
T of 129Xe in Blood and the Role of Oxygenation

i
t
i
s
(
r
c
t
l
a
c
p
d
d
(
g
e
m
a
m
A

p

s
h
r
a
a
b
I
m
b
n
l
l

lar-

h

Journal of Magnetic Resonance140,264–273 (1999)
Article ID jmre.1999.1836, available online at http://www.idealibrary.com on

1
C
A

1

Mitchell S. Albert,*,1 Daniel F. Kacher,*,† Dilip Balamore,‡ Arvind K. Venkatesh,*,† and Ferenc A. Jolesz*

*Department of Radiology, Brigham and Women’s Hospital and Harvard Medical School, Boston, Massachusetts 02115;†Department of Biomedical
Engineering, Boston University, Boston, Massachusetts 02115; and‡Department of Engineering/Physics/Technology,

Nassau Community College, Garden City, New York 11530

Received November 18, 1998; revised April 14, 1999

In previous experiments by the authors, in which hyperpolar- In previous experiments, in which a bolus of hyperpo
w
tha

flo
ain
t

l-
th

th
-

i und
a e
b
a s in
o i-
m d the
d fol-
l
t
f ced
f o
c
a they
f ,
t
b d the
d ted a
c
u ange
o e in
f their
r

ided
t -
i s-
s lood
c eri-
m ons.
D ere
g e of
t sus-
p qui-
s

s the
T
C ffect.
P d the
i
s

bw
zed 129Xe was dissolved in fresh blood samples, the T1 was found
o be strongly dependent on the oxygenation level, the values
ncreasing with oxygenation: T1 was about 4 s in deoxygenated
amples and about 13 s in oxygenated samples. C. H. Tseng et al.
1997, J. Magn. Reson. 126, 79–86), on the other hand, recently
eported extremely long T1 values using hyperpolarized 129Xe to
reate a “blood foam” and found that oxygenation decreased T1. In
heir experiments, the continual and rapid exchange of hyperpo-
arized 129Xe between the gas phase (within blood-foam bubbles)
nd the dissolved phase (in the skin of the bubbles) necessitated a
omplicated analysis to extract the effective blood T1. In the
resent study, the complications of hyperpolarized 129Xe exchange
ynamics have been avoided by using thermally polarized 129Xe
issolved in whole blood and in suspensions of lysed red blood cells
RBC). During T1 measurements in whole blood, the samples were
ently and continuously agitated, for the entire course of the
xperiment, to avert sedimentation. Oxygenation was found to
arkedly increase the T1 of 129Xe in blood, as originally measured,

nd it shifts the RBC resonance to a higher frequency. Carbon
onoxide has a similar but somewhat stronger effect. © 1999

cademic Press

Key Words: xenon; hyperpolarized 129Xe; blood; hemoglobin;
aramagnetic.

INTRODUCTION

Hyperpolarized129Xe MRI, employing as it does a ne
ource of contrast, may facilitate the study of organs
ave been difficult to image in the past (1). Further, it may
esult in new techniques for measuring cerebral blood
nd for performing functional activation studies of the br
chemical shift image of the129Xe distribution in the ra

rain has already been demonstrated by Swansonet al. (2).
nhaled hyperpolarized129Xe rapidly diffuses into the pu
onary circulation and is then distributed throughout
ody. The effectiveness of the hyperpolarized129Xe tech-
ique in imaging distal organs will depend on whether

ifetime of the hyperpolarization,i.e., the longitudinal re
axation time (T1) of 129Xe in blood, is sufficiently long.

