwek, "Nuclear Magnetic Resonance (N.M.R.) in Biochemis-

d | td dent th df i litv of t try,” London, Oxford Univ. Press (1973).
ﬁﬁ;:a;gp;]]?n » dependent upon the proposed functionality 0 ﬂe V. V. Kupriyanov, R. S. Balaban, N. V. Lyulina, A. Steinschneider,

and V. A. Saks, Combination of **P-NMR magnetization transfer

and radioisotope exchange methods for assessment of an enzyme
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