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ABSTRACT: The large diffusion coefficients of gases result in significant spin motion during the application of
gradient pulses that typically last a few milliseconds in most NMR experiments. In restricted environments, such as
the lung, this rapid gas diffusion can lead to violations of the narrow pulse approximation, a basic assumption of the
standard Stejskal–Tanner NMR method of diffusion measurement. We therefore investigated the effect of a common,
biologically inert buffer gas, sulfur hexafluoride (SF6), on129Xe NMR and diffusion. We found that the contribution
of SF6 to 129Xe T1 relaxation in a 1:1 xenon/oxygen mixture is negligible up to 2 bar of SF6 at standard temperature.
We also measured the contribution of SF6 gas to129Xe T2 relaxation, and found it to scale inversely with pressure,
with this contribution approximately equal to 1 s for 1 bar SF6 pressure and standard temperature. Finally, we found
the coefficient of129Xe diffusion through SF6 to be approximately 4.6� 10ÿ6 m2sÿ1 for 1 bar pressure of SF6 and
standard temperature, which is only 1.2 times smaller than the129Xe self diffusion coefficient for 1 bar129Xe pressure
and standard temperature. From these measurements we conclude that SF6 will not sufficiently reduce129Xe diffusion
to allow accurate surface-area/volume ratio measurements in human alveoli using time-dependent gas diffusion
NMR.

KEYWORDS: xenon; diffusion; sulfur hexafluoride; restricted diffusion; pulsed gradient spin echo, PGSE; gas-
diffusion NMR

INTRODUCTION

Following the development of lung ventilation MRI
using laser-polarized noble gases (129Xe and 3He),1,2

attention has been given to NMR measures of noble gas
diffusion as a new tool for studying lung structure and
function.3,4 In particular, we recently demonstrated that
time-dependent noble gas diffusion NMR (i.e. observing
variations in the diffusion coefficient as a function of
diffusion time) can be used to determine the surface-area/
volume ratio (S/V) and tortuosity of non-living porous
media—packed beads and oil-reservoir rocks.5,6 (Tortu-
osity is a measure of the long-range connectivity of a

porous medium, and is related to the medium’s fluid
permeability.7)

Gas diffusion NMR (GD-NMR) could have important
clinical and scientific applications if successfully im-
plemented in the lung:8,9 e.g. determining regional
variations in alveolar surface area and inter-alveolar
connectivity. However, our recent work6,10 also uncov-
ered practical limitations to GD-NMR due to the rapid
rate of gas diffusion. Diffusion coefficients for gases at
standard temperature and pressure (STP) are typically on
the order of 1� 10ÿ5 m2 sÿ1, which is 104–105 times
greater than for liquids. Given the limited magnetic field
gradients (about 0.01 T/m) that can be applied to humans,
diffusion encoding for GD-NMR measurements typically
requires 1–10 ms or more. During a 1 ms interval gas
diffusion can be significant: approximately 75mm for
129Xe gas and 250mm for 3He gas at STP.

Theoretical studies have shown that when the distance
diffused by a spin during the application of the gradient
pulse is greater than about 14% of the diameter of the
confining geometry (e.g. lung alveoli), then the narrow
pulse approximation will be violated.11 This approxima-
tion is a core feature of the standard Stejskal–Tanner
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NMR method for measuringdiffusion,12 and is the
assumptionthat the movement of spins during the
applicationof the diffusion encodinggradientpulse is
negligible in comparisonto any enclosingpores.Our
work with time-dependent129Xe gasdiffusion in small
glassbeads(2 mm diameterandless)hasshownthat the
observeddiffusioncoefficientcanchangewith variations
in thegradientpulsetime (�).10 In addition,the intended
variationof diffusion coefficientwith diffusion time (D)
can lead to inaccuratemeasuresof the S/V.6,10 Such
problems have rarely been important when studying
water diffusion; however, with the advent of laser-
polarizedgasdiffusion studies,theseproblemsarenow
expectedto occurmoreregularly.For 129Xe gasat STP
the limiting poresizethat canyield accurateS/Vdatais
�500mm, assuminga 1 ms diffusion encodingpulse.
Thus, a breakdownof the narrow pulseapproximation
maymakeGD-NMR ineffectivefor probingalveolarS/V,
with currenttechniques.