1 To whom correspondence should be addressed. E-mail: malbert@
arvard.edu.
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zed 129Xe was bubbled into fresh blood samples, we fo
strong dependence ofT1 on the oxygenation level of th

lood, with the values increasing with oxygenation:T1 was
bout 4 s in deoxygenated samples and about 13
xygenated samples (3). Our experimental design min
ized exchange of xenon between the gas phase an
issolved phase during the measurement stage which

owed the end of the the gas bolus stage. Tsenget al. (4), on
he other hand, recently reported extremely longT1 values
or xenon dissolved in blood. Their values were dedu
rom experiments where hyperpolarized129Xe was used t
reate a “blood foam.” In some cases they found thatT1 was
ctually longer in blood than in plasma, and in general

ound that oxygenationdecreased T1. In their experiments
he continual and rapid exchange of hyperpolarized129Xe
etween the gas phase (within blood-foam bubbles) an
issolved phase (in the skin of the bubbles) necessita
omplicated analysis to extract the effective bloodT1 val-
es. A clearer understanding of the details of the exch
f hyperpolarized129Xe between the blood and gas phas

oams is needed before a meaningful interpretation of
esults can be made.

In the experiments we describe below, we have avo
he complications of hyperpolarized129Xe exchange dynam
cs by using129Xe at thermal equilibrium polarization, di
olved in whole blood, and in suspensions of lysed red b
ells (RBC). The samples were well mixed and the exp
ents were performed at equilibrium xenon concentrati
uring T1 measurements in whole blood, the samples w
ently and continuously agitated, over the entire cours

he experiment, to avert sedimentation. In lysed RBC
ensions there is little sedimentation during the long ac
ition time required when using thermally polarized129Xe.
In the present study, we find that oxygenation increase

1 of 129Xe in blood, confirming the trend found in Ref. (3).
arbon monoxide has a similar but somewhat stronger e
ossible mechanisms for these effects are examined an

mplications of these results for hyperpolarized129Xe MRI
tudies are discussed.
h.



METHODS
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lood Samples

Fresh blood was drawn from an antecubital vein of hea
olunteers into 60-mL syringes containing a few milliliters
eparin and then placed on ice. Standard hematology
nalysis was performed at 8°C on all samples immedi
efore and after eachT1 experiment. A pH/blood gas analyz
Ciba–Corning Model 238, Medfield, MA) was used to m
ure pH,pCO2, pO2, HCO3, andsO2. Hematocrit values wer
.0456 0.03. Lysed RBC suspensions and whole blood s
les were prepared in both their oxygenated and deoxyge
tates. Samples of lysed blood were produced by centrifug
f whole blood at 3000g for 10 min at 4°C to sediment th
BCs. The RBC pellets were then resuspended in 20 mM
uffer solution, at pH 7.6, to cause hypo-osmotic lysing of
ells. Forty-five milliliters of each sample was placed ins
5-mL glass ampoules (4 cm diameter, 7 cm length) fitted
igh-pressure O-ring valves. Oxygenated samples of

ysed RBCs and whole blood were produced by gently
ling the samples with air for about 10 min, the aeration b
one in an open system at ambient pressure. ThepO2 for the
xygenated samples was measured to be 100 mm Hg
eginning and end of the experiments. ThepO2 in alveoli is
00 mg Hg, while in arterial blood it is 95 mm Hg (5).
eoxygenated samples were treated by gentle and cont
ubbling of nitrogen through them until apO2 of 30 mm Hg
as achieved. The level of oxygenation was further reduce
lacing the samples under reduced pressure. ThepO2 measure
t the beginning and at the end of theT1 experiments was 2
m Hg. Normal venous blood has apO2 of 40 mm Hg, and ca
e as low as 20 mm Hg in capillary blood, in active muscle5).
hole blood samples treated with carbon monoxide w

repared by gentle bubbling of CO through the blood fo
in. The pH values of the samples, measured before and

he experiments, were not significantly different: oxygen
amples were 7.356 0.04 before and 7.376 0.04 after
eoxygenated samples were 7.356 0.02 before and 7.326
.13 after; CO-treated samples were 7.36 0.2 before an
.28 6 0.2 after. To ensure that the procedures emplo
uring sample preparation (e.g.,gently bubbling with nitrogen
aused no significant production of methemoglobin, in sep
xperiments, oxygenated and deoxygenated blood samp
eiving treatment identical to those described above were
ured to contain,1% (untraceable) methemoglobin, usin
igh-resolution spectrophotometer (Hitachi V2000, San J
A).
The remaining space in the sample ampoules was then
ith xenon. A glass protrusion, or “cold finger,” extend

rom the ampoule, was cooled by slowly submersing i
iquid nitrogen. Xenon, of natural isotopic abundance (2

