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In previous experiments by the authors, in which hyperpolar-
ized **Xe was dissolved in fresh blood samples, the T, was found
to be strongly dependent on the oxygenation level, the values
increasing with oxygenation: T, was about 4 s in deoxygenated
samples and about 13 s in oxygenated samples. C. H. Tseng et al.
(1997, J. Magn. Reson. 126, 79-86), on the other hand, recently
reported extremely long T, values using hyperpolarized **Xe to
create a “blood foam™ and found that oxygenation decreased T;. In
their experiments, the continual and rapid exchange of hyperpo-
larized *°Xe between the gas phase (within blood-foam bubbles)
and the dissolved phase (in the skin of the bubbles) necessitated a
complicated analysis to extract the effective blood T,. In the
present study, the complications of hyperpolarized **Xe exchange
dynamics have been avoided by using thermally polarized *Xe
dissolved in whole blood and in suspensions of lysed red blood cells
(RBC). During T, measurements in whole blood, the samples were
gently and continuously agitated, for the entire course of the
experiment, to avert sedimentation. Oxygenation was found to
markedly increase the T, of **Xe in blood, as originally measured,
and it shifts the RBC resonance to a higher frequency. Carbon
monoxide has a similar but somewhat stronger effect. © 1999
Academic Press

Key Words: xenon; hyperpolarized ***Xe; blood; hemoglobin;
paramagnetic.

INTRODUCTION

In previous experiments, in which a bolus of hyperpolar
ized ***Xe was bubbled into fresh blood samples, we fount
a strong dependence @f, on the oxygenation level of the
blood, with the values increasing with oxygenatidn:was
abou 4 s in deoxygenated samples and about 13 s il
oxygenated samples3), Our experimental design mini-
mized exchange of xenon between the gas phase and |
dissolved phase during the measurement stage which fc
lowed the end of the the gas bolus stage. Tseta. (4), on
the other hand, recently reported extremely langvalues
for xenon dissolved in blood. Their values were deduce
from experiments where hyperpolarizédXe was used to
create a “blood foam.” In some cases they found thawas
actually longer in blood than in plasma, and in general the
found that oxygenationlecreased T. In their experiments,
the continual and rapid exchange of hyperpolariZz€e
between the gas phase (within blood-foam bubbles) and tl
dissolved phase (in the skin of the bubbles) necessitated
complicated analysis to extract the effective blobdval-
ues. A clearer understanding of the details of the exchane
of hyperpolarized®*Xe between the blood and gas phase ir
foams is needed before a meaningful interpretation of the
results can be made.

In the experiments we describe below, we have avoide
the complications of hyperpolarizetfXe exchange dynam-

Hyperpolarized*Xe MRI, employing as it does a newjcq by using***Xe at thermal equilibrium polarization, dis-
source of contrast, may facilitate the study of organs thafeq in whole blood, and in suspensions of lysed red bloc
have been difficult to image in the padj(Further, it may cells (RBC). The samples were well mixed and the exper
result in new techniques for measuring cerebral blood flo ents were performed at equilibrium xenon concentration:

and for performing functional activation studies of the brairburing T, measurements in whole blood, the samples wer
1 )

a chemical shift image of thé”Xe distribution in the rat . . .
brain has already been demonstrated by Swaesa. (2) gently and continuously agitated, over the entire course
“Y 7" the experiment, to avert sedimentation. In lysed RBC su

Inhaled hyperpolarized®Xe rapidly diffuses into the pul- _ e , _ ,

monary circulation and is then distributed throughout thRENsions there IS little sed|m§ntat|on during thellong acqu

body. The effectiveness of the hyperpolarizB&e tech- Sition time required when using thermally p.olar-|zi§8b(e.

nique in imaging distal organs will depend on whether the I tqf present study, we find that oxygenation increases !

lifetime of the hyperpolarizationi.e., the longitudinal re- T: Of “*Xe in blood, confirming the trend found in ReB)(

laxation time {,) of ***Xe in blood, is sufficiently long. ~ Carbon monoxide has a similar but somewhat stronger effe
Possible mechanisms for these effects are examined and

