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We have investigated the transfer of polarization from 129Xe to
olute protons in aqueous solutions to determine the feasibility of
sing hyperpolarized xenon to enhance 1H sensitivity in aqueous
ystems at or near room temperatures. Several solutes, each of
ifferent molecular weight, were dissolved in deuterium oxide and
lthough large xenon polarizations were created, no significant
roton signal enhancement was detected in L-tyrosine, a-cyclo-
extrin, b-cyclodextrin, apomyoglobin, or myoglobin. Solute-in-
uced enhancement of the 129Xe spin–lattice relaxation rate was
bserved and depended on the size and structure of the solute
olecule. The significant increase of the apparent spin–lattice

elaxation rate of the solution phase 129Xe by a-cyclodextrin and
pomyoglobin indicates efficient cross relaxation. The slow relax-
tion of xenon in b-cyclodextrin and L-tyrosine indicates weak
oupling and inefficient cross relaxation. Despite the apparent
ross-relaxation effects, all attempts to detect the proton enhance-
ent directly were unsuccessful. Spin–lattice relaxation rates were

lso measured for Boltzmann 129Xe in myoglobin. The cross-relax-
tion rates were determined from changes in 129Xe relaxation rates
n the a-cyclodextrin and myoglobin solutions. These cross-relax-
tion rates were then used to model 1H signal gains for a range of

29Xe to 1H spin population ratios. These models suggest that in
pite of very large 129Xe polarizations, the 1H gains will be less than
0% and often substantially smaller. In particular, dramatic 1H
ignal enhancements in lung tissue signals are unlikely. © 1999

cademic Press

Key Words: xenon; a-cyclodextrin; nuclear Overhauser effect;
ptical pumping; cross relaxation.

INTRODUCTION

129Xe nuclear spin populations attain significant popula
ifferences by optical pumping methods and the resulting

n sensitivity can approach five orders of magnitude (1). This
ncreased sensitivity makes magnetic resonance imagin
avities such as lung (2–12) and dissolved phase tissue stud
13, 14) possible. In addition to the direct detection of
yperpolarized nucleus, the transfer of polarization may a

or the signal enhancement of secondary nuclei. At mode
igh magnetic fields, nuclei may cross-relax via the nuc
verhauser effect (NOE) despite different resonance freq
ies (15). Successful transfer will make possible the stud
225
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uclear spins on biologically significant molecules in aque
olutions for which NMR studies may be limited by sensitiv
Pines and co-workers have successfully demonstrated

auser effects from hyperpolarized129Xe to 1H in 25% C6D5H
issolved in deuterobenzene (16). The 1H spin–lattice relax
tion time was long and despite the small transfer rate,
as a detectable increase of the dilute1H spin polarization
ines and co-workers have also reported a small1H signal
nhancement in 100 mMa-cyclodextrin dissolved ind6-di-
ethyl sulfoxide using a difference SPINOE pulse sequ

17). The solubility of xenon in this nonaqueous solven
ignificantly increased and as a result, the polarized xenon
ool is much larger and the amplification of the proton sig
ore clearly detectable.
In this report, we examine cross relaxation and the incr

f 1H polarization of several macromolecules in aqueous (D2O)
olution. The choice of an aqueous solution is signific
ecause we are interested in the extension of this techniq

he observation of solute molecules in water as well asin vivo
agnetic resonance spectroscopy and imaging. We have
procedure similar to that of Pines and co-workers (17) to

xamine proton-rich solute molecules, some of which
enon specifically. With the exception of some of the myo
in studies, where interaction with the macromolecule pr
ally dominated129Xe relaxation, D2O was used to minimiz
ater proton-induced xenon spin–lattice relaxation.

RESULTS

The final polarization level of129Xe gas is a function of th
ccumulated volume of gas, the gas flow rate, and the
ulation time (18–21). In these experiments, the xenon po

zation was estimated to be 2–3% in the sample bulb.
alue was determined in two ways. First, we compared
yperpolarized xenon gas peak to the peak of Boltzmann
enon dissolved in octanol. Second, we compared the h
olarized xenon gas peak to the signal of the same gas s
fter being allowed to relax, unperturbed, in the magnet o
ight. TheT1 of the gas in the surface-treated sample bulbs
enerally in excess of 1 h. While the intensity measurem
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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226 STITH ET AL.
hemselves are not a particular problem, errors may accum
ecause of very different attenuator settings required in
omparison, pulse width calibration errors, which are ampl
reatly by the scaling factors required for the comparison,
ampling artifacts that may include differences in surf
nduced relaxation rates in the different containers used fo
yperpolarized samples. Nevertheless, the polarization

ained is very substantial and represents approximately a
old gain over the equilibrium magnetization.T1 measuremen
or hyperpolarized samples were made by repeated s
cquisitions with a small flip angle. For these measurem

he sampling RF pulses dominate the xenon signal decr
he T1 of hyperpolarized129Xe dissolved in D2O at 4.7 T is
70 s. For the Boltzmann129Xe studies, theT1 measuremen
ere made with a saturation-recovery pulse sequence. TT