129Xe), was condensed into the cold finger, the ampoules
ealed, and the xenon was allowed to evaporate and dis
nto the blood and RBC samples. A final pressure of about
y
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hether the high pressure of xenon significantly alteredT1,
dditional samples were prepared at a pressure of only 1.5
sing isotopically enhanced xenon (70%129Xe) to counterbal
nce the lower signal-to-noise ratio.
In a separate experiment, carbon monoxide was gently

led through freshly drawn whole blood samples for 10 m
he ampoules being then pressurized with xenon at na
bundance, as described above. ThepO2 was measured
imilarly prepared samples, the measurements being ma
ifferent times during the treatment with CO. On treatm
ith CO, thepO2 values rose from an initial value of about
0 mm Hg until a maximum of 300 mm Hg was reach

hereupon the values declined to about 75 mm Hg.

1 Measurement

129Xe spectra were obtained at 55.35 MHz on a 4.7-T Br
Freemont, CA) Omega instrument using a 5-cm-diamete
enoid coil; the 90° pulse width was 50ms. A spectral window
f 10 kHz was used with the receiver frequency cent
etween the plasma and RBC resonances in whole blood
n the single resonance from the lysed RBC samples. A 5
andpass butterworth filter was centered on the receive
uency. The samples were oriented with the length of
ylindrical ampoule perpendicular to theB0 field.
To inhibit the auto-oxidation of hemoglobin to the param

etic methemoglobin form, the temperature of the sample
aintained at 8°C by flowing through the magnet bore a

tream of nitrogen produced by evaporation of liquidN2. The
emperature was continuously monitored using an RTD se
ttached to a temperature controller (Omega 8501, Om

nstruments, Stamford, CT). In whole blood samples, the
ling of RBCs was forestalled by gentle agitation. An eccen
in on a wheel, driven by a DC gearhead motor mounted
utside the bore of the magnet, was attached to a 17
owel, the other end of which was connected to the sample
ssembly, suspended by elastic bands inside the bor
nsure that the 2-Hz oscillations, with an amplitude of 1
id not cause significant lysing of the RBCs, the whole bl
amples were inspected by microscopy and by hemog
pectrophotometry, before and after the experiments.
ounting of the blood was performed on a hemocytom
sing a light microscope, and spectrophotometry of the pla
omponent was performed using the high-resolution spe
hotometer.
It is important to keep the total experiment time to w
ithin the limits imposed by the instability of the blood sa
les. Exceedingly long experiment times are commonpla
easurements ofT1 of 129Xe in blood, with conventiona

echniques using thermally polarized129Xe; this is owing to the
odest value of the blood/gas partition coefficient (0.176)),

he low sensitivity of the129Xe nucleus (2.13 1022 relative to
1H (7)), and the typically longT1 value of 129Xe. We chose t
se the Look–Locker single-scan inversion-recovery sequ
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onventional inversion-recovery (IR) method. Look–Loc
ampling is also more efficient than saturation-recovery
rogressive-saturation methods (9, 10).
The Look–Locker method is described by the pulse

uence

$1808–@t–u ~acq!#N%X, [1]

here, after the inverting 180° pulse, the recovery of
agnetization is sampled by a series ofN equally spaced R
ulses of flip angleu (u , 90°; typically ;30°) and puls
pacingt seconds (9). The entire sequence is repeatedx times
or signal averaging. The optimal value ofu is the result of a
ompromise: small values yield low signal intensity, but la
alues too greatly reduce thez magnetization. Kapteinet al.(9)
ave shown that for moderate flip angles, an analysis o
elaxation of the magnetization to steady state, using the B
quations, gives