To whom correspondence should be addressed. E-mail: malbert@biRplications of these results for hyperpolarizétdXe MRI

harvard.edu. studies are discussed.
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METHODS atm of xenon was attained in each ampoule. In order to te
whether the high pressure of xenon significantly altefed
Blood Samples additional samples were prepared at a pressure of only 1.5 at
using isotopically enhanced xenon (70¢%e) to counterbal-
Fresh blood was drawn from an antecubital vein of healtlance the lower signal-to-noise ratio.
volunteers into 60-mL syringes containing a few milliliters of In a separate experiment, carbon monoxide was gently bu
heparin and then placed on ice. Standard hematology desd through freshly drawn whole blood samples for 10 min
analysis was performed at 8°C on all samples immediatdlye ampoules being then pressurized with xenon at natut
before and after each, experiment. A pH/blood gas analyzerabundance, as described above. H®, was measured in
(Ciba—Corning Model 238, Medfield, MA) was used to measimilarly prepared samples, the measurements being made
sure pH,pCO,, pO,, HCO;, andsO,. Hematocrit values were different times during the treatment with CO. On treatmen
0.045=* 0.03. Lysed RBC suspensions and whole blood samwith CO, thepO, values rose from an initial value of about of
ples were prepared in both their oxygenated and deoxygenad@dmm Hg until a maximum of 300 mm Hg was reached
states. Samples of lysed blood were produced by centrifugatibiereupon the values declined to about 75 mm Hg.
of whole blood at 300§ for 10 min at 4°C to sediment the
RBCs. The RBC pellets were then resuspended in 20 mM Tr[i§
buffer solution, at pH 7.6, to cause hypo-osmotic lysing of the
cells. Forty-five milliliters of each sample was placed inside **Xe spectra were obtained at 55.35 MHz on a 4.7-T Bruke
85-mL glass ampoules (4 cm diameter, 7 cm length) fitted wiRreemont, CA) Omega instrument using a 5-cm-diameter s
high-pressure O-ring valves. Oxygenated samples of bdé&moid coil; the 90° pulse width was 50s. A spectral window
lysed RBCs and whole blood were produced by gently bubf 10 kHz was used with the receiver frequency centere
bling the samples with air for about 10 min, the aeration beirgptween the plasma and RBC resonances in whole blood, a
done in an open system at ambient pressure. bgefor the on the single resonance from the lysed RBC samples. A 5-kF-
oxygenated samples was measured to be 100 mm Hg at blamdpass butterworth filter was centered on the receive fr
beginning and end of the experiments. T#@, in alveoli is quency. The samples were oriented with the length of th
100 mg Hg, while in arterial blood it is 95 mm Hgp)( cylindrical ampoule perpendicular to tig field.
Deoxygenated samples were treated by gentle and controlled o inhibit the auto-oxidation of hemoglobin to the paramag
bubbling of nitrogen through them until@0, of 30 mm Hg netic methemoglobin form, the temperature of the sample w:
was achieved. The level of oxygenation was further reduced imaintained at 8°C by flowing through the magnet bore a col
placing the samples under reduced pressureptieneasured stream of nitrogen produced by evaporation of lighid The
at the beginning and at the end of the experiments was 20 temperature was continuously monitored using an RTD sens
mm Hg. Normal venous blood hap®, of 40 mm Hg, and can attached to a temperature controller (Omega 8501, Ome
be as low as 20 mm Hg in capillary blood, in active mus8le ( Instruments, Stamford, CT). In whole blood samples, the se
Whole blood samples treated with carbon monoxide wetiéng of RBCs was forestalled by gentle agitation. An eccentri
prepared by gentle bubbling of CO through the blood for 1fin on a wheel, driven by a DC gearhead motor mounted we
min. The pH values of the samples, measured before and aftatside the bore of the magnet, was attached to a 175-c
the experiments, were not significantly different: oxygenatetbwel, the other end of which was connected to the sample/c
samples were 7.35- 0.04 before and 7.37 0.04 after; assembly, suspended by elastic bands inside the bore.
deoxygenated samples were 7.350.02 before and 7.3% ensure that the 2-Hz oscillations, with an amplitude of 1 cm
0.13 after; CO-treated samples were 730.2 before and did not cause significant lysing of the RBCs, the whole bloo
7.28 £ 0.2 after. To ensure that the procedures employsdamples were inspected by microscopy and by hemoglob
during sample preparatioe.g.,gently bubbling with nitrogen) spectrophotometry, before and after the experiments. RB
caused no significant production of methemoglobin, in separa@unting of the blood was performed on a hemocytomete
experiments, oxygenated and deoxygenated blood samplesuseng a light microscope, and spectrophotometry of the plasn
ceiving treatment identical to those described above were meamponent was performed using the high-resolution spectr
sured to contain<1% (untraceable) methemoglobin, using @hotometer.
high-resolution spectrophotometer (Hitachi V2000, San Jose]t is important to keep the total experiment time to well
CA). within the limits imposed by the instability of the blood sam-
The remaining space in the sample ampoules was then fillgds. Exceedingly long experiment times are commonplace
with xenon. A glass protrusion, or “cold finger,” extendingneasurements of; of ***Xe in blood, with conventional
from the ampoule, was cooled by slowly submersing it itechniques using thermally polariz&3Xe; this is owing to the
liquid nitrogen. Xenon, of natural isotopic abundance (26%hodest value of the blood/gas partition coefficient (0.8)7, (
'?%Xe), was condensed into the cold finger, the ampoules wehe low sensitivity of thé*’Xe nucleus (2.1xX 107 relative to
sealed, and the xenon was allowed to evaporate and dissdMg7)), and the typically longr, value of ***Xe. We chose to
into the blood and RBC samples. A final pressure of about 3-ude the Look—Locker single-scan inversion-recovery sequen

