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We have investigated the transfer of polarization from **Xe to
solute protons in aqueous solutions to determine the feasibility of
using hyperpolarized xenon to enhance 'H sensitivity in aqueous
systems at or near room temperatures. Several solutes, each of
different molecular weight, were dissolved in deuterium oxide and
although large xenon polarizations were created, no significant
proton signal enhancement was detected in L-tyrosine, a-cyclo-
dextrin, B-cyclodextrin, apomyoglobin, or myoglobin. Solute-in-
duced enhancement of the *Xe spin-lattice relaxation rate was
observed and depended on the size and structure of the solute
molecule. The significant increase of the apparent spin-lattice
relaxation rate of the solution phase Xe by a-cyclodextrin and
apomyoglobin indicates efficient cross relaxation. The slow relax-
ation of xenon in B-cyclodextrin and L-tyrosine indicates weak
coupling and inefficient cross relaxation. Despite the apparent
cross-relaxation effects, all attempts to detect the proton enhance-
ment directly were unsuccessful. Spin—lattice relaxation rates were
also measured for Boltzmann **Xe in myoglobin. The cross-relax-
ation rates were determined from changes in **°Xe relaxation rates
in the a-cyclodextrin and myoglobin solutions. These cross-relax-
ation rates were then used to model ‘H signal gains for a range of
Xe to 'H spin population ratios. These models suggest that in
spite of very large '**Xe polarizations, the *H gains will be less than
10% and often substantially smaller. In particular, dramatic *H
signal enhancements in lung tissue signals are unlikely. © 1999
Academic Press
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INTRODUCTION

nuclear spins on biologically significant molecules in aqueou
solutions for which NMR studies may be limited by sensitivity.

Pines and co-workers have successfully demonstrated Ovze
hauser effects from hyperpolariz&dXe to *H in 25% CDsH
dissolved in deuterobenzen&6|. The 'H spin—lattice relax-
ation time was long and despite the small transfer rate, the!
was a detectable increase of the dildke spin polarization.
Pines and co-workers have also reported a sritdlisignal
enhancement in 100 mM-cyclodextrin dissolved irdg-di-
methyl sulfoxide using a difference SPINOE pulse sequenc
(17). The solubility of xenon in this nonaqueous solvent is
significantly increased and as a result, the polarized xenon sf
pool is much larger and the amplification of the proton signa
more clearly detectable.

In this report, we examine cross relaxation and the increas
of 'H polarization of several macromolecules in aqueou(D
solution. The choice of an aqueous solution is significan
because we are interested in the extension of this technique
the observation of solute molecules in water as welhagvo
magnetic resonance spectroscopy and imaging. We have us
a procedure similar to that of Pines and co-workets) (o
examine proton-rich solute molecules, some of which binc
xenon specifically. With the exception of some of the myoglo.
bin studies, where interaction with the macromolecule princi
pally dominated*’Xe relaxation, DO was used to minimize
water proton-induced xenon spin—lattice relaxation.

RESULTS

»*Xe nuclear spin populations attain significant population The final polarization level of*Xe gas is a function of the

differences by optical pumping methods and the resulting gaaecumulated volume of gas, the gas flow rate, and the acc
in sensitivity can approach five orders of magnitudle This mulation time {8-21). In these experiments, the xenon polar-
increased sensitivity makes magnetic resonance imagingizdtion was estimated to be 2-3% in the sample bulb. Thi
cavities such as lun@€12 and dissolved phase tissue studiegalue was determined in two ways. First, we compared th
(13, 19 possible. In addition to the direct detection of théyperpolarized xenon gas peak to the peak of Boltzmann lev
hyperpolarized nucleus, the transfer of polarization may alloxenon dissolved in octanol. Second, we compared the hype
for the signal enhancement of secondary nuclei. At modestolarized xenon gas peak to the signal of the same gas sam,
high magnetic fields, nuclei may cross-relax via the nucleafter being allowed to relax, unperturbed, in the magnet ove
Overhauser effect (NOE) despite different resonance frequerght. TheT, of the gas in the surface-treated sample bulbs we
cies (L5). Successful transfer will make possible the study afenerally in excess of 1 h. While the intensity measuremen
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FIG. 1. 'Xe NMR spectra recorded at 55.347 MHz and ambient laboratory temperature for solutions of (A) 18-eydodextrin, (B) 10 mM
a-cyclodextrin, and (C) 5 mM apomyoglobin in deuterium oxide. The gas phase resonance is set to 0 ppm, and ti&mjialarization is on the order of
a few percent. The time required to mix the sample, position it in the magnet, and begin acquisition is approximately 10 s. The differences ipliéssolve
resonances (at approximately 190 ppm) are attributed to variance in cross-relaxation réfé@fwith each of the solute protons.