1

T1
9 5

1

T1
2

ln cosu

t
5

1

T1
1

1

Tc
, [2]

hereT91 andT1 are the apparent and true relaxation times,
c is the relaxation time that would result from the samp
lone, in the absence of any other relaxation. Obviously
ccurate estimate of the flip angle is critical. The solenoid
e used was carefully tested for high homogeneity, by ano

esearch team, for use in their experiments where hyperp
zed 129Xe was employed to measure diffusion of the gas (11).
n such experiments there are stringent constraints on
olerable level of inhomogeneity. One-dimensional project
f a 129Xe gas phantom along each of thex, y, and z axes
ielded perfectly symmetrical profiles. The flip angle w
alibrated by plotting the signal versus the pulse widt
onstant amplitude. In addition, the flip angle was very a
ately determined using a technique becoming increas
ommon with hyperpolarized species. A series of pulse
pplied with an interpulse delay!T1 (12). The decrease in th
ignal owing to the destruction of magnetization by the
ulses should go as (cosu)n, wheren equals the number
ulses. By fitting observations to this function,u can be very
ccurately estimated.
Observations were made using eight 30° pulses, with e

nterpulse delays. No recycle delay was employed, and h
o T1 recovery time was allowed before beginning the n
verage. Six data sets of 256 averages each were collec
.5 h per data set for each sample. Recovery curves were
ith the Origin (Microcal Inc., Northampton, MA) package

hree-parameter mono-exponential was fitted using the
uardt–Levenberg method. CorrectedT1 values were obtaine
sing Eq. [2] above.T1 values were calculated for each d
et. To enhance the signal-to-noise ratio of the spectra
ncrease the certainty of theT1 measurements, the data s
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veraged data sets.T1 measurement began approximately
fter blood withdrawal.

RESULTS

The 129Xe spectrum obtained from a sample of deoxygen
hole blood shows two dissolved-phase peaks at 196 an
pm in Fig. 1a. The129Xe gas-phase resonance, which
eyond the spectral window, was referenced to 0 ppm
revious acquisition. The peak at 196 ppm corresponds to129Xe
issolved in the plasma component of the blood, while the
t 216 ppm is from129Xe in the deoxygenated RBCs. The
ssignments were made using xenon samples containing
lasma or RBCs. The spectrum from a suspension of l
eoxygenated RBCs, Fig. 1b, shows only one peak at 203
ecause the129Xe is in fast exchange between hemoglobin
aline, which are not separated by a cell membrane as th
n whole blood. Figures 1c and 1d show spectra obtained
solated RBC and plasma components, respectively; they
sed to identify the peaks from the whole blood sam
xygenation of whole blood samples shifted the RBC r
ance by about 5 ppm to higher frequency.
The longitudinal relaxation time constant,T1, of the lysed
BC samples increased upon oxygenation: theT1 was 2.866
.11 s for the deoxygenated samples and 10.226 0.38 s for the
xygenated samples. This increase ofT1 with oxygenation in

he lysed RBC samples can be clearly seen in the sta
pectral plots of Fig. 2 and in the plots of the spectral peak
ersus the pulse spacing,t, displayed in Fig. 2c.
The T1 values for the deoxygenated whole blood sam
ere 2.706 0.22 s for the RBC component and 3.696 0.44 s

or the plasma component. In the oxygenated whole b
amples theT1 increased to 7.886 0.16 and 8.036 1.39 s for
he RBC and plasma components, respectively. TheT1 values
f the RBC and plasma components were in reasonable a
ent with each other, demonstrating that xenon is in
xchange between these two sites with respect toT1. The smal
ifference in theT1 values for the RBC and plasma com
ents in the deoxygenated case is attributable to the noisy

or this particular measurement. Figure 3 displays stacked
f the (a) deoxygenated and (b) oxygenated blood spectra
ig. 3c shows fits of the spectral peak areas, again demon

ng the trend for increasingT1 with oxygenation.
Reducing the xenon pressure in the samples from abou

o 1.5 atm did not have any observable effect onT1 in these
xperiments. The oxygenated whole blood sample conta
.5 atm of 70%129Xe gaveT1 values of 7.886 0.1 and 7.396
.06 s for the RBC and plasma components, respecti
here was no substantial difference inT1 between the value
btained at 1.5 atm and those obtained at 3–4 atm of x
ressure.
Adding carbon monoxide to deoxygenated whole blood

reased theT1 values to even longer values than those
erved for oxygenated blood.T1 was 11.046 2.33 and
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1.496 2.92 s for the RBC and plasma components, res
ively.

