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Effects of diffusion on magnetic resonance imaging of laser-polarized
xenon gas
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Molecular diffusion during the application of magnetic field gradients can distort magnetic
resonance images. A systematic characterization of these distortions in one dimension was
performed using highly spin-polarized xenon gas. By varying the strength of the applied gradient
and the geometric dimension of the sample, the evolution of these image distortions between the
regimes of strong and weak diffusion was observed. These results are compared with numerical
simulations. By directly measuring the displacement distribution of the polarized xenon atoms, it is
shown that in the weak-diffusion regime the image distortions originate from the restricted diffusive
motion near the sample boundaries, in agreement with previous theoretical work. Additionally, it is
shown that the effects of diffusion can be utilized to enhance the contrast between the boundaries
and bulk in the images of polarized gas samples, and thus may be exploited as a means of boundary
detection in such systems. ©1998 American Institute of Physics.@S0021-9606~98!02915-8#
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I. INTRODUCTION

MRI ~magnetic resonance imaging! has been widely uti-
lized in medicine as an informative diagnostic tool,1 and the
recent development of using highly spin-polarized no
gases as contrast agents for human lung imaging2–6 has
stimulated considerable interest. However, one limitation
the resolution of ‘‘polarized’’ gas imaging is due to the rap
diffusion of gases, typically several orders of magnitu
higher than in liquids. Currently, the highest spatial reso
tion achieved using gas-phase MRI is;100mm; this reso-
lution was obtained in a phantom sample of polarized xen7

and was primarily determined by the fast diffusion of the g
and the strength of the magnetic field gradients used in
experiments.

In addition to limiting the MRI resolution, diffusion may
distort the line shape of MR images for samples contain
boundaries or diffusion barriers within the space being
aged. This was first suggested by numerical simulation8,9

and was later explored experimentally10,11using1H NMR. In
one dimension, the diffusion problem can be solv
analytically.12–14 However, it has been difficult to exper
mentally characterize such effects in detail using1H NMR.
Given a value for the diffusion constant of water molecu
Dw'231025 cm2/s, the corresponding effects from diffu
sion would occur over a distanced5A2Dwt, or less than 10
mm during a timet of a typical one-dimensional~1D! imag-
ing experiment (;10 ms). An imaging resolution below 1
mm is difficult to achieve because the signal from such
small region is generally too weak.

The use of polarized xenon gas for such studies prov
two advantages: a strong NMR signal and a large diffus
length. Given the xenon diffusion constant at 1 atm
0.0565 cm2/s,15 one obtains a value ofd50.034 cm for t
510 ms, which can be readily measured. Recently Sa
6230021-9606/98/108(15)/6233/7/$15.00
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et al.16 used samples of polarized3He to study the the effects
of diffusion on imaging, while demonstrating the ability t
image such polarized gases at low field~3.1 mT!; those in-
vestigations were performed in the weak-diffusion regim
where the diffusion length is much smaller than the sam
size. Recently, Schmidtet al.17 used laser-polarized3He to
study gas diffusion at high field~1.9 T!.

In this paper, we characterize the effects of diffusion
MRI in a 1D sample at a magnetic field of 4.3 T usin
polarized xenon gas. Our results show a smooth evolutio
the MR images from the regime of complete motional av
aging to a regime where the image distortions due to dif
sion are present only at the edges. We also show that t
edge effects originate from the partially restricted diffusi
at the sample boundaries by directly measuring the displa
ment distribution. Finally, we show results from diffusion
weighted imaging experiments that actively enhance th
edge effects in order to demonstrate boundary detect
These results agree well with previous theoretical and exp
mental work.

II. MATERIALS AND METHODS

A long rectangular glass tube~0.07 by 0.66 cm in cross
section! was used for all experiments, and is shown in Fig.
Attached above the sample tube is a spherical xenon re
voir ~not shown!; the xenon pressure was typically about
atm. The tube was placed in the probe parallel to the dir
tion ~z! of the static magnetic field (B0). We designate the
direction along the 0.66 cm side to bex, and the 0.07 cm side
to bey. 1D imaging experiments were performed along bo
x andy. In all experiments, a slice-selectionz gradient was
applied during the rf excitation, creating a slice depth
about 0.4 cm. The rf coil was a saddle coil 2.0 cm long a
1.2 cm in diameter. The large size of the coil and the sl
3 © 1998 American Institute of Physics
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selection were used to ensure a homogeneous rf field
significant cost in filling factor. Because the effects of diff
sion are most pronounced at low field gradient and dire
manifest themselves as changes in the spectral line sha
was important to obtain a homogeneous static field in
absence of the imaging gradient. We obtained linewidths
0.6–1.5 Hz for all the experiments by shimming directly
the polarized129Xe gas samples.