We seetwo possiblesolutionsto this inadequacyof
GD-NMR: (i) newtheoreticaldevelopmentsto showhow
to compensatefor the breakdownof the narrow pulse
approximationthroughadvanceddataanalysisor pulse
sequences;13 and (ii) the useof a buffer gas to reduce
noble gasdiffusion suchthat the narrow pulseapprox-
imation is valid. In this paperwe addressthe secondof
thesepossibilities. We report NMR measurementsof
reducedobserved129Xe gas diffusion in the presence
sulfur hexafluoride(SF6), a biologically inert gaswith
largemassandanexpectedlargescatteringcross-section.
As discussedbelow,wemeasuredthecoefficientof 129Xe
diffusion through SF6 to be approximately4.6� 10ÿ6

m2 sÿ1 for 1 bar pressureof SF6 pressureand standard
temperature,only 1.2 times smaller than the 129Xe self
diffusioncoefficientfor 1 bar129Xe pressureandstandard
temperature.This 129Xe-through-SF6 diffusion coeffi-
cientis still muchtoolargeto preventabreakdownof the
narrowpulseapproximationfor 129Xe GD-NMR applied
to humanalveoli. (The narrowpulseapproximationwill
fail more severelyfor 3He diffusion becausethe 3He
diffusion coefficientis anorderof magnitudelargerthan
that of 129Xe for the samegaspressuresand tempera-
tures.)

EXPERIMENTAL METHODS

We performed thermally polarized xenon gas NMR
measurementsusingglasssamplecellsfilled with known
pressuresof gas at room temperaturedeterminedby a
ratio methodbetweenthevolumeof a vacuummanifold
and the samplecell. The samplecells had volumesof
approximately80cm3, and were fitted with valves to
allow variation of gas pressure.Two bar pressureof
isotopicallyenrichedxenon(90% 129Xe) wasemployed
in all experiments.An additional 2 bar pressureof
oxygengas(O2) wasaddedto all samplecells to reduce

theT1 of 129Xe from at least1000s to about1 s andthus
makesignalaveragingfeasible.In total, threesuchcells
were prepared.In addition to the xenon and oxygen
mixture,thethreecellswerealsofilled with 0,1 and2 bar
pressureof sulfur hexafluoride(SF6) gas,respectively.

All NMR experimentswere performedusing a GE
Omega/CSIspectrometerwith a 4.7T horizontal bore
magnet. The spectrometeroperatedat 55.3MHz for
129Xe, usinga home-built5 cm inner diametersolenoid
RF coil centeredin the magnet,and aligned perpen-
dicular to the B0 axis. The 90° hard-pulsewas48ms at
maximum transmitterpower, nominally 100W. Gradi-
entsof up to 7 G/cm(0.07T/m) wereprovidedby a self-
shieldedAcustar S-200 gradientset suppliedwith the
spectrometer;four term eddycurrentcompensationand
pre-emphasiswas applied via the Techron gradient
amplifiers.The systemwas controlled by a Sun 3/160
computer running SunOS 4.0.3 system software and
release6.0.3OmegaNMR software.

For all three sample cells, the basic 129Xe NMR
parametersof T1 and T2, along with the diffusion
coefficient, were measured.129Xe T1 was determined
usingthestandardinversionrecoverysequence.14 A pre-
delay of 5 s was usedbeforethe 180° pulse,and eight
variabledelays,of 0.001,0.1,0.5,1, 2, 3, 5 and8 s were
used before the 90° pulse; eight scans were signal
averaged.For all samples,a 5 Hz exponential line-
broadeningfunction was applied to the resulting FIDs
before Fourier transformation. The integrals of the
phased,real spectra were fitted to the standard T1

equation,

S��� � S�1��1ÿ 2aexp�ÿ�=T1�� �1�
to determineT1, wherea is afloatingparameterreflecting
thequality of inversionfrom the 180° pulse.The values
of T1 reportedherehaveerrorsof lessthan2% resulting
from thenon-linearleastsquaresfit.

The 129Xe T2 was determinedusing the standard
CPMGtechnique,15,16whereanechowasacquiredafter
every second180° pulse.An acquisitiontime of 41ms
permittedanechorefocusingtimeof 45ms,giving 90ms
betweeneachacquiredecho.A pre-delayof 10 s was
used before the 90° pulse, and 16 scanswere signal
averaged.For all experiments,the resultingechoeswere
multiplied by a sine-squaredfunction before Fourier
transformation.Theintegralof thesignalmagnitudewas
fitted to thestandardT2 equation,

S��� � S�0� exp�ÿ�=T2� �2�
to determineT2. The valuesof T2 reportedhere have
errorsof lessthan5% resultingfrom the nonlinearleast
squaresfit.

