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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 humerical
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. @998 American Institute of Physids$S0021-960€28)02915-§

I. INTRODUCTION et al1® used samples of polarizétle to study the the effects
of diffusion on imaging, while demonstrating the ability to

MRI (magnetic resonance imaginigas been widely uti- image such polarized gases at low fi¢&l1 mT); those in-
lized in medicine as an informative diagnostic téa@lnd the  vestigations were performed in the weak-diffusion regime,
recent development of using highly spin-polarized noblewhere the diffusion length is much smaller than the sample
gases as contrast agents for human lung imdghbas size. Recently, Schmidtt al'” used laser-polarizetHe to
stimulated considerable interest. However, one limitation orstudy gas diffusion at high fieldl.9 T).
the resolution of “polarized” gas imaging is due to the rapid In this paper, we characterize the effects of diffusion on
diffusion of gases, typically several orders of magnitudeMRI in a 1D sample at a magnetic field of 4.3 T using
higher than in liquids. Currently, the highest spatial resolupolarized xenon gas. Our results show a smooth evolution of
tion achieved using gas-phase MRI~s100um; this reso- the MR images from the regime of complete motional aver-
lution was obtained in a phantom sample of polarized xénonaging to a regime where the image distortions due to diffu-
and was primarily determined by the fast diffusion of the gassion are present only at the edges. We also show that these
and the strength of the magnetic field gradients used in thedge effects originate from the partially restricted diffusion
experiments. at the sample boundaries by directly measuring the displace-

In addition to limiting the MRI resolution, diffusion may ment distribution. Finally, we show results from diffusion-
distort the line shape of MR images for samples containingveighted imaging experiments that actively enhance these
boundaries or diffusion barriers within the space being im-edge effects in order to demonstrate boundary detection.
aged. This was first suggested by numerical simulafidns These results agree well with previous theoretical and experi-
and was later explored experimentafy*using'H NMR. I mental work.
one dimension, the diffusion problem can be solved
analytically?=* However, it has been difficult to experi-
mentally characterize such effects in detail ustiyNMR.
Given a value for the diffusion constant of water molecules A long rectangular glass tuli®.07 by 0.66 cm in cross-
D,,~2x10"° cn/s, the corresponding effects from diffu- section was used for all experiments, and is shown in Fig. 1.
sion would occur over a distande= \2D,t, or less than 10 Attached above the sample tube is a spherical xenon reser-
um during a timet of a typical one-dimensiondlLD) imag-  voir (not shown; the xenon pressure was typically about 2
ing experiment {10 ms). An imaging resolution below 10 atm. The tube was placed in the probe parallel to the direc-
pm is difficult to achieve because the signal from such dion (z) of the static magnetic fieldB,). We designate the
small region is generally too weak. direction along the 0.66 cm side to keand the 0.07 cm side

The use of polarized xenon gas for such studies provide® bey. 1D imaging experiments were performed along both
two advantages: a strong NMR signal and a large diffusiorx andy. In all experiments, a slice-selectiangradient was
length. Given the xenon diffusion constant at 1 atm ofapplied during the rf excitation, creating a slice depth of
0.0565 cni/s,'® one obtains a value ofli=0.034 cm fort about 0.4 cm. The rf coil was a saddle coil 2.0 cm long and
=10 ms, which can be readily measured. Recently Saarh.2 cm in diameter. The large size of the coil and the slice

Il. MATERIALS AND METHODS
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FIG. 1. Geometry of the sample used in the experiments and the definition
of the coordinate system. Thzeaxis is defined to be parallel to the external
magnetic field By), while thex andy axes are defined in the text.
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selection were used to ensure a homogeneous rf field at a
significant cost in filling factor. Because the effects of diffu- Frequency (Hz)
sion are most pronounced at low field gradient and directly 3 129¢¢ NMR spectra as a function of applied gradient algn@b-
manifest themselves as changes in the spectral line shapedfed withG,=0, 0.072, 0.17, 0.24, 0.31, 0.36, 0.41, 0.46, 0.51, 0.55, 0.65,
was important to obtain a homogeneous static field in thend 0.70 G/cm. These images depict the evolution of the line shape with
absence of the imaging gradient. We obtained linewidths ofcreasing gradient in the strong-diffusion regime.
0.6—1.5 Hz for all the experiments by shimming directly on
the polarized?®Xe gas samples.