themselves are not a particular problem, errors may accumulateasurement of*>Xe at Boltzmann equilibrium was deter-
because of very different attenuator settings required in thened to be 592+ 37 s at 11.7 T. Consistent with previous
comparison, pulse width calibration errors, which are amplifiesiudies, we have found th€&, values to be shortened by
greatly by the scaling factors required for the comparison, aideractions with dissolved oxyge@4, 23 and collisions with
sampling artifacts that may include differences in surfacencoated glassware wall24, 25. Nonetheless, the long re-
induced relaxation rates in the different containers used for tlaxation time in QO allows considerable opportunity for the
hyperpolarized samples. Nevertheless, the polarization ablaxation coupling of**Xe to *H of the solute molecule.
tained is very substantial and represents approximately a 300&igures 1A, 1B, and 1C show the gas and dissolved pha:
fold gain over the equilibrium magnetizatioh, measurements resonances for°Xe in the 8-cyclodextrin,a-cyclodextrin, and
for hyperpolarized samples were made by repeated singigomyoglobin samples, respectively. For each, the free xen
acquisitions with a small flip angle. For these measurementsncentration was assumed to be 4.3 mM. The delay betwe
the sampling RF pulses dominate the xenon signal decreasgid mixing of the gas/water sample and spectral acquisitio
The T, of hyperpolarized®Xe dissolved in DO at 4.7 T is was consistent at 10 s for each sample. Thus, the differences
470 s. For the Boltzmani®Xe studies, thél; measurements dissolved*Xe peak amplitude may be attributed to relaxatior
were made with a saturation-recovery pulse sequenceTTheeffects. The slow decay of the xenon resonance in aqueo
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FIG.2. '*Xe NMR spectra shown in a stacked plot recorded at 55.347 MHz at ambient laboratory temperature ford€yaidiextrin in deuterium oxide.
The dissolved phase is at 190 ppm relative to the gas phase. Single transients were recorded using 12° pulses every 3 s. The inset plot is antegpone
the dissolved xenon resonance intensity with an apparent time constant of 106 s, taking into account the effects of the successive sampling pulses.

solutions of 10 mMp-cyclodextrin demonstrates weak couafter the mixing period. The spin—lattice relaxation time
pling between the xenon and the solute protons, and is consisasured for'*Xe at thermal equilibrium in a 0.1 mM
tent with the absence of specific complex formation. Thequeous solution of myoglobin was 1.3 s at 4.7 T ant
increased relaxation of dissolved xenon in theyclodextrin confirms that the protein binding sites provide an efficien
solution is characteristic of the formation of a host—guestlaxation pathway for xenon.

complex and an efficient relaxation pathway. The relaxation of *H signal enhancement was also examined for these solut
xenon in a 10 mM solution ok-cyclodextrin dissolved in BD  of different molecular weight. Regardless of the proton-in-
is shown in Fig. 2 as a series 8fXe spectra as a function of duced enhancement of th&Xe relaxation rate, no significant
time. The observed,, corrected for the decay as a result of thancrease in théH signal intensity was observed for any solute
sampling pulses, is 105 2 s. The lack of dissolved phasestudied within experimental error of single-puldé¢ acquisi-
signal in Fig. 1C is due to rapid relaxation of the dissolvetions.

xenon which specifically binds to diamagnetic apomyoglobin.

The reported rate constant for xenon exchanging with the DISCUSSION

binding sites of myoglobin is X 10’ M ' s™* for the native

protein @6). This rapid exchange provides sufficiently ef- We may characterize the efficiency of cross relaxation b
ficient relaxation paths for the xenon spins such that rexamining the proton contribution to the apparent xenon spin
signal from dissolved hyperpolarized xenon was detectéadtice relaxation rate. Following Solomoft5),
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d(1,) relevant sum from their data as 1:510°° s™* mM*, which

dt (o T p) (12 = 1o) = 0s((S) = &) is in fair agreement with the value determined from this study
The spectrum of hyperpolarize&Xe in aqueous (BO) 4

d(S,) mM myoglobin solutions was not detectable using the mixing

dt —(psst ps)((S) — S) — as({l2) — 1), [1]

and acquisition methods of these experiments at 4.7 T. Me:
surements of the xendn, at 4.7 T using only the perturbations
whereS s identified with the xenon spin ardwith the proton of the ***Xe magnetization at thermal equilibrium in 0.1 mM
spin. p, andpss are contributions to the spin—lattice relaxatiommyoglobin solutions returned an average value of%.8.2 s.
rate from like-spin couplings, anpk, and p,s are spin-lattice At the same concentrations, tiféXe resonance was not reli-
relaxation contributions from unlike spins. Because the coably detected at 11.7 T. Experiments at 11.75 T using Boltz
centration of xenon is low, both proton relaxation and xenanann equilibrium**°Xe populations and a variety of protein
relaxation are dominated by interactions with solute protonsolutions including myoglobin have demonstrated that xeno
Therefore, bothp,s andpss are neglected. Noting that we are inresonances may be very broad and sometimes undetectal
the short correlation time limit and following the argumenThis problem was solved in part by reducing the proteir

outlined in (6), we find concentration and lowering the magnetic field strength. In th
earlier work of Tilton and Kuntz 26) on myoglobin and