Thexenondiffusion coefficientwasdeterminedusing
the standardpulsed-gradientspin-echo(i.e. Stejskal–
Tanner) technique.12 The diffusion encoding gradient
pulseswerehalf-sineshaped,and in all experiments12
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gradientvalueswere used,ranging from 0 to 0.06072
T/m in 0.00552T/m steps.Thedurationof thediffusion
encoding pulses, �, was either 2.5 or 2.75 ms; the
diffusion time betweenthepulses,D, was50 ms;andan
eddycurrentdelayof 3 mswasinsertedbetweengradient
andsubsequentRF pulses.A predelayof 10 s wasused
and 12 scanswere signal averaged.For all samples,a
5 Hz exponentialline-broadeningfunctionwasappliedto
the resulting FIDs before Fourier transformation.The
integrals of the phased,real spectrawere used in a
modifiedStejskal–Tannerequation.A straightline fit to

ln�S�g�=S�0�� � ÿ
2g2�� � 2=��2D��ÿ �=4� �3�
whereg is thexenongyromagneticratio (7.41� 107 rad
Tÿ1 sÿ1) yieldedthe 129Xe diffusion coefficient,D. The
valuesof D reportedherehaveerrorsof less than 3%
resultingfrom thelinearregressionfit. Notethatin eq.(3)
the 2/p factor and the �/4 term (rather than �/3)
accommodatethe use of half-sine-shapedgradient
pulses.17

All offline data processingwas performedusing the
Prospasoftware package(Dr C. Eccles,MasseyUni-
versity, New Zealand)running on a Power Macinotsh
7200.

RESULTS

Theuseof enrichedabundance129Xe in thelarge80cm3

cells gaveNMR signalsof high signal-to-noise,closeto
100:1 from a single pulse. As a result, both the
exponentialfits used in the relaxation time measure-
ments,andthelinearfits usedin thediffusion coefficient
measurements,wereof high quality with uncertaintiesof
no more than a few percent. An example data set,
showingthe variationof the xenonsignal intensitywith
gradient strength, is shown in Fig. 1(a), and the
correspondingStejskal–Tanner semi-logplot that yields
the diffusion coefficient is shown in Fig. 1(b). The
relaxationtimes and diffusion coefficientsmeasuredin
the threesamplecells arelisted in Table1.

DISCUSSION

As canbe seenin Table1, the 129Xe T1 relaxationtime
did not changewith SF6 partial pressure(i.e. SF6 is not

paramagnetic).The O2 partial pressurewas constant
throughout;andcollisionswith paramagneticO2 served
astheprimesourceof 129Xe longitudinalrelaxation.18 In
contrast, we found that the increase in SF6 partial
pressurecauseda considerabledecreasein the 129Xe T2

relaxationtime,closeto a factorof two, althoughT2 was
still ratherlong (about0.3s)evenfor highSF6 pressures.
However,in a heterogenoussystemsuchasthelung, the
129Xe T2 will be one to two ordersof magnitudelower
due to surfaceeffects and, at higher fields, diffusion
through susceptibility-inducedbackground gradients.
Thusthe practicaleffect of SF6 on 129Xe T2 in the lung
shouldbe minimal, and SF6 could be usedas a benign
buffergaswith laser-polarizedxenon,in orderto increase
thepressureof a gassample.

The observedxenongasdiffusion coefficients,Dobs,
are also listed in Table 1. The xenon-in-SF6 diffusion
coefficient can be calculated for the two samples

Figure 1. (a) Stack plot of 129Xe spectra from a PGSE
diffusion experiment, displayed as a function of diffusion-
encoding gradient strength. The data is from the sample
containing 2 bar pressure of both xenon and oxygen, and 1
bar pressure of SF6. (b) Semi-log Stejskal±Tanner plot used to
derive the observed 129Xe gas diffusion coef®cient from the
above spectra.12 The log of the integral of each spectral
peak, normalized to the ®rst (zero gradient) spectrum is
plotted as a function of the square of the diffusion encoding
gradient. The observed diffusion coef®cient, derived from
the slope of the ®tted line is 1.38� 0.03� 10ÿ6 m2 sÿ1

Table 1. 129Xe relaxation and diffusion parameters in the presence of SF6

Gasmixture (Xe/O2/SF6) T1 (s) T2 (ms) Dobs (m2 sÿ1) D(Xe–SF6) (m2 sÿ1)

2/2/0barpressure 1.40� 0.03 508� 25 1.85� 0.03� 10ÿ6 —
2/2/1barpressure 1.45� 0.03 335� 17 1.38� 0.03� 10ÿ6 4.43� 0.05� 10ÿ6

2/2/2barpressure 1.41� 0.03 263� 13 1.10� 0.03� 10ÿ6 2.43� 0.05� 10ÿ6
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containingSF6 usingthe relation19,20