Three pulse sequences used in this work are show
Fig. 2. In the pulse sequence used for imaging@Fig. 2~a!#, the

FIG. 1. Geometry of the sample used in the experiments and the defin
of the coordinate system. Thez axis is defined to be parallel to the extern
magnetic field (B0), while thex andy axes are defined in the text.

FIG. 2. Pulse sequences used for the three sets of experiments.~a! The rf
pulse is a Gaussian amplitude-modulated pulse of 500ms and is applied
during a slice selection gradient~SS! along z. The imaging gradient was
applied along eitherx or y depending on the experiment.~b! The pulse
sequence for the measurement of the displacement distribution in the x
gas sample. The displacement dimension is formed by stepping the gra
strengthG1 ; the second gradient is equal to the first gradient in strength
opposite in sign. The second dimension originates from direct imaging
the gradientG2 . ~c! The pulse sequence used in the edge-enhancem
imaging experiments. Imaging gradients were alongx; the durationt1 of the
first gradient was varied.
t a

ly
, it
e
f

in
excitation is achieved with a 500ms Gaussian pulse applie
during a slice-selection gradient alongz. The tipping angle
of this excitation pulse was less than 5°. Following the ex
tation pulse, a field gradient pulse is applied, and the signa
acquired and Fourier transformed to obtain the image. N
the displacement distribution measurements were perfor
using the pulsed-field-gradient spin-echo method.18 The
pulse sequence used in this experiment is shown in Fig. 2~b!,
where the displacement dimension is formed by increme
ing the strength of the gradientG1 , with the second dimen-
sion originating from acquisition under the gradientG2 . The
sequence measures the distribution of displacement a
function of position. In these experiments, bothG1 and G2

were gradients alongx. The slice-selected excitation used f
this experiment is the same as that in the imaging exp
ments described above. Finally, the pulse sequence util
for edge-enhanced imaging is shown in Fig. 2~c!. In perform-
ing these experiments, both imaging gradients were alonx
and the durationt1 of the first gradient was varied.

All experiments were performed on a Chemagnetics
finity spectrometer~Otsuka Electronics! and a Quest 4300
spectrometer~Nalorac Cryogenics! at a magnetic field of 4.3
T. A home-built probe was used with a commercial micr
imaging gradient set~Nalorac Cryogenics!. Isotopically en-
riched~80% 129Xe, Isotec! was used in all experiments. Th
optical pumping technique and apparatus used to gene
polarized xenon have been described in previous pu
cations.19

III. RESULTS AND DISCUSSION

A. One-dimensional imaging

A series of 1-D images was taken as a function of
gradientG. Two sets of images are shown, respectively,
Fig. 3 forG alongy and in Fig. 4 forG alongx. Adjustment
of the gradient direction was performed in order to avo
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FIG. 3. 129Xe NMR spectra as a function of applied gradient alongy, ob-
tained withGy50, 0.072, 0.17, 0.24, 0.31, 0.36, 0.41, 0.46, 0.51, 0.55, 0
and 0.70 G/cm. These images depict the evolution of the line shape
increasing gradient in the strong-diffusion regime.
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extra broadening and line shape distortion. This was part
larly serious when the gradient was applied alongy because
of the geometry of the sample; a 2° error in the gradi
vector direction caused severe distortion of the linesha
completely masking the effects of diffusion at low gradie
strength. Eight images are shown in Fig. 3 withG along y
and a gradient range of 0–0.70 G/cm. These images dis
a smooth evolution of the line shape from a sharp resona
at zero gradient, to a slightly broadened but still single re
nance at small gradient, to the development of two bro
lines at higher gradient strength.

A second set of five images is shown in Fig. 4 whereG
is alongx and the gradient range is 0.063–0.63 G/cm. T
image intensity becomes rather flat in the middle region
the image and one can observe that the two broad feat
seen in the previous images of Fig. 3 have developed
sharp, well-defined spikes corresponding to positions n
the edges of the sample. One may also notice a slight
obvious drop in intensity just inside each of the two spik
as predicted in previous theoretical work.8,9,13Qualitative ob-
servations of such edge spikes in polarized gas samples
been reported earlier;16,20 in fact, Saamet al.16 used this ef-
fect to demonstrate edge enhancement in the images o
larized 3He gas samples. There is, however, no previo
demonstration of strongly diffusion-averaged images suc
those shown in Fig. 3.