Three pulse sequences used in this work are shown i
Fig. 2. In the pulse sequence used for imadifig. 2@ ], the

_excitation is achieved with a 500s Gaussian pulse applied
Hurmg a slice-selection gradient alomg The tipping angle

of this excitation pulse was less than 5°. Following the exci-
tation pulse, a field gradient pulse is applied, and the signal is
acquired and Fourier transformed to obtain the image. Next,

2) RF /\ the displacement distribution measurements were performed
using the pulsed-field-gradient spin-echo metlbdrhe
$5() L— pulse sequence used in this experiment is shown in Fiy, 2
G(xy) —— where the displacement dimension is formed by increment-
ing the strength of the gradie@®;, with the second dimen-
ACQ ?‘M" sion originating from acquisition under the gradi&y. The
sequence measures the distribution of displacement as a
b) A function of position. In these experiments, b&h and G,

RE were gradients along. The slice-selected excitation used for
$8() this experiment is the same as that in the imaging experi-
6 G/R_1, G, ments described above. Finally, the pulse sequence utilized

o8B for edge-enhanced imaging is shown in Fic)2In perform-
ACQ www ing these experiments, both imaging gradients were along
and the durationr; of the first gradient was varied.
) All experiments were performed on a Chemagnetics In-

RF /\ finity spectrometerOtsuka Electronigsand a Quest 4300

S — spectrometefNalorac Cryogenigsat a magnetic field of 4.3
T T. A home-built probe was used with a commercial micro-
G(x) — imaging gradient setNalorac Cryogenigs Isotopically en-
AcO £ riched (80% '2°%Xe, Isoteg was used in all experiments. The
MWM optical pumping technique and apparatus used to generate

polarized xenon have been described in previous publi-

FIG. 2. Pulse sequences used for the three sets of experini@nihe rf cations!®
pulse is a Gaussian amplitude-modulated pulse of pSCand is applied
during a slice selection gradief$S alongz. The imaging gradient was
applied along eithex or y depending on the experimer(b) The pulse
sequence for the measurement of the displacement distribution in the xen
gas sample. The displacement dimension is formed by stepping the gradien
strengthG, ; the second gradient is equal to the first gradient in strength but A series of 1-D |mages was taken as a function of the
opposite in sign. The second dimension originates from direct imaging WltrgradlentG Two sets of images are shown, respectively, in

the gradientG,. (c) The pulse sequence used in the edge-enhanceme
imaging experiments. Imaging gradients were alenthe durationr; of the 9. 3 for G alongy and in Fig. 4 forG alongx. Adjustment

first gradient was varied. of the gradient direction was performed in order to avoid

lll. RESULTS AND DISCUSSION

/91 One-dimensional imaging
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spectrometer, for xenon gas pressure of 1 atm. The limit of the MRI reso-
lution is approximately By .
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gyromagnetic ratio of the nuclear spin, ahdis defined as
-250 -125 0 125 250 375 500 the diffusion lengthl, determines the distance that a mol-
Frequency (Hz) ecule will diffuse in the amount of time that its nuclear spins
FIG. 4. 12%e NMR spectra as a function of applied gradient alongb-  acquire a unit of phase under a gradient of stredgtih plot
tained withG,=0.063, 0.13, 0.25, 0.4, 0.63 G/cm. These images depict th&df | vs G is shown in Fig. 5 for xenon gas over the range of
evo_lution of the line shape with increasing gradient in the weak-diffusionthe gradient strength of a typical MRI spectrometer. The
regime. maximum imaging resolution is limited to abouli,2 for this
reason the resolution obtainable from xenon gas imaging is
limited to about 100um for a typical gradient value in a
extra broadening and line shape distortion. This was particumicro-imaging apparatus at one atmosphere of xenon pres-
larly serious when the gradient was applied algrigecause sure.
of the geometry of the sample; a 2° error in the gradient ~Whenly is much greater than the geometric dimengipn
vector direction caused severe distortion of the lineshapegf the sample along the direction of the gradient vector
completely masking the effects of diffusion at low gradient (strong-diffusion regimg a spin will travel throughout the
strength. Eight images are shown in Fig. 3 wi¢halongy  available space before the dephasing from the gradient can
and a gradient range of 0—-0.70 G/cm. These images displagyccur. In this case an averaged frequency of the nuclear spin
a smooth evolution of the line shape from a sharp resonands measured. All of the spins have essentially lost their
at zero gradient, to a slightly broadened but still single resomemory of their initial positions; thus all have the same av-
nance at small gradient, to the development of two broagrage frequency giving rise to a single resonance line, as
lines at higher gradient strength. shown in the first four spectra of Fig. 3. In this regime the
A second set of five images is shown in Fig. 4 whére effect of the gradient is primarily manifested by an apparent
is alongx and the gradient range is 0.063—0.63 G/cm. Theéroadening of the resonance linewidth. As shown in previous
image intensity becomes rather flat in the middle region otheoretical work!® the shape of the resonance can be ap-
the image and one can observe that the two broad featurggoximated by a Lorentzian. Indeed, Lorentzian line shapes
seen in the previous images of Fig. 3 have developed intare clearly manifested in the first three images in Fig. 3. The
sharp, well-defined spikes corresponding to positions nedrorentzian line shapes of the signals originate from the rapid
the edges of the sample. One may also notice a slight bunotion of xenon during the application of the magnetic field
obvious drop in intensity just inside each of the two spikesgradients; in fact, de Swikthas shown that the Lorentzian
as predicted in previous theoretical wérk**Qualitative ob-  line shape persists up tg/l;=2. In this regime, an analyti-
servations of such edge spikes in polarized gas samples haval expression for the time dependence of the NMR signal
been reported earliéf;?°in fact, Saamet al® used this ef-  S(t) is given in Ref. 21
fect to demonstrate edge enhancement in the images of po-
larized *He gas samples. There is, however, no previous S(t) p( ; yGli)
12013