Spectrophotometry of the plasma components of aliquo
he whole blood samples taken before and after the ex
ents revealed that there was less than 5% lysing of the R
uring the course of the experiments. Inspection of the aliq
y light microscopy confirmed this measurement. The rat

he peak areas for the RBC and plasma signal peaks di
hange significantly during the course of the experiments
In separate experiments, whole oxygenated blood ke

0°C for 8 h showed less than 1% conversion to methemo
in, as measured by spectrophotometric assay. Whole ox
ted blood stored at 25°C, showed about 1% conversio
ethemoglobin after 2 h, 7% conversion at 4 h, and 11

onversion at 6 h.

DISCUSSION

In a previous study with thermally polarized129Xe in whole
lood, T1 values of 10 and 5 s were reported for129Xe in the
lasma component and in the RBC, respectively (13). The very
ifferent T1 values of the two resonances are clearly du

FIG. 1. Typical 129Xe spectra obtained at 8°C from samples of (a) w
hemical shift values were referenced to the gas resonance (not show

he largest peak.
c-

of
ri-
Cs
ts
f
ot

at
-
n-
to
%

o

lood sedimentation creating two pools of xenon,not in fast
xchange. In intact whole blood one should expect asingle T1

alue, since the129Xe will be in diffusional fast exchange, o
he T1 timescale, between the plasma and RBC compon
14, 15). In the first part of the present study, lysed R
uspensions eliminated RBC sedimentation, yielding a s
esonance. In the whole blood experiments, sedimentation
revented by continuous and gentle agitation. Very similaT1

alues, obtained from the RBC and plasma129Xe peaks, indi
ate that the exchange is, indeed, fast on theT1 timescale. Thi
s consistent with the results of Bifoneet al., who have mea
ured the RBC/plasma exchange time to be 12 ms (14). In both
he lysed RBC and whole blood experiments, the samples
ept at 8°C to inhibit the creation of methemoglobin (16),
hich greatly shortensT1. In vitro samples are not benefic

ies of the hemoglobin reductase system of the normal e
ocyte, whichin vivo reduces methemoglobin to hemoglob
ounteracting the continual auto-oxidation of hemoglobi
ethemoglobin, and thereby limiting the methemoglobin c

ent in circulating blood to 0.5–2% (17). Cooling whole blood
r isolated hemoglobin, very effectively inhibits auto-oxi

ion: at 4°C the half-life of normal oxyhemoglobin, to au

e blood, (b) a lysed red blood cell suspension, (c) packed RBCs, and (
which was assigned to 0 ppm. Spectral signal intensities were normaliztive to
hol
n),
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xidation, is on the order of months (16). We did not ventur
elow 8°C, however, since the formation of xenon clathr
ould have complicated the experiment (18). We note tha
hile the actualT1 values could possibly be different
hysiological temperature (37°C) than at 8°C, the trend
ards the lengthening ofT1 with oxygenation is quite robu
nd in conformity with our earlier room-temperature hype

arized 129Xe observations (3).
The strikingly enhanced signal from hyperpolarized129Xe,

issolved in blood, reduces data acquisition times to ab
inute (3), but the results that we obtained in the experim
escribed in Ref. (3), while they foreshadow our current fin

ngs, have nevertheless been in disagreement with the fin
f Tsenget al. (4) in their research with a blood–xenon foa
senget al. used an experimental design in which excha
ffects played a most dominant role, and in which the lo

ived magnetization in the gas phase continually regene
he decaying magnetization of the xenon dissolved in bloo