A conceptual understanding of these diffusion-media
image distortions is straightforward, at least at the extrem
of weak and strong diffusion. A parameter that characteri
these two regimes has been introduced by de Swiet and S13

FIG. 4. 129Xe NMR spectra as a function of applied gradient alongx, ob-
tained withGx50.063, 0.13, 0.25, 0.44, 0.63 G/cm. These images depict
evolution of the line shape with increasing gradient in the weak-diffus
regime.
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l g5A3 D

gG
, ~1!

whereD is the diffusion coefficient of the substance,g is the
gyromagnetic ratio of the nuclear spin, andl g is defined as
the diffusion length.l g determines the distance that a mo
ecule will diffuse in the amount of time that its nuclear spi
acquire a unit of phase under a gradient of strengthG. A plot
of l g vs G is shown in Fig. 5 for xenon gas over the range
the gradient strength of a typical MRI spectrometer. T
maximum imaging resolution is limited to about 2l g ; for this
reason the resolution obtainable from xenon gas imagin
limited to about 100mm for a typical gradient value in a
micro-imaging apparatus at one atmosphere of xenon p
sure.

Whenl g is much greater than the geometric dimensionl s

of the sample along the direction of the gradient vec
~strong-diffusion regime!, a spin will travel throughout the
available space before the dephasing from the gradient
occur. In this case an averaged frequency of the nuclear
is measured. All of the spins have essentially lost th
memory of their initial positions; thus all have the same a
erage frequency giving rise to a single resonance line
shown in the first four spectra of Fig. 3. In this regime t
effect of the gradient is primarily manifested by an appar
broadening of the resonance linewidth. As shown in previo
theoretical work,13 the shape of the resonance can be
proximated by a Lorentzian. Indeed, Lorentzian line sha
are clearly manifested in the first three images in Fig. 3. T
Lorentzian line shapes of the signals originate from the ra
motion of xenon during the application of the magnetic fie
gradients; in fact, de Swiet14 has shown that the Lorentzia
line shape persists up tol s / l g52. In this regime, an analyti-
cal expression for the time dependence of the NMR sig
S(t) is given in Ref. 21

S~ t !

S~0!
5expS 2t•

gGls
4

120• l g
3D ~2!

and the corresponding frequency domain line shape is g
in Ref. 14. In Fig. 6 we compare the above theoretical res
for 1/T2* [gGls

4/(120• l g
3) with our experimental values from

the initial slope of the signal decay. Our data matches

e
n

FIG. 5. A plot of l g vs gradient strength over the range of a typical MR
spectrometer, for xenon gas pressure of 1 atm. The limit of the MRI re
lution is approximately 2l g .
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theoretical prediction quantitatively forG<0.17 G/cm; the
deviation at higher gradients is due to the departure from
Lorentzian line shape.

When l g! l s ~weak-diffusion regime!, the effects of dif-
fusion are most clearly observed near the edges~where dif-
fusive motion is restricted!. This effect can be understoo
qualitatively in the following manner. Because xenon ato
near the edges of the sample are reflected back upon coll
with the edges, the average displacement of these xeno
oms is smaller than the displacement of the xenon atom
the middle of the sample during the application of the gra
ent. Thus the decay of the signal near the edges is slo
than in the middle. This slower decay in the time-doma
signal causes the pronounced, narrow spikes to appear
the edges in the images of Fig. 4. In addition, the reflectio
the edges also leads to each peak being positioned at s
distance (; l g) from the actual edge. It can be show
theoretically14 that this distance is equal to2a18l g , wherea18
is the first zero of the derivative of the first Airy function
anda18'21.0188: This value is consistent with our resu
and with those of Saamet al.16 It is important to notice that
such amplitude variations are only relative and the integra
the image is conserved regardless of the diffusion in
sample. An analytical solution of the diffusion problem
one dimension has been reported12,14and it was shown14 that
the peaks near the edges can be identified with slowly re
ing normal modes.

In order to compare our experimental observations w
theory, we performed numerical simulations of the diffusi
of xenon in our 1D sample in the presence of magnetic fi
gradients. In these simulations, we modeled xenon diffus
by allowing dimensionless particles to make random wa
between the boundaries, and then followed the phase a
mulation as a function of time. The simulated free-inductio
decay signals were then Fourier transformed to obtain
ages. Up to one million particles were used in order to red
the noise in the simulations. The algorithm for our simu
tion is similar to those used by Hyslop and Lauterbur8 and
Putzet al.,9 and our results agree with these reports given
same set of parameters. Three of these simulated image
shown in Fig. 7 together with the experimental images
tained at the corresponding gradient values. The simulat

FIG. 6. A plot of 1/T2* as a function ofG. Filled circles are from the
time-domain data taken in the strong-diffusion regime, with the contribu
from the residual field inhomogeneity removed by subtracting the valu
1/T2* when G50. The curve was calculated using Eq.~2!. Experimental
values deviated from the theory whenG.0.17 G/cm due to the departur
from Lorentzian line shape.
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reproduce the experimental results well in all three cas
The principle sources of peak asymmetry in these images
likely to have been inhomogeneity in the static magne
field and imperfections in the sample geometry.