demonstration of strongly diffusion-averaged images such as  S(0)
those shown in Fig. 3.

A conceptual understanding of these diffusion-mediatedand the corresponding frequency domain line shape is given
image distortions is straightforward, at least at the extremem Ref. 14. In Fig. 6 we compare the above theoretical results
of weak and strong diffusion. A parameter that characterizefor 1/T% = yG12/(120 Ig) with our experimental values from
these two regimes has been introduced by de Swiet an Serthe initial slope of the signal decay. Our data matches the

@
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1/T5 when G=0. The curve was calculated using E&). Experimental
values deviated from the theory wh&i>0.17 G/cm due to the departure
from Lorentzian line shape. Gy=024
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deviation at higher gradients is due to the departure from a
Lorentzian line shape.

Whenl <l (weak-diffusion regimg the effects of dif-
fusion are most clearly observed near the edgdsere dif- FIG. 7. Comparison of experimentally obtained images with numerical
fusive motion is restricted This effect can be understood simulations. 1-D simulations were performed for the images obtained
qualitatively in the following manner. Because xenon atomgVith gradient strengths of 0.24 and 0.70 G/cm alongnd 0.25 G/cm

. . alongx.
near the edges of the sample are reflected back upon collision
with the edges, the average displacement of these xenon at-
oms is smaller than the displacement of the xenon atoms in
the middle of the sample during the application of the gradireproduce the experimental results well in all three cases.
ent. Thus the decay of the signal near the edges is slowerhe principle sources of peak asymmetry in these images are
than in the middle. This slower decay in the time-domainiikely to have been inhomogeneity in the static magnetic

signal causes the pronounced, narrow spikes to appear ne@gld and imperfections in the sample geometry.
the edges in the images of Fig. 4. In addition, the reflection at