S(S+ 1) hemoglobin solutions, the temperature dependence of the x

Os = [2|(|+1)] Psi- [2] non resonance implied that the chemical shift difference be

tween the myoglobin sites and the aqueous pool is on the ord
of 40 ppm. The chemical exchange of the xenon with the
aqueous pool then makes the Larmor frequency time depe
dent. They used the simplified equation

At equilibrium, the cross-relaxation rat&s andRs must be
equal. Because of detailed balance, we may write

S(S+ 1) N|(T|S= I(I + l) Nsa-s“ [3]
Av =Pa(1 - P,) 24m(A Vag) ZTbound (5]
whereNg andN, are the numbers of xenon and proton spins,

respectively. Substituting Eq. [2] into Eq. [3] and assumingpereny, is the full width at half-heightP, is the probability
that the xeno_n spin—lattice relaxe_ltlon rate is dominated by tmaat the xenon is not boundy g is the chemical shift between
cross relaxation to the protons yield the bound and unbound environment expressed in hertz, a
Tround IS the mean lifetime in the bound environment. Becaus
_ & 1 [4] the chemical shift is linear in the magnetic field strength, the
2N Toxe exchange contribution to the broadening increases as tl
square of the field strength. Resonances readily detected at :
Thus, the measurement GfXe T, in a-cyclodextrin solutions T may be hundreds of hertz wide at higher field strengths
provides a measurement of the cross-relaxation rate to protdBscausein vivo environments will present a distribution of
Assuming that the water is saturated with xenon (4.3 mM) weenon macromolecule binding sites and lifetimes, we ma
may compute the concentration of xenon bound todhey- anticipate a distribution of linewidth contributions that is
clodextrin cavity. Bartik and co-worker2T) and Hitchens and strongly dependent on magnetic field strength. In some ir
Bryant 28) have shown that xenon binds tecyclodextrin stances at high fields, the time-dependent chemical shift caus
with an equilibrium constant of 16—20 M Thus, binding in by chemical exchange events may make the xenon resonar
the a-cyclodextrin cavity provides a site for relatively strongmpracticably broad for routine observation.
?°Xe—"H coupling that reduces the net xenon relaxation time Myoglobin has two binding sites for xenon characterized by
substantially. The fast exchange limit of the relaxation equassociation constants of 190 and 10'M26). A treatment
tion is appropriate and we may compute the relaxation rate foarallel to that used fos-cyclodextrin may yield an effective
the bound environment. The deuterium exchange with the Giderage xenon—proton cross-relaxation rate. At the low cor
groups ofa-cyclodextrin eliminated some short distance prazentrations used in our experiments, the weak binding sif
ton—xenon contributions to the overall coupling. Thus, theraakes a very small contribution to the total bound state cor
are 7 remaining protons on each sugar (42 protons per matentration and may be neglectéd, is ambiguous because it
cule) that may interact with the bound xenon. Using Eq. [4] waay include not only those protons in van der Waals conta
obtainog = 1.2 X 107° s™* mM™. This cross-relaxation rate with the xenon in the binding site, but also other spins whicl
is the sum over the cross-relaxation rates to each proton. Piaes in contact with the xenon through spin diffusion. Without
and collaborators have measured proton signal enhancem@néxise knowledge of the number of protein protons that ef
in dimethyl sulfoxide solutions o&-cyclodextrin and report fectively interact with the xenon nucleus over the time cours
cross-relaxation rates for each protdiv)( We compute the of the observation, quantitative deductions are limited. Th

Ois
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TABLE 1 in an imaging experiment. ThéH enhancement may be im-
Myoglobin Cross-Relaxation Parameters proved if the size of the hyperpolarized xenon pool were
increased; however, in water, xenon solubility may set a prac
tical limit. Thus, spectral enhancements in the context of high
5 10 50 100 1000 resolution experiments in water at convenient pressures al
temperatures are expected to be modest at best.