Measurement
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(8,9, since it is about two to three times faster than theere averaged andl, values were also calculated from the
conventional inversion-recovery (IR) method. Look-Lockemveraged data set§; measurement began approximately 1 t
sampling is also more efficient than saturation-recovery aafter blood withdrawal.
progressive-saturation method 10).
The Look-Locker method is described by the pulse se- RESULTS
guence
The ***Xe spectrum obtained from a sample of deoxygenate
{180°—[ 70 (acq n}x, [1] whole blood shows two dissolved-phase peaks at 196 and 2
ppm in Fig. la. The'*Xe gas-phase resonance, which is

where, after the inverting 180° pulse, the recovery of ﬂ%eyond the spectral window, was referenced to 0 ppm in

magnetization is sampled by a serieshokqually spaced RF previous apquisition. The peak at 196 ppm correspopéfﬁ)(e
pulses of flip angled (6 < 90°: typically ~30°) and pulse dissolved mthe plasg;a component of the blood, while the pe
spacingr seconds9). The entire sequence is repealetimes at 216 ppm is from™Xe in the deoxygenated RBCs. These

for signal averaging. The optimal value 6éfis the result of a assignments were made using xenon samples containing ol

compromise: small values yield low signal intensity, but |arg§Iasma or RBCs. The spectrum from a suspension of lyse

values too greatly reduce tzenagnetization. Kapteiat al. (9) eoxygenated RBCs, Fig. 1b, shows only one peak at 203 py

have shown that for moderate flip angles, an analysis of tngcause th&”Xe is in fast exchange between hemoglobin any

relaxation of the magnetization to steady state, using the Blo,%‘ﬂ“ne’ which are 'not separated by a cell membrane as they :
equations, gives in whole blood. Figures 1c and 1d show spectra obtained fro