FIG. 1. 129Xe NMR spectra recorded at 55.347 MHz and ambien
-cyclodextrin, and (C) 5 mM apomyoglobin in deuterium oxide. The ga
few percent. The time required to mix the sample, position it in the m

esonances (at approximately 190 ppm) are attributed to variance in cr
1

ate
e

d
d
-
e

b-
00

le
ts,
se.

easurement of129Xe at Boltzmann equilibrium was dete
ined to be 5926 37 s at 11.7 T. Consistent with previo

tudies, we have found theT1 values to be shortened
nteractions with dissolved oxygen (22, 23) and collisions with
ncoated glassware walls (24, 25). Nonetheless, the long r

axation time in D2O allows considerable opportunity for t
elaxation coupling of129Xe to 1H of the solute molecule.

Figures 1A, 1B, and 1C show the gas and dissolved p
esonances for129Xe in theb-cyclodextrin,a-cyclodextrin, and
pomyoglobin samples, respectively. For each, the free x
oncentration was assumed to be 4.3 mM. The delay bet
apid mixing of the gas/water sample and spectral acquis
as consistent at 10 s for each sample. Thus, the differen
issolved129Xe peak amplitude may be attributed to relaxa
ffects. The slow decay of the xenon resonance in aqu

boratory temperature for solutions of (A) 10 mMb-cyclodextrin, (B) 10 mM
hase resonance is set to 0 ppm, and the initial129Xe polarization is on the order
et, and begin acquisition is approximately 10 s. The differences in dissphase
-relaxation rates for129Xe with each of the solute protons.
t la
s p
agn
oss
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227129Xe–1H CROSS RELAXATION IN AQUEOUS SOLUTIONS
olutions of 10 mMb-cyclodextrin demonstrates weak co
ling between the xenon and the solute protons, and is co

ent with the absence of specific complex formation.
ncreased relaxation of dissolved xenon in thea-cyclodextrin
olution is characteristic of the formation of a host–g
omplex and an efficient relaxation pathway. The relaxatio
enon in a 10 mM solution ofa-cyclodextrin dissolved in D2O
s shown in Fig. 2 as a series of129Xe spectra as a function
ime. The observedT1, corrected for the decay as a result of
ampling pulses, is 1056 2 s. The lack of dissolved pha
ignal in Fig. 1C is due to rapid relaxation of the dissol
enon which specifically binds to diamagnetic apomyoglo
he reported rate constant for xenon exchanging with
inding sites of myoglobin is 23 107 M 21 s21 for the native
rotein (26). This rapid exchange provides sufficiently
cient relaxation paths for the xenon spins such tha
ignal from dissolved hyperpolarized xenon was dete

FIG. 2. 129Xe NMR spectra shown in a stacked plot recorded at 55.347
he dissolved phase is at 190 ppm relative to the gas phase. Single tra

he dissolved xenon resonance intensity with an apparent time constan
is-
e

t
f

d
.
e

o
d

fter the mixing period. The spin–lattice relaxation ti
easured for129Xe at thermal equilibrium in a 0.1 mM
queous solution of myoglobin was 1.3 s at 4.7 T
onfirms that the protein binding sites provide an effic
elaxation pathway for xenon.

1H signal enhancement was also examined for these so
f different molecular weight. Regardless of the proton
uced enhancement of the129Xe relaxation rate, no significa

ncrease in the1H signal intensity was observed for any sol
tudied within experimental error of single-pulse1H acquisi-
ions.