FIG. 2. Stacked plots of129Xe dissolved in samples of (a) deoxygena
cquired using a Look–Locker single-scan inversion-recovery sequenc
eoxygenated and oxygenated samples. The recovery curves show a lT
uspension (T1 5 2.95).
s

-

-

a
ts

gs

e
–
ed
In

heir approach the extraordinarily largeT1 values they obtaine
ere calculated by a several-parameter fit to the data. Not
re their values very different from those obtained from

wo approaches, they also differ from those obtained by Bi
t al. (14). Possibly, the difficulties in modeling the exchan
etween the gas and blood phases taint their results. Bifoet
l. avoid the problem of continuing gas exchange into
lood by first dissolving hyperpolarized129Xe with saline, and

hen injecting it into venous blood in a tall open cylinder,
easurements being made far from the surface in ord
bviate gas escape effects (14). TheirT1 result of 5 s invenous
lood samples agrees with our findings using deoxygen
lood.
The T1 values obtained in our present experiment mus

reated with moderate guardedness: some degree of che
hange may have occurred (16). We note, however, that le
han 1% conversion to methemoglobin was observed to o
n oxygenated blood kept at 10°C for 8 h. Blood degrada

and (b) oxygenated lysed red blood cell suspensions at 8°C. The dat
c) Plots of the normalized area of the peaks versus the evolution perit, for the
erlue for the oxygenated suspension (T1 5 10.2 s)than for the deoxygenate
ted
e. (
ong1 va
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FIG. 2—Continued
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enerally shortensT1; consequently, it is reasonable to sugg
hat our measurements represent lower limits for the actuT1

alues. Our experiment was principally designed to deter
he effects of oxygenation on theT1 of 129Xe in blood, and ou
mportant and robust finding has been that the longitud
elaxation time is decidedly increased by oxygenation, b
ore than twice that in deoxygenated samples. The relax

ime is even longer in samples where the hemoglobin
onverted into carbonmonoxyhemoglobin by treatment
O.
Molecular oxygen is an efficient relaxation agent for129Xe in

he gaseous state (19) and in solution (20). When blood is
xygenated, however, the relaxivity contribution of the
ound, paramagnetic O2 dissolved in the blood appears to
asked by the reduction of the much greater relaxivity co
ution of deoxyhemoglobin. It is interesting to note, in
ontext, that at physiological levels of oxygenation the rati

FIG. 3. Stacked plots of129Xe dissolved in (a) deoxygenated and (b)
ook–Locker single-scan inversion-recovery sequence.T1 values were calc
xygenated values for both RBC (upper plot) and plasma (lower plot) we

or the deoxygenated RBC component, 3.7 s for the deoxygenated plas
lasma component.
t

e

al
g
on
s

h

-

i-

f

2 chemically bound to hemoglobin to that of O2 physically
issolved in blood is about 100:1 (21).
The intriguing shortening of theT1 in deoxygenated bloo
ay be due to the presence of paramagnetic sites in deo
oglobin (22). Pauling and Coryell have shown the magn

usceptibility of deoxyhemoglobin to be paramagne
hereas oxyhemoglobin and carbonmonoxyhemoglobin
cules have zero magnetic moment (22). Alternatively, the
nvironment of the xenon binding site may be affected by
onfigurational differences between oxy- and deoxyhemo
in (23). Xenon is known to bind to hemoglobin in spec
onpolar cavities within the protein matrix that are differ

rom the binding sites of oxygen (15, 24). Hemoglobin under
oes profound changes upon oxygenation, however, both
lectronic nature (22) and in its structure (23). X-ray crystal-

ographic studies show that oxyhemoglobin (and carbonm
xyhemoglobin) differs markedly from deoxyhemoglobin

genated whole blood samples cooled to 8°C. The data sets were acqui
ed for RBC and plasma resonances. (c) Consistent with the lysed sam
onger than those of the deoxygenated samples.T1 values were calculated to be 2.
component, 7.9 s for the oxygenated RBC component, and 8.0 s for th
oxy
ulat
re l
ma
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FIG. 3—Continued
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lso affect the accessibility of the binding site and modify
esidence time of xenon at the site.