isolated RBC and plasma components, respectively; they we
used to identify the peaks from the whole blood sample
i, - i _ In cosf — 1 + i 2] Oxygenation of whole blood samples shifted the RBC resc
. T T T T nance by about 5 ppm to higher frequency.
The longitudinal relaxation time constarit,, of the lysed
whereT’ andT, are the apparent and true relaxation times, afRBC samples increased upon oxygenation:Tthevas 2.86+
T. is the relaxation time that would result from the sampling.11 s for the deoxygenated samples and 18:Z238 s for the
alone, in the absence of any other relaxation. Obviously, arygenated samples. This increaseTgfwith oxygenation in
accurate estimate of the flip angle is critical. The solenoid cdiie lysed RBC samples can be clearly seen in the stack
we used was carefully tested for high homogeneity, by anothsgectral plots of Fig. 2 and in the plots of the spectral peak ar
research team, for use in their experiments where hyperpoleersus the pulse spacing, displayed in Fig. 2c.
ized ***Xe was employed to measure diffusion of the gh®.( The T, values for the deoxygenated whole blood sample
In such experiments there are stringent constraints on there 2.70= 0.22 s for the RBC component and 3.690.44 s
tolerable level of inhomogeneity. One-dimensional projectiorigr the plasma component. In the oxygenated whole bloc
of a **Xe gas phantom along each of they, andz axes samples thd, increased to 7.8& 0.16 and 8.03+ 1.39 s for
yielded perfectly symmetrical profiles. The flip angle wathe RBC and plasma components, respectively. Thealues
calibrated by plotting the signal versus the pulse width af the RBC and plasma components were in reasonable agr
constant amplitude. In addition, the flip angle was very accment with each other, demonstrating that xenon is in fa
rately determined using a technique becoming increasingiychange between these two sites with respett.tdhe small
common with hyperpolarized species. A series of pulses dfference in theT, values for the RBC and plasma compo-
applied with an interpulse delayT, (12). The decrease in the nents in the deoxygenated case is attributable to the noisy d:
signal owing to the destruction of magnetization by the reddr this particular measurement. Figure 3 displays stacked plc
pulses should go as (ca®", wheren equals the number of of the (a) deoxygenated and (b) oxygenated blood spectra, a
pulses. By fitting observations to this functiohcan be very Fig. 3c shows fits of the spectral peak areas, again demonstr
accurately estimated. ing the trend for increasing, with oxygenation.
Observations were made using eight 30° pulses, with equaReducing the xenon pressure in the samples from about 3-
interpulse delays. No recycle delay was employed, and hente 1.5 atm did not have any observable effectTanin these
no T, recovery time was allowed before beginning the nexxperiments. The oxygenated whole blood sample containit
average. Six data sets of 256 averages each were collected.fatm of 70%6°°Xe gaveT, values of 7.88+ 0.1 and 7.39+
1.5 h per data set for each sample. Recovery curves were fitfed6 s for the RBC and plasma components, respectivel
with the Origin (Microcal Inc., Northampton, MA) package. AThere was no substantial differenceTin between the values
three-parameter mono-exponential was fitted using the Maibtained at 1.5 atm and those obtained at 3—4 atm of xen
quardt-Levenberg method. Correctedvalues were obtained pressure.
using Eq. [2] aboveT, values were calculated for each data Adding carbon monoxide to deoxygenated whole blood in
set. To enhance the signal-to-noise ratio of the spectra ardased thel, values to even longer values than those ob
increase the certainty of th&, measurements, the data setserved for oxygenated bloodl;, was 11.04+ 2.33 and
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FIG. 1. Typical ***Xe spectra obtained at 8°C from samples of (a) whole blood, (b) a lysed red blood cell suspension, (c) packed RBCs, and (d) f
Chemical shift values were referenced to the gas resonance (not shown), which was assigned to O ppm. Spectral signal intensities were naiveaized
the largest peak.