DISCUSSION

We may characterize the efficiency of cross relaxation
xamining the proton contribution to the apparent xenon s

attice relaxation rate. Following Solomon (15),

Hz at ambient laboratory temperature for 10 mMa-cyclodextrin in deuterium oxide
ents were recorded using 12° pulses every 3 s. The inset plot is an ext to
106 s, taking into account the effects of the successive sampling puls
M
nsi
t of
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228 STITH ET AL.
d^I Z&

dt
5 2~r II 1 r IS!~^I Z& 2 I 0! 2 s IS~^SZ& 2 S0!

d^SZ&

dt
5 2~rSS1 rSI!~^SZ& 2 S0! 2 sSI~^I Z& 2 I 0!, [1]

hereS is identified with the xenon spin andI with the proton
pin.r II andrSS are contributions to the spin–lattice relaxat
ate from like-spin couplings, andrSI and r IS are spin–lattic
elaxation contributions from unlike spins. Because the
entration of xenon is low, both proton relaxation and xe
elaxation are dominated by interactions with solute prot
herefore, bothr IS andrSS are neglected. Noting that we are

he short correlation time limit and following the argum
utlined in (16), we find

sSI 5 F S~S1 1!

2I ~I 1 1!GrSI. [2]

t equilibrium, the cross-relaxation ratesRIS andRSI must be
qual. Because of detailed balance, we may write

S~S1 1! NIs IS 5 I ~I 1 1! NSsSI, [3]

hereNS andNI are the numbers of xenon and proton sp
espectively. Substituting Eq. [2] into Eq. [3] and assum
hat the xenon spin–lattice relaxation rate is dominated b
ross relaxation to the protons yield

s IS 5
NS

2NI

1

T1Xe
. [4]

hus, the measurement of129Xe T1 in a-cyclodextrin solution
rovides a measurement of the cross-relaxation rate to pro
ssuming that the water is saturated with xenon (4.3 mM
ay compute the concentration of xenon bound to thea-cy-

lodextrin cavity. Bartik and co-workers (27) and Hitchens an
ryant (28) have shown that xenon binds toa-cyclodextrin
ith an equilibrium constant of 16–20 M21. Thus, binding in

he a-cyclodextrin cavity provides a site for relatively stro
129Xe–1H coupling that reduces the net xenon relaxation
ubstantially. The fast exchange limit of the relaxation e
ion is appropriate and we may compute the relaxation rat
he bound environment. The deuterium exchange with the
roups ofa-cyclodextrin eliminated some short distance p

on–xenon contributions to the overall coupling. Thus, th
re 7 remaining protons on each sugar (42 protons per m
ule) that may interact with the bound xenon. Using Eq. [4
btainsSI 5 1.2 3 1025 s21 mM21. This cross-relaxation ra

s the sum over the cross-relaxation rates to each proton.
nd collaborators have measured proton signal enhance

n dimethyl sulfoxide solutions ofa-cyclodextrin and repo
ross-relaxation rates for each proton (17). We compute th
-
n
s.

t

,
g
e

ns.
e

e
-
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H
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le-
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es
nts

elevant sum from their data as 1.53 1025 s21 mM21, which
s in fair agreement with the value determined from this st

The spectrum of hyperpolarized129Xe in aqueous (D2O) 4
M myoglobin solutions was not detectable using the mi
nd acquisition methods of these experiments at 4.7 T.
urements of the xenonT1 at 4.7 T using only the perturbatio
f the 129Xe magnetization at thermal equilibrium in 0.1 m
yoglobin solutions returned an average value of 1.36 0.2 s.
t the same concentrations, the129Xe resonance was not re
bly detected at 11.7 T. Experiments at 11.75 T using B
ann equilibrium129Xe populations and a variety of prote

olutions including myoglobin have demonstrated that xe
esonances may be very broad and sometimes undetec
his problem was solved in part by reducing the pro
oncentration and lowering the magnetic field strength. In
arlier work of Tilton and Kuntz (26) on myoglobin and
emoglobin solutions, the temperature dependence of th
on resonance implied that the chemical shift difference

ween the myoglobin sites and the aqueous pool is on the
f 40 ppm. The chemical exchange of the xenon with
queous pool then makes the Larmor frequency time de
ent. They used the simplified equation