the edges also leads to each peak being positioned at some
distance HAQ) from the actual edge. It can be shown
theoretically* that this distance is equal teajl,, wherea;
is the first zero of the derivative of the first Airy function, As previously discussed, the different diffusion behavior
andaj;~ —1.0188: This value is consistent with our results near the boundaries and the center of the sample is due to the
and with those of Saaret al!® It is important to notice that impermeability of the glass walls. Very close to the walls,
such amplitude variations are only relative and the integral ofhe xenon can only diffuse inward and thus the distribution
the image is conserved regardless of the diffusion in thef the displacement is changed compared to the xenon atoms
sample. An analytical solution of the diffusion problem in near the center of the sample. Such a change in displacement
one dimension has been reportetf and it was showh that  distribution gives rise to two effect$a) a net displacement
the peaks near the edges can be identified with slowly relaxef the gas atoms near the edges towards the ceftiethe
ing normal modes. range of the displacement for atoms near the edges is re-
In order to compare our experimental observations withduced. In fact, effect&) and(b) correspond, respectively, to
theory, we performed numerical simulations of the diffusionthe first and second moments of the displacement distribu-
of xenon in our 1D sample in the presence of magnetic fieldion, which is a Gaussian for diffusion in free space. How-
gradients. In these simulations, we modeled xenon diffusiomver, at the edges, the distribution is neither Gaussian nor
by allowing dimensionless particles to make random walkssymmetric and thus higher order moments are also signifi-
between the boundaries, and then followed the phase accuant. Thus, it is useful to characterize such behavior by di-
mulation as a function of time. The simulated free-induction-rectly measuring the displacement distribution as a function
decay signals were then Fourier transformed to obtain imef position in the sample. For example, by measuring the
ages. Up to one million particles were used in order to reducéisplacement distribution, one could obtain a spatially de-
the noise in the simulations. The algorithm for our simula-pendent diffusion constant whose values are expected to be
tion is similar to those used by Hyslop and Lautefband  larger in the middle of the sample and smaller near the
Putzet al.® and our results agree with these reports given theedges™
same set of parameters. Three of these simulated images are The displacement distribution was measured using the
shown in Fig. 7 together with the experimental images obpulse sequence shown in Fig(bZ the time domain data
tained at the corresponding gradient values. The simulationsere Fourier transformed in both dimensions, as shown in

Frequency (Hz)

B. Measurements of the displacement distributions
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FIG. 8. (a) Measurement of the displacement distribution as a function of position alangy= 25 ms acquired with the pulse sequence shown in Kig. 2
Differences in the displacement distribution caused by constrained diffusional motion near the sample boundaries arbeMdenglized displacement
distribution near the two edgéslices 1 and Band in the centefslice 2. The lines indicate the mean displacement for each distribut@®lot of the mean
displacement(first moment as a function ofx. Filled circles are data calculated frofa), and the curve represents theoretical values from (Bq.
experimental data were shifted 23 um to correct for a slight deviation from zero due to gradient mismatch. The net displacement of the xenon atoms near
the two edges toward the center is clearly shohPlot of the range of displacemefgecond momeiias a function ok. Open squares are data calculated

from (a), and the curve represents theoretical values from(&q.A decrease in diffusive motion is manifested near the edges; however, the growth at the
edges shown in the theoretical values was not observed experimentally due to insufficient resolution.

Fig. 8@. When normalized, this figure shows the probability and obtain the probability of finding an atom at a position
P(x,Xq,t) of displacemenk— x, as a function of the starting after diffusing from the original positior, over a timet
positionx, over a time period. Because xenon atoms at the

edges can only diffuse inward, one would expect that the 1

d|splacement d|§trlbgtlons at. the tvvq edges woulq sllant_to— P(X,Xg,t) = {exp — (X—X)2/4Dt]

ward opposite directions, while the displacement distribution V47Dt

at the center of the sample would be symmetrical. Indeed, >

Fig. 8@ demonstrates just such behavior; due to the finite *+exp — (x+Xo)/4Dt]}. )
resolution of the imaging along, the slanting of the distri-

bution is blurred and rather weak, but still observable. TheThe position of the wall is defined to bejat 0. For regions
displacement distribution at the two edges and the center isufficiently far from the wall,x>/2Dt, this function re-
shown in Fig. 8b). In this figure it is clear that the distribu- duces to the familiar Gaussian form for diffusion in free
tions at both edges are asymmetric and skew toward opposigpace. Since the sample dimension is much longer than
directions. Values of both the mean displacement and th2Dt, the effect of the other edge is negligible and it is
second moment of the displacement distribution were calcusufficient to consider one edge alone. The average displace-
lated for all slices from the data in Fig(e, and are shown ment and the width of the displacement distribution can be
in Figs. 8c) and 8d), respectively. The net displacement calculated using Eq:3)

toward the center of xenon near the edges, as well as a de-

crease in the range of diffusive motion near the edges, is 2
clearly observable. (ax) - \/Z exp( — ﬁ) L0 o 20| g
One may analytically solve the diffusion equation near d 2d°) " dv2 dv2 ’

a one-dimensional wall using a Green’s-function approach 4
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where d= 2Dt and Ax=x—Xq. Plots of the calculated T.=4ms
(Ax) and{(Ax?)) values are shown along with the experi- !
mentally measured data in FigsgcBand &d).