B. Measurements of the displacement distributions

As previously discussed, the different diffusion behav
near the boundaries and the center of the sample is due t
impermeability of the glass walls. Very close to the wal
the xenon can only diffuse inward and thus the distribut
of the displacement is changed compared to the xenon at
near the center of the sample. Such a change in displace
distribution gives rise to two effects:~a! a net displacemen
of the gas atoms near the edges towards the center;~b! the
range of the displacement for atoms near the edges is
duced. In fact, effects~a! and~b! correspond, respectively, t
the first and second moments of the displacement distr
tion, which is a Gaussian for diffusion in free space. Ho
ever, at the edges, the distribution is neither Gaussian
symmetric and thus higher order moments are also sig
cant. Thus, it is useful to characterize such behavior by
rectly measuring the displacement distribution as a funct
of position in the sample. For example, by measuring
displacement distribution, one could obtain a spatially d
pendent diffusion constant whose values are expected t
larger in the middle of the sample and smaller near
edges.22

The displacement distribution was measured using
pulse sequence shown in Fig. 2~b!; the time domain data
were Fourier transformed in both dimensions, as shown

n
f

FIG. 7. Comparison of experimentally obtained images with numer
simulations. 1-D simulations were performed for the images obtai
with gradient strengths of 0.24 and 0.70 G/cm alongy and 0.25 G/cm
alongx.
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FIG. 8. ~a! Measurement of the displacement distribution as a function of position alongx at td525 ms acquired with the pulse sequence shown in Fig. 2~b!.
Differences in the displacement distribution caused by constrained diffusional motion near the sample boundaries are evident.~b! Normalized displacement
distribution near the two edges~slices 1 and 3! and in the center~slice 2!. The lines indicate the mean displacement for each distribution.~c! Plot of the mean
displacement~first moment! as a function ofx. Filled circles are data calculated from~a!, and the curve represents theoretical values from Eq.~4!,
experimental data were shifted up'23 mm to correct for a slight deviation from zero due to gradient mismatch. The net displacement of the xenon atom
the two edges toward the center is clearly shown.~d! Plot of the range of displacement~second moment! as a function ofx. Open squares are data calculat
from ~a!, and the curve represents theoretical values from Eq.~5!. A decrease in diffusive motion is manifested near the edges; however, the growth
edges shown in the theoretical values was not observed experimentally due to insufficient resolution.
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Fig. 8~a!. When normalized, this figure shows the probabil
P(x,x0 ,t) of displacementx2x0 as a function of the starting
positionx0 over a time periodt. Because xenon atoms at th
edges can only diffuse inward, one would expect that
displacement distributions at the two edges would slant
ward opposite directions, while the displacement distribut
at the center of the sample would be symmetrical. Inde
Fig. 8~a! demonstrates just such behavior; due to the fin
resolution of the imaging alongx, the slanting of the distri-
bution is blurred and rather weak, but still observable. T
displacement distribution at the two edges and the cente
shown in Fig. 8~b!. In this figure it is clear that the distribu
tions at both edges are asymmetric and skew toward opp
directions. Values of both the mean displacement and
second moment of the displacement distribution were ca
lated for all slices from the data in Fig. 8~a!, and are shown
in Figs. 8~c! and 8~d!, respectively. The net displaceme
toward the center of xenon near the edges, as well as a
crease in the range of diffusive motion near the edges
clearly observable.

One may analytically solve the diffusion equation ne
a one-dimensional wall using a Green’s-function appro
e
-

n
d,
e

e
is

ite
e

u-

e-
is

r
h

and obtain the probability of finding an atom at a positionx
after diffusing from the original positionx0 over a timet

P~x,x0 ,t !5
1

A4pDt
$exp@2~x2x0!2/4Dt#

1exp@2~x1x0!2/4Dt#%. ~3!

The position of the wall is defined to be atx50. For regions
sufficiently far from the wall,x@A2Dt, this function re-
duces to the familiar Gaussian form for diffusion in fre
space. Since the sample dimension is much longer t
A2Dt, the effect of the other edge is negligible and it
sufficient to consider one edge alone. The average displ
ment and the width of the displacement distribution can
calculated using Eq.~3!