11.49+ 2.92 s for the RBC and plasma components, respdalood sedimentation creating two pools of xenant in fast
tively. exchange. In intact whole blood one should expesingle T,
Spectrophotometry of the plasma components of aliquots\aflue, since thé*Xe will be in diffusional fast exchange, on
the whole blood samples taken before and after the expethie T, timescale, between the plasma and RBC componen
ments revealed that there was less than 5% lysing of the RB@4, 19. In the first part of the present study, lysed RBC
during the course of the experiments. Inspection of the aliquafisspensions eliminated RBC sedimentation, yielding a sing
by light microscopy confirmed this measurement. The ratio eésonance. In the whole blood experiments, sedimentation w
the peak areas for the RBC and plasma signal peaks did paévented by continuous and gentle agitation. Very sinilar
change significantly during the course of the experiments. values, obtained from the RBC and plasffixXe peaks, indi-
In separate experiments, whole oxygenated blood keptgaatte that the exchange is, indeed, fast orilthémescale. This
10°C far 8 h showed less than 1% conversion to methemoglg consistent with the results of Biforet al., who have mea-
bin, as measured by spectrophotometric assay. Whole oxygetired the RBC/plasma exchange time to be 121 (n both
ated blood stored at 25°C, showed about 1% conversiontfe lysed RBC and whole blood experiments, the samples we
methemoglobin after 2 h, 7% conversion at 4 h, and 11.2Rept at 8°C to inhibit the creation of methemoglobib6y
conversion at 6 h. which greatly shortens,. In vitro samples are not beneficia-
ries of the hemoglobin reductase system of the normal eryt
DISCUSSION rocyte, whichin vivo reduces methemoglobin to hemoglobin,
counteracting the continual auto-oxidation of hemoglobin t
In a previous study with thermally polarizé&iXe in whole methemoglobin, and thereby limiting the methemoglobin con
blood, T, values of 10 ad 5 s were reported for°Xe in the tent in circulating blood to 0.5-2%4.7). Cooling whole blood
plasma component and in the RBC, respectivéB).(The very or isolated hemoglobin, very effectively inhibits auto-oxida-
different T, values of the two resonances are clearly due tmn: at 4°C the half-life of normal oxyhemoglobin, to auto-
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FIG. 2. Stacked plots of*Xe dissolved in samples of (a) deoxygenated and (b) oxygenated lysed red blood cell suspensions at 8°C. The data se
acquired using a Look-Locker single-scan inversion-recovery sequence. (c) Plots of the normalized area of the peaks versus the evolutidargbeod,
deoxygenated and oxygenated samples. The recovery curves show aTlenvgdue for the oxygenated suspensidn (= 10.2 s)than for the deoxygenated
suspension, = 2.95).

oxidation, is on the order of month&&). We did not venture their approach the extraordinarily large values they obtained
below 8°C, however, since the formation of xenon clathrategere calculated by a several-parameter fit to the data. Not on
would have complicated the experimei3). We note that are their values very different from those obtained from ou
while the actualT, values could possibly be different attwo approaches, they also differ from those obtained by Bifon
physiological temperature (37°C) than at 8°C, the trend tet al. (14). Possibly, the difficulties in modeling the exchange:
wards the lengthening oF, with oxygenation is quite robust between the gas and blood phases taint their results. Bdbne
and in conformity with our earlier room-temperature hyperp@l. avoid the problem of continuing gas exchange into thi
larized ***Xe observations3). blood by first dissolving hyperpolarize&Xe with saline, and
The strikingly enhanced signal from hyperpolarizé®e, then injecting it into venous blood in a tall open cylinder, the
dissolved in blood, reduces data acquisition times to aboutreeasurements being made far from the surface in order
minute @), but the results that we obtained in the experimentdviate gas escape effecisl). TheirT, result d 5 s invenous
described in Ref.3), while they foreshadow our current find-blood samples agrees with our findings using deoxygenatt
ings, have nevertheless been in disagreement with the findifdsod.
of Tsenget al. (4) in their research with a blood—xenon foam. The T, values obtained in our present experiment must b
Tsenget al. used an experimental design in which exchangeeated with moderate guardedness: some degree of chemi
effects played a most dominant role, and in which the longshange may have occurretl). We note, however, that less
lived magnetization in the gas phase continually regeneratién 1% conversion to methemoglobin was observed to occ
the decaying magnetization of the xenon dissolved in blood. ilm oxygenated blood kept at 10°C for 8 h. Blood degradatio
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FIG. 3. Stacked plots of**Xe dissolved in (a) deoxygenated and (b) oxygenated whole blood samples cooled to 8°C. The data sets were acquired
Look—Locker single-scan inversion-recovery sequeiige/alues were calculated for RBC and plasma resonances. (c) Consistent with the lysed samples
oxygenated values for both RBC (upper plot) and plasma (lower plot) were longer than those of the deoxygenatedisaralles.were calculated to be 2.7 s
for the deoxygenated RBC component, 3.7 s for the deoxygenated plasma component, 7.9 s for the oxygenated RBC component, and 8.0 s for the o
plasma component.