Dn 5 PA~1 2 PA! 24p~DnAB! 2tbound, [5]

hereDn is the full width at half-height,PA is the probability
hat the xenon is not bound,DnAB is the chemical shift betwee
he bound and unbound environment expressed in hertz
bound is the mean lifetime in the bound environment. Beca
he chemical shift is linear in the magnetic field strength,
xchange contribution to the broadening increases a
quare of the field strength. Resonances readily detected

may be hundreds of hertz wide at higher field streng
ecausein vivo environments will present a distribution
enon macromolecule binding sites and lifetimes, we
nticipate a distribution of linewidth contributions that
trongly dependent on magnetic field strength. In some
tances at high fields, the time-dependent chemical shift c
y chemical exchange events may make the xenon reso

mpracticably broad for routine observation.
Myoglobin has two binding sites for xenon characterized

ssociation constants of 190 and 10 M21 (26). A treatmen
arallel to that used fora-cyclodextrin may yield an effectiv
verage xenon–proton cross-relaxation rate. At the low
entrations used in our experiments, the weak binding
akes a very small contribution to the total bound state

entration and may be neglected.NH is ambiguous because
ay include not only those protons in van der Waals con
ith the xenon in the binding site, but also other spins w
re in contact with the xenon through spin diffusion. With
recise knowledge of the number of protein protons tha

ectively interact with the xenon nucleus over the time co
f the observation, quantitative deductions are limited.
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229129Xe–1H CROSS RELAXATION IN AQUEOUS SOLUTIONS
ffective size of the relevant proton population may range
he order of 10 protons to many more, depending on the d
f local structure and dynamics within the protein–protein
ystem. Therefore, we have computed an array of cross-
tion rates that are dependent on the choice of the effecti1H
pin pool size. These rates, summarized in Table 1, ar
ubstantially larger than those measured fora-cyclodextrin.
his increase in129Xe–1H cross-relaxation rate may be e
lained by an increased correlation time, an increased nu
f proton spins, or a decreased effective internuclear dist
he greater cross-relaxation efficiency is consistent with

arger rotational correlation time for motion of the prot
ompared witha-cyclodextrin. The protein binding sites w
enerally have fewer exchangeable protons than the hydr
ich sugars ofa-cyclodextrin; thus, the binding site region
he protein is probably richer in1H spins, which will increas
he cross-relaxation rate.

Figure 3 shows the calculated prediction of the effec
129Xe cross relaxation on the1H magnetization. The1H T1 is
ssumed to be 1 s, the129Xe relaxation rate is 0.002 s21, and the
ross-relaxation rate constant is 1.23 1025 mM21 s21. The
urves predict the1H magnetization for various ratios

129Xe–1H population ratios (NS/NI) based on the solution
qs. [1]. The top curve is the predicted magnetization enha
ent for 1H spins in the 10 mMa-cyclodextrin experimen
nd the bottom curve is representative of1H spin population

n vivo. These calculations show that the spin population
ffects not only the maximum magnetization enhancemen
lso the apparent lifetime of the1H magnetization enhanc
ent. For thea-cyclodextrin experiments this model predict
.5% average increase in the intensity of each1H resonanc

ine and the magnetization will remain near this level for m
han 10 s. However, in the bottom curve, the maximum
ancement is just over 1.0% and dissipates in less than
We note that there is a crucial difference between the

roton magnetization enhancement and the magnetizatio
ancement detectable in a particular resonance. The

ncrease in a particular resonance line, which is relevan
pectroscopic studies, is generally only a fraction of the
roton population enhancement. The total1H population en
ancement may be much larger and is conceivably detec

TABLE 1
Myoglobin Cross-Relaxation Parameters

NH

5 10 50 100 1000

Xe–H (mM21 s21) 0.76 0.38 0.077 0.038 0.003

Note. 129Xe–1H computed cross-relaxation rates for different population
H spins because the number of1H spins in the xenon binding pocket is n
nown precisely. These cross-relaxation rates are calculated givenT1Xe 5 1.3 s
nd K 5 190 M21.
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n an imaging experiment. The1H enhancement may be im
roved if the size of the hyperpolarized xenon pool w

ncreased; however, in water, xenon solubility may set a p
ical limit. Thus, spectral enhancements in the context of h
esolution experiments in water at convenient pressures
emperatures are expected to be modest at best.

CONCLUSIONS

These measurements of xenon relaxation demonstrat
he xenon spin–lattice relaxation rate is not a limiting facto
etermining the proton signal enhancement in experiment
epend on the Overhauser effect to pump the proton inte
lthough obtained by different means the cross-relaxa

ates between the xenon and protons ina-cyclodextrin are in
greement with the values reported by Navonet al. (16). The
mall xenon–proton cross-relaxation rate, in combination
ignificant proton spin–lattice relaxation, limit the intensity
he proton signal enhancement obtainable from contact w
yperpolarized xenon population. In addition, the proton
entration in tissue systems is high and the aqueous x
olubility limited, so detectable proton signal enhancem
re expected to be small and provide limited opportunitie

n vivo application to proton spectroscopy and imaging.
ally, time-dependent chemical shifts caused by chemica
hange among xenon binding environments provide a sig
ant line broadening mechanism that may make xe
inewidths very broad at high magnetic field strengths.