^Dx&
d

5A2

p H expS 2
x0

2

2d2D 1
x0

d&
FerfS x0

d&
D 21G J ,

~4!
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^~Dx!2&
d2 512A8

p
•

x0

d
expS 2

x0
2

2d2D 1
2x0

2

d2

3F12erfS x0

d&
D G , ~5!

where d5A2Dt and Dx5x2x0 . Plots of the calculated
^Dx& andA^(Dx2)& values are shown along with the expe
mentally measured data in Figs. 8~c! and 8~d!.

C. Edge-enhanced imaging

Diffusion-weighted imaging has been utilized in ma
areas of magnetic resonance imaging.1,23,24 In fact, it has
been suggested that the effects of diffusion can be use
detect impermeable and semipermeable membranes.8 As pre-
viously mentioned, it has been shown that diffusio
mediated edge spikes like those seen in Fig. 4 can be us
differentiate between the boundaries and bulk of a sampl
polarized gas, and thus represent a form of ed
enhancement.16 However, such contrast between the ed
and bulk signals can be greatly increased by the applica
of a pulse sequence that takes advantage of the diffe
behavior of the diffusion in these regions. In the case of
1D sample, one may understand such an ‘‘active’’ ed
enhancement method in terms of a position-dependent d
sion constant,D(x). According to the displacement distribu
tion, D(x) would be smaller near the boundaries; thus
decay of the NMR signals during the application of a ma
netic field gradient should be slower near the boundaries
faster in the center. The contrast between the boundaries
the interior of the sample should therefore become more
nounced if sufficient time is allowed for diffusion to occu
during the pulse sequence.

In order to demonstrate such edge-enhanced imaging
employed the pulse sequence depicted in Fig. 2~c!. Images
shown in Fig. 9 were taken witht152, 4, 6, 8, 10 ms. For
t152 ms, the diffusion is not significant enough to chan
the ratio of the signals from the edges and the center of
sample, and an essentially static image was obtained. W
t1>4 ms the effect of diffusion is easily discernible in th
the signal intensity corresponding to the edges is stron
than the intensity corresponding to the middle of the sam
At t1.6 ms the signals originating from the center of t
sample are almost negligible, and only the xenon near
edges of the sample contributes to the images. This s
effect has been observed in the experiments of of Callag
et al.11 using1H MRI.

While this simple imaging sequence can produce h
contrast between the boundaries and the interior of a sam
this is accomplished at the expense of the signal intens
For example, the signal-to-noise ratio for thet158 ms im-
age is approximately two orders of magnitude less than
for the t152 ms image. Even with the use of polarized x
non, some signal averaging was performed in order to ob
the t158 and 10 ms images.

It is intuitively appealing to consider the model of
position-dependent diffusion constant in order to explain
behavior of the images obtained in Fig. 9, including the
fects of the net displacement of xenon near the edges. H
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ever, such a model does not correctly describe the functio
form of the signal decay for the edges at long times.
pointed out by de Swiet,14 the decay of the signalS at the
peaks near the edges changes from at1

3 dependence
(log(S)}2t1

3), to one that is linearly dependent on tim
(log(S)}2t1). This change in the functional form naturall
results in a much extended signal at long times, and he
produce sharp peaks in the images near the sample’s e
following Fourier transformation. This exponential time d
pendence also explains why there is little change in the w
of the edge peaks in the images fort56,8,10 ms as a func
tion of time.

IV. CONCLUSION

We have characterized the effects of diffusion on M
images in one dimension in both the weak and stro
diffusion regimes. Our results agree with previous theoret
and experimental work. Measurements of the displacem
distribution were used to depict the behavior of diffusion
different regions of the sample; furthermore, it was sho
that this behavior could be used to greatly enhance the c
trast between the sample’s edges and bulk during M
Boundary detection schemes that take advantage of d
sion, in addition to studies of boundary-constrained dif
sional motion, may have application to medical and mater
imaging using polarized noble gases.

FIG. 9. Edge-enhanced imaging. Images were obtained using the puls
quence shown in Fig. 2~c!, with t1 values of 2, 4, 6, 8, and 10 ms and
gradient of 3.3 G/cm alongx. The images taken witht158 and 10 ms were
acquired with 90° excitation pulses and 32 and 64 averages, respecti
the recycle delay was long enough to allow the diffusion in the sample
replenish the polarized xenon in the space being imaged. Restricted d
sion at the edges of the sample reduces the decay of signal suffered i
middle of the sample. The asymmetry in peak heights from the sample e
is most likely due to inhomogeneity in the static magnetic field and con
butions from imperfections in the sample’s geometry.
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