1
Dobs

� 1
D�Xe Xe� �

1
D�Xe O2� �

1
D�Xe SF6� �4�

whereD(Xe–Xe)= 2.86� 10ÿ6 m2 sÿ1 is the 129Xe self
diffusion coefficient at 2 bar pressureand standard
temperature;5 D(Xe–O2) = 6.75� 10ÿ6 m2 sÿ1 is the
129Xe diffusion coefficientat infinite dilution in 2 barof
oxygenat standardtemperature;5 andD(Xe–SF6) is the
129Xe-in-SF6 diffusion coefficient, i.e. the 129Xe diffu-
sion coefficient at infinite dilution in SF6 at standard
temperature.One finds that D(Xe–SF6) = 4.43� 10ÿ6

m2 sÿ1 for the1 barSF6 sample,and2.43� 10ÿ6 m2 sÿ1

for the2 barSF6 sample,asgiven in Table1.
Unfortunately,D(Xe–SF6) is not much smaller than

D(Xe–Xe) at the same xenon and SF6 pressures.In
instanceswhere a constantpressureof the gas sample
must be maintained (e.g. 1 bar pressure for lung
inhalation), replacing 129Xe with SF6 will both lower
the NMR signalandhaveminimal effect on Dobs, i.e. it
will not amelioratethe breakdownof the narrow pulse
approximationthat occursin gasdiffusion NMR (GD-
NMR) in porousor other restrictedsystems.Therefore,
we seelittle usefulapplicationfor theadditionof SF6 to
laser-polarizedxenonfor humaninhalation,exceptin the
casewhereabenignbuffergasis requiredto increasethe
total samplepressure.Evenin thatcase,addingSF6 to a
gasmixturewill reducethe129Xe Dobs, howeverasimilar
reductionin diffusion canbe obtainedsimply by adding
more 129Xe, with the side-benefitof increasedNMR
signal.

Weconcludethissectionwith abrief noteontheuseof
SF6 asabuffergasfor 3He,anothernoblegasthatcanbe
laser-polarizedandusedin NMR studiesof the lung.2,3

The 3He diffusion coefficient is an order of magnitude
largerthanthat of 129Xe for the samegaspressuresand
temperatures.19 Being so much larger than 3He in
scatteringcross-sectionalarea,SF6 shouldgreatlyreduce
the3Hediffusioncoefficient,butnotbelowthe129Xe gas
diffusion coefficient for the sameSF6 partial pressure.
Thusweexpectthatthenarrowpulseapproximationwill
also fail for 3He diffusion in the lung, even in the
presenceof considerableSF6.

CONCLUSION

Gas-diffusionNMR is a powerfulnewtool for obtaining
structuralinformationaboutporousmedia.However,fast
gasdiffusion can causeviolations of the narrow pulse
approximation in the standardStejskal–TannerNMR
method of measuringdiffusion, which can result in
inaccuratedeterminationsof the medium’ssurface-area/
volumeratio,S/V.6 This problemis likely to beseverein
humanlung studies,given prevailing instrumentaland
gaspressurelimitations.

In an attemptto find a buffer gasthat would suitably
reducethe observed129Xe diffusion coefficient,and be
appropriatefor inhalation,we performedNMR measure-
mentsof 129Xe gasdiffusion throughsulfur hexafluoride
(SF6). We found the coefficient of 129Xe diffusion
throughSF6 to be only 1.2 timessmallerthanthe 129Xe
self diffusion coefficient at identical 129Xe and SF6

pressuresandstandardtemperature.HenceSF6 will not
sufficiently reduce 129Xe diffusion to allow accurate
surface-area/volumeratio measurementsin human
alveoli using time-dependentgas diffusion NMR. We
alsofoundthecontributionof SF6 gasto 129Xe T2 to scale
inversely with SF6 pressure,with this contribution
approximatelyequal to 1 s for 1 bar SF6 pressureand
standardtemperature.In addition,we founda negligible
contributionof SF6 gasto 129Xe T1 relaxationin a 1:1
xenon/oxygenmixture for up to 2 barof SF6 at standard
temperature.

A large reduction in 129Xe (or 3He) diffusion
coefficientwill requirefinding a gaswith a muchlarger
cross-sectionalareathanSF6. Certainalkanecompounds
with carbon chains of 3–4 atoms in length may be
suitablecandidates,althoughwhethersuchcompounds
arebenignwhenbreathedby humansremainsto beseen.
While time-dependentgas-diffusionNMR canprovidea
wealth of information on certain porous media, most
notablytheS/Vandtheporeconnectivity,or tortuosity,it
remains a challenge to apply this technique for S/V
measurementsin vivo in the lung becauseof rapid gas
diffusion.
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