= 2 ms
X

: )

C. Edge-enhanced imaging
e . L L T=6ms

Diffusion-weighted imaging has been utilized in many
areas of magnetic resonance imagiig?®* In fact, it has M
been suggested that the effects of diffusion can be used to
detect impermeable and semipermeable membfhAsspre- 7= 8ms
viously mentioned, it has been shown that diffusion-
mediated edge spikes like those seen in Fig. 4 can be used to
differentiate between the boundaries and bulk of a sample of
polarized gas, and thus represent a form of edge
enhancemenf However, such contrast between the edge 2 -1 0 1 2
and bulk signals can be greatly increased by the application Frequency (kHz)
of a pulse sequence that takes advantage of the different . _ _

FIG. 9. Edge-enhanced imaging. Images were obtained using the pulse se-

behavior of the diffusion in these regions. In the case of OUL ence shown in Fig. (), with =, values of 2, 4, 6. 8, and 10 ms and a

1D sample, one may understand such an “active” edgeyradient of 3.3 G/cm along. The images taken with, =8 and 10 ms were

enhancement method in terms of a position-dependent diffuacquired with 90° excitation pulses and 32 and 64 averages, respectively;
sion constantD (x). According to the displacement distribu- the recycle delay was long enough to allow the diffusion in the sample to
replenish the polarized xenon in the space being imaged. Restricted diffu-

tion, D(x) would be smaller near the boundaries; thus thesion at the edges of the sample reduces the decay of signal suffered in the

decay of the NMR signals during the application of a mag-middie of the sample. The asymmetry in peak heights from the sample edges
netic field gradient should be slower near the boundaries anid most likely due to inhomogeneity in the static magnetic field and contri-

faster in the center. The contrast between the boundaries aR#tions from imperfections in the sample’s geometry.
the interior of the sample should therefore become more pro-

nounced if sufficient time is allowed for diffusion to occur ) )
during the pulse sequence. ever, such a model does not correctly describe the functional

In order to demonstrate such edge-enhanced imaging, Ww&rm of the signal decay for the edges at long times. As
employed the pulse sequence depicted in Fig).dmages Pointed out by de Swief, the decay of the signa at the
shown in Fig. 9 were taken with, =2, 4, 6, 8, 10 ms. For Peaks near the edges changes fromra dependence
7,=2ms, the diffusion is not significant enough to change(l09(9*—7), to one that is linearly dependent on time
the ratio of the signals from the edges and the center of the09(S=—;). This change in the functional form naturally
sample, and an essentially static image was obtained. Whegsults in a much extended signal at long times, and hence
r,.=4 ms the effect of diffusion is easily discernible in that Produce sharp peaks in the images near the sample’s edges
the Signa| intensity Corresponding to the edges is Strongép”OWing Fourier transformation. ThIS eXponential t|me de'
than the intensity corresponding to the middle of the sampleP€ndence also explains why there is little change in the width
At 7,>6 ms the signals originating from the center of the Of the edge peaks in the images for 6,8,10 ms as a func-
sample are almost negligible, and only the xenon near théon of time.
edges of the sample contributes to the images. This same
eﬁecltlha§ belen observed in the experiments of of CallaghaR/_ CONCLUSION
et al.~ using~H MRI.

While this simple imaging sequence can produce high We have characterized the effects of diffusion on MR
contrast between the boundaries and the interior of a samplanages in one dimension in both the weak and strong-
this is accomplished at the expense of the signal intensitydiffusion regimes. Our results agree with previous theoretical
For example, the signal-to-noise ratio for the=8 ms im-  and experimental work. Measurements of the displacement
age is approximately two orders of magnitude less than thadistribution were used to depict the behavior of diffusion in
for the 7y=2 ms image. Even with the use of polarized xe- different regions of the sample; furthermore, it was shown
non, some signal averaging was performed in order to obtaithat this behavior could be used to greatly enhance the con-
the 7,=8 and 10 ms images. trast between the sample’s edges and bulk during MRI.

It is intuitively appealing to consider the model of a Boundary detection schemes that take advantage of diffu-
position-dependent diffusion constant in order to explain thesion, in addition to studies of boundary-constrained diffu-
behavior of the images obtained in Fig. 9, including the ef-sional motion, may have application to medical and materials
fects of the net displacement of xenon near the edges. Howmaging using polarized noble gases.

= 10 ms
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