EXPERIMENTAL

129Xe was polarized via spin exchange with optically po
zed rubidium (Rb) vapor, utilizing the high-volume meth

FIG. 3. Computed reduced magnetization for different choices of rel
29Xe to 1H population ratios. The values forT1

H, T1
Xe, ands IS are 1 s, 470 s, an

.23 1025 mM21 s21, respectively. The xenon polarization was approxima
%. From top to bottom, the parameters for the population ratio,NS/NI, are
.003, 0.001, 0.005, 0.0001, 0.00005, and 0.000001.
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230 STITH ET AL.
or producing laser-polarized129Xe (29). A 100-W laser diod
rray centered at 795 nm was used to excite the D1 abso
esonance of Rb. Approximately 10 atm of4He was used t
roaden the rubidium absorption, while only about 0.1 atm

129Xe was present. At 420 K, using this mixture of gas,
b–Xe spin exchange time is 22 s and the use of a contin
ow of gas is possible. Specifically, this system uses a 10
as mixture that is approximately 98%4He, 1% Xe, and 1% N2
Isotec, Inc. Miamisburg, OH) that flows through the opt
umping chamber so that a given xenon atom spends o

wo spin exchange periods in contact with the polarized
apor. The hyperpolarized xenon gas is extracted by trapp
n a cold finger surrounded by liquid nitrogen. In suita
ircumstances, the polarization is substantially retained d
he freezing process and a long spin–lattice relaxation tim

129Xe at 77 K (approximately 3 h) makes the storage of
olarized gas possible (30). For early experiments, accumu

ions occurred over 1–2 h with several liters of hyperpolar
as allocated to several vials. In the later applications, hy
olarized xenon was accumulated for each experiment o
eriod of 10–15 min. In some experiments, the xenon used
nriched to 71%129Xe (Urenco, Almelo, The Netherlands). F

he bulk of the experiments, natural abundance (26.44%129Xe)
enon samples were used (Spectra Gases, Alpha, NJ). Wh
ccumulation run was finished, the frozen xenon was vapo
nd collected in the sample vial for transport to the N
pectrometer.
Nuclear magnetic resonance measurements were made
at ambient laboratory temperature in a 40-cm horizontal-

maging magnet using a Varian SIS 200/400 spectrom
ystem. All glassware in contact with hyperpolarized xe
as treated with 10% solution of dichlorodimethylsilane
exane, and then rinsed with methanol and evacuated to e
emoval of residual solvent. The D2O solutions were intro
uced by syringe through a rubber septum and the small

n the glass stopcock and the sample was vigorously sh
nd placed into the Rf coil and magnet and acquisition
tarted immediately using small flip angles (,20°) to detec

129Xe or 1H resonances.129Xe spin–lattice relaxation time me
urements were also made on samples initially at the
quilibrium using the 4.7-T instrument or on an 11.7-T Va
nity Plus NMR spectrometer. The 11.7-T measurements
10-mm broadband probe tuned to 138 MHz and 10-mm N

ubes treated with dichlorodimethylsilane as previously
cribed.T1 measurements with Boltzmann samples were m
sing a saturation-recovery pulse sequence.

L-Tyrosine was obtained from Fisher Scientific,a-cyclodex-
rin andb-cyclodextrin were from Aldrich, and horse skele
yoglobin was from Sigma Chemical Co. The labile prot
f a- andb-cyclodextrin were out exchanged by three lyo

lization cycles from D2O. Solutions were in D2O at 10, 10, an
mM for a-cyclodextrin,b-cyclodextrin, andL-tyrosine, re

pectively. Apomyoglobin was prepared by standard met
nd the resulting protein was faintly yellow (31). Both myo-
ion
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lobin and apomyoglobin were lyophilized from three suc
ive D2O solutions to minimize the proton concentration in
nal solution. For the studies of hyperpolarized129Xe and
pomyoglobin and myoglobin, the nominal protein concen

ions were 4 mM. For studies done with Boltzmann129Xe and
yoglobin, the protein was dissolved in water at a conce

ion of 100mM.
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