Ny

Oxers (MM 57%) 0.76 0.38 0.077 0.038 0.0038

CONCLUSIONS
Note.**Xe—*H computed cross-relaxation rates for different populations of

'H spins because the number '$f spins in the xenon binding pocket is not Th f | . f
known precisely. These cross-relaxation rates are calculated Giyer 1.3 s ese measurements of xenon relaxation demonstrate t

andK = 190 M. the xenon spin-lattice relaxation rate is not a limiting factor ir
determining the proton signal enhancement in experiments th
depend on the Overhauser effect to pump the proton intensit
effective size of the relevant proton population may range froAlthough obtained by different means the cross-relaxatio
the order of 10 protons to many more, depending on the detaides between the xenon and protonsrinyclodextrin are in
of local structure and dynamics within the protein—protein spigreement with the values reported by Nawedral. (16). The
system. Therefore, we have computed an array of cross-relamtall xenon—proton cross-relaxation rate, in combination wit|
ation rates that are dependent on the choice of the effetive significant proton spin—lattice relaxation, limit the intensity of
spin pool size. These rates, summarized in Table 1, are thk proton signal enhancement obtainable from contact with
substantially larger than those measured decyclodextrin. hyperpolarized xenon population. In addition, the proton con
This increase in"*’Xe—"H cross-relaxation rate may be ex-<entration in tissue systems is high and the aqueous xen
plained by an increased correlation time, an increased numbelubility limited, so detectable proton signal enhancement
of proton spins, or a decreased effective internuclear distanaee expected to be small and provide limited opportunities fc
The greater cross-relaxation efficiency is consistent with tlire vivo application to proton spectroscopy and imaging. Fi-
larger rotational correlation time for motion of the proteimally, time-dependent chemical shifts caused by chemical e:
compared witha-cyclodextrin. The protein binding sites will change among xenon binding environments provide a signif
generally have fewer exchangeable protons than the hydroxgdnt line broadening mechanism that may make xeno
rich sugars ofx-cyclodextrin; thus, the binding site region inlinewidths very broad at high magnetic field strengths.
the protein is probably richer ifH spins, which will increase

the cross-relaxation rate. EXPERIMENTAL
Figure 3 shows the calculated prediction of the effect of
2% e cross relaxation on théH magnetization. ThéH T, is 12X e was polarized via spin exchange with optically polar-

assumed to be 1 s, thE&Xe relaxation rate is 0.002§ and the ized rubidium (Rb) vapor, utilizing the high-volume method

cross-relaxation rate constant is 2X210° mM™ s, The

curves predict the'H magnetization for various ratios of

°Xe—"H population ratios Klg/N,) based on the solution of 004

Egs. [1]. The top curve is the predicted magnetization enhance-

ment for *H spins in the 10 mMa-cyclodextrin experiments  §

and the bottom curve is representative'df spin populations § 0.03

in vivo. These calculations show that the spin population ratio2 farm T —

affects not only the maximum magnetization enhancement bué’ (e

also the apparent lifetime of thid magnetization enhance- eozp A ~

ment. For thex-cyclodextrin experiments this model predicts a

3.5% average increase in the intensity of eddhresonance

line and the magnetization will remain near this level for more g oot f ™. S~

than 10 s. However, in the bottom curve, the maximum en-ii ’ T

hancement is just over 1.0% and dissipates in less than 6 s. N
We note that there is a crucial difference between the total 000 , : : :

proton magnetization enhancement and the magnetization en-

hancement detectable in a particular resonance. The signal

increase in a particular resonance line, which is relevant fg IG. 3. Computed reduced magnetization for different choices of relative

spectroscopic studies. is aenerall | fracti f the t e to'H population ratios. The values fat, T, andos are 1 s, 470 s, and
p p ! generally only a fraction O e Otf’.i. X 107°mM ' s, respectively. The xenon polarization was approximately

proton population enhancement. The_ tottell pOPU|aﬂ0n €N- 3%. From top to bottom, the parameters for the population ratigi\,, are
hancement may be much larger and is conceivably detectabb®3, 0.001, 0.005, 0.0001, 0.00005, and 0.000001.

ss Proton
/

Time (s}
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for producing laser-polarizetd®Xe (29). A 100-W laser diode globin and apomyoglobin were lyophilized from three succes
array centered at 795 nm was used to excite the D1 absorptsive D,O solutions to minimize the proton concentration in the
resonance of Rb. Approximately 10 atm te was used to final solution. For the studies of hyperpolarizédXe and
broaden the rubidium absorption, while only about 0.1 atm apomyoglobin and myoglobin, the nominal protein concentra
»Xe was present. At 420 K, using this mixture of gas, thigons were 4 mM. For studies done with BoltzmafitXe and
Rb—Xe spin exchange time is 22 s and the use of a continugugoglobin, the protein was dissolved in water at a concentre
flow of gas is possible. Specifically, this system uses a 10-ation of 100 uM.

gas mixture that is approximately 98%e, 1% Xe, and 1% N
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