generally shorten$,; consequently, it is reasonable to sugge€, chemically bound to hemoglobin to that of, @hysically
that our measurements represent lower limits for the adtual dissolved in blood is about 100:2%).
values. Our experiment was principally designed to determineThe intriguing shortening of thé&, in deoxygenated blood
the effects of oxygenation on tfig of ***Xe in blood, and our may be due to the presence of paramagnetic sites in deoxyt
important and robust finding has been that the longitudinaloglobin 2). Pauling and Coryell have shown the magnetic
relaxation time is decidedly increased by oxygenation, beiisgsceptibility of deoxyhemoglobin to be paramagnetic
more than twice that in deoxygenated samples. The relaxatishereas oxyhemoglobin and carbonmonoxyhemoglobin mc
time is even longer in samples where the hemoglobin wasules have zero magnetic mome@®)( Alternatively, the
converted into carbonmonoxyhemoglobin by treatment wigmvironment of the xenon binding site may be affected by th
CO. configurational differences between oxy- and deoxyhemoglc
Molecular oxygen is an efficient relaxation agentféKe in  bin (23). Xenon is known to bind to hemoglobin in specific
the gaseous statd9) and in solution 20). When blood is nonpolar cavities within the protein matrix that are differen
oxygenated, however, the relaxivity contribution of the urfrom the binding sites of oxygerib, 24. Hemoglobin under-
bound, paramagnetic Qlissolved in the blood appears to bejoes profound changes upon oxygenation, however, both in
masked by the reduction of the much greater relaxivity contelectronic nature22) and in its structure2d). X-ray crystal-
bution of deoxyhemoglobin. It is interesting to note, in thitographic studies show that oxyhemoglobin (and carbonmor
context, that at physiological levels of oxygenation the ratio @ixyhemoglobin) differs markedly from deoxyhemoglobin in
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quaternary structure28, 25. Configurational changes mayvariations in signal intensity. First, an increase in regiong
also affect the accessibility of the binding site and modify theerebral blood flow should result in a corresponding increase
residence time of xenon at the site. *Xe density in the local capillary network. Second, the cor
It is important to note that although xenon “binds” to heresponding increase in the oxygenation of hemoglobin mig}
moglobin the binding is weak. Xenon binding results principerhaps lengther*Xe T, values in the local blood supply.
pally from Debye and London types of van der Waals forceBpth of these mechanisms should function cooperatively t
with a small contribution from an ion-induced dipole bongroduce signal enhancement in local cerebral tissue. The se
(26). Schoenborret al. estimate that London interactions acsitivity of the chemical shift of the RBC resonance might be
count for about 90% of the total binding ener@g). Given the exploited in order to determine the local level of oxygenatior
extensive changes in the quaternary structure of hemoglobinthe blood or tissue.
upon oxygenation, the environment of the binding site may beFinally, we note that reports of the xenon binding sites ir
greatly altered; indeed, it is plausible that there are differenémoglobin have thus far been restricted to X-ray studies ¢
xenon binding sites in the oxygenated and deoxygenat&d—hemoglobin crystal structures. The structure of Xe—hemt
forms. Inspection of the protein crystal structures makesgtobin in its biologically active liquid state may be very dif-
clear that the binding sites are inaccessible to ligand withdierent from that in a crystallized form. SPINOE NMR exper-
cooperative protein motions to allow transient passageZ4. iments @9), in which some of the polarization from
The structural changes produced by oxygenation may severeyperpolarized*Xe is transferred to neighboring protons via
affect site accessibility and have a profound effect on ttike nuclear Overhauser effect (NOE), may show enhanceme
kinetics of binding. Altered kinetics may well explain theof the *H signal from protons in contact with bound hyperpo-
change in the relaxation time. CO binds more strongly than Qarized xenon. These types of studies should help to elucida
and its effects on the structure of the hemoglobin molecule ahee changes in structure between the oxygenated and deo:
similar, but moderately strongeR3). This may explain why genated forms of Xe—hemoglobin in the liquid state, and aid i
treating blood with carbon monoxide increases Theof dis- the determination of the mechanism responsible for the ox
solved'®Xe by an even greater extent than oxygenation doegenation-induced lengthening of théXe T, in blood.
T, values were abdB s in oxygenated blood and about 11 s
in carbonmonoxylated blood. This reswannotbe facilely ACKNOWLEDGMENTS
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