It is important to note that although xenon “binds” to
oglobin the binding is weak. Xenon binding results prin
ally from Debye and London types of van der Waals for
ith a small contribution from an ion-induced dipole bo

26). Schoenbornet al. estimate that London interactions
ount for about 90% of the total binding energy (26). Given the
xtensive changes in the quaternary structure of hemog
pon oxygenation, the environment of the binding site ma
reatly altered; indeed, it is plausible that there are diffe
enon binding sites in the oxygenated and deoxygen
orms. Inspection of the protein crystal structures make
lear that the binding sites are inaccessible to ligand wit
ooperative protein motions to allow transient passage (15, 24).
he structural changes produced by oxygenation may sev
ffect site accessibility and have a profound effect on
inetics of binding. Altered kinetics may well explain t
hange in the relaxation time. CO binds more strongly than2,
nd its effects on the structure of the hemoglobin molecul
imilar, but moderately stronger (23). This may explain wh
reating blood with carbon monoxide increases theT1 of dis-
olved129Xe by an even greater extent than oxygenation d
1 values were about 8 s in oxygenated blood and about 1

n carbonmonoxylated blood. This resultcannot be facilely
xplained away as a consequence of there being little diss
xygen in venous blood treated with carbon monoxide. As
ave described under Methods, treatment with CO disp

he considerable quantity of oxygen that is bound to hemo
in even in venous blood, and thepO2 value after treatment
lose to that found in oxygenated blood. The longerT1 in
arbonmonoxylated blood, compared to that in oxygen
lood, may indicate differences in theextent of the nearly

dentical configurational change induced in hemoglobin by
wo different ligands. Hemoglobin has an affinity for CO t
s about 200 times greater than its affinity for O2 (5). The
xygenation dependent shift to higher frequency of the R
eak too may be due to these configurational difference
emoglobin.
In our hyperpolarized129Xe studies using fresh blood

oom temperature (3), theT1 in oxygenated blood was found
e 13.5 s, considerably longer than the value in venous b
f 4.2 s. Thistrend has been validated by the present st
sing thermally polarized xenon, albeit at the reduced tem
ture needed to prevent degradation over the extended
equired for such studies. The transport of hyperpolarized129Xe
n vivo occurs via oxygenated arterial blood, from the lun
issues of interest. Clearly, the relaxation time is long eno
or sufficient magnetization to reach the brain (the blood tr
ime to the brain in the human is about 5–7s (27, 28)), and its
trong dependence on the oxygenation state of blood b
ell for the application of hyperpolarized129Xe MRI to stud-

es of brain function. Here, we propose two possible me
isms by which physiological changes could produce l
e
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erebral blood flow should result in a corresponding increa
129Xe density in the local capillary network. Second, the
esponding increase in the oxygenation of hemoglobin m
erhaps lengthen129Xe T1 values in the local blood suppl
oth of these mechanisms should function cooperative
roduce signal enhancement in local cerebral tissue. The
itivity of the chemical shift of the RBC resonance might
xploited in order to determine the local level of oxygena
f the blood or tissue.
Finally, we note that reports of the xenon binding site

emoglobin have thus far been restricted to X-ray studie
e–hemoglobin crystal structures. The structure of Xe–he
lobin in its biologically active liquid state may be very d

erent from that in a crystallized form. SPINOE NMR exp
ments (29), in which some of the polarization fro
yperpolarized129Xe is transferred to neighboring protons

he nuclear Overhauser effect (NOE), may show enhance
f the 1H signal from protons in contact with bound hyper

arized xenon. These types of studies should help to eluc
he changes in structure between the oxygenated and d
enated forms of Xe–hemoglobin in the liquid state, and a

he determination of the mechanism responsible for the
enation-induced lengthening of the129Xe T1 in blood.
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