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An oscillating gradient spin-echo (OGSE) pulse sequence was
used to measure the apparent diffusion coefficient (Dapp) of water
in the short diffusion time regime in the presence of restrictions.
The diffusion coefficients of water in a simple water sample and a
water and oil mixture were measured to be the same for different
periods of the gradient oscillation, as expected when there are no
restriction effects. The Dapp of water in the spaces between closely
packed beads was also measured as a function of the gradient
oscillation periods in the range 11 to 80 ms. The Dapp of water in
estricted systems varies with the period of the gradient oscillation
nd the dispersion depends on the scale of the restriction. For a
ample of packed beads of diameter 9.1 6 0.7 mm, the pore

surface-to-volume ratio was estimated experimentally by this
method to be 1.3 6 0.1 mm21, corresponding to a mean pore
diameter of 6.4 6 0.7 mm. A Monte Carlo computer simulation of
the NMR OGSE signal from the spins diffusing in a system of
compartments was also implemented and the Dapp demonstrated
imilar behavior with gradient oscillation periods. © 2000 Academic

Press

Key Words: NMR; restricted diffusion; oscillating gradient spin
echo; porous media.

INTRODUCTION

Pulsed gradient spin-echo (PGSE) methods provide i
mation on the extent of diffusion over different time scales
thus, in principle, can directly measure the time dependen
the apparent diffusion coefficient (D app) (1, 2). In practice it is
difficult to determineD app values in the very short diffusio
ime regime because such measurements require very
radients. These measurements are, however, of prime in

or probing the structure of media in which diffusion is
tricted by closely spaced compartmental boundaries (3–7).
For example, within minutes after the onset of ischemia

app in affected areas of the brain drops by approximately
(8, 9). The explanation for this change inD app is not fully
understood, but it might be caused partially by tortuo
changes due to cellular swelling (7). Measurements of com
partment sizes andD app values in vivo before and durin
ischemia might indicate what structural changes occur in
brain and provide information on the causes of the drop inD app.

Since the mean squared displacement of freely diffu
2321090-7807/00 $35.00
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molecules is proportional to time, at very short diffusion tim
most molecules in media with compartments will not diffus
distance long enough to interact with barriers separatin
compartments. ThusD app values measured in the very sh
diffusion time regime are related to the free diffusion co
cient values within each compartment (10). At slightly longer
imes, as molecular diffusion begins to become restricted
ause of interactions with the barriers, the measuredD app drops
t long diffusion times, molecules in all compartments ex

ience restricted diffusion. The time characterizing the tra
ion between the degrees of restriction can be used a
ndicator of compartment sizes in the medium. TheD app mea-
sured at long diffusion times depends not only on com
mental sizes and volume fractions, but also on the permea
of the barriers (11). To determine compartmental sizes
unrestricted diffusion coefficients, short diffusion time m
surements are needed.

Latour et al. (5) measuredD app as a function of effectiv
diffusion times for water surrounding packed large glass b
(48 to 194mm in diameter) using a modified pulsed grad
stimulated echo technique (PGStE). The PGStE effective
fusion times ranged from 7 to 800 ms. Coy and Callaghan12)
usedq-space diffusive diffraction to measure the bead diam
and pore spacing in samples of packed beads 9.87, 14.
15.8mm in diameter. Theq values used were as high as 23
105 m21. The largeq value experiments were repeated num
ous times so that the resulting averaged signal had a
enough signal-to-noise ratio.

As an alternative approach to PGSE or PGStE for meas
diffusion in the short diffusion time regime, Gross and Kos
(13) proposed an oscillating gradient spin-echo (OG

ethod to probe the form ofD app(T), whereT is the period o
gradient oscillation. The short period behavior ofD app(T) re-
flects the behavior of the diffusing nuclei over short t
intervals, and the transition ofD app from short to long period
can be used as an alternative indicator of restriction eff
The theoretical technique was extended by Stepisnik and
leagues, who developed a frequency spectral analysis o
data provided by experiments with oscillating gradients
different frequencies (14, 15). Minard (16) measured the po
surface-to-volume ratio and tortuosity in a water-saturated
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233MEASUREMENTS OF RESTRICTED DIFFUSION USING OGSE
filter using OGSE, but was unable to independently ve
these results because the water filter was not well char
ized.

We have implemented an OGSE sequence and have u
to measure theD app(T) of water in samples of water and pack
beads in water. Estimates of bead diameters, tortuosity,
surface-to-volume ratio, and the free diffusion coefficient w
made from the measurements ofD app for the bead samples. T
potential of OGSE measurements to measure the charact
dimensions of restricting compartments is demonstrated.

THEORY

The OGSE sequence is similar to a conventional PGSE
sequence, except that the diffusion gradient pulses are rep
by sinusoidally oscillating gradients with periodT. The dura
tion of each gradient pulse,s, is chosen to be an integ
number,n, of cycles of the oscillations. Figure 1 shows
OGSE sequence forn 5 3. Each cycle of the oscillatin
gradients acts as a bipolar pulse so that there is a po
gradient lobe followed by a negative gradient lobe of e
area. After each cycle, stationary spins have their mag
moment rephased whereas diffusing spins lose coherenc
degree of dephasing of the net transverse magnetizat
proportional to the mean square displacement of the
during the effective diffusion time,Deff, which for the OGSE
sequence is(3/8)T (13).

Stepisnik and colleagues (14, 15) studied the signal depe
ence of OGSE experiments. In the case of no restriction
ignal from an OGSE pulse sequence for a uniform w
ample is given by (13)

E~g, 2t!

E~0, 2t!
5 expF2g 2D

3g2s 3

4p 2n2G ; exp@2bD#, [1]

when there are no magnetic field inhomogeneities presenb is
the traditional diffusion weightingb-factor, andg is the proton
gyromagnetic ratio. This simple expression can be use
derive aD app for a nonuniform system analogous to aD app

derived from PGSE. There is only one exponential deca
unrestricted diffusion, so the log of the decay is a straight
and the slope is used to find the diffusion coefficient.
restricted diffusion the decay might not be a simple expone

FIG. 1. Oscillating gradient spin-echo pulse sequence.
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with increasingb-factor. The log of the decay is nonetheles
to a straight line and the slope definesD app.

An inhomogeneous magnetic field, such as a backgr
gradient, within the sample can introduce errors in the ca
lation of theb-factor and thus the diffusion coefficient for
OGSE sequence (13). However, by using gradient pulses w
odd symmetry (17), the cross term between the applied m
netic field gradients and the background gradients vanish

An example of a simple system whose structural prope
can be measured with the OGSE sequence is a sam
packed beads in water. In such a sample, the pore surfa
volume ratio,S/Vp, is related to the bead diameter,d, by (5)

S/Vp 5
6~1/e 2 1!

d
, [2]

wheree is the pore volume fraction. A mean pore diameterdp,
can be defined in terms ofS/Vp by (18)

dp 5
6~1/e 2 1! 2/3

S/Vp
. [3]

Latour et al. (5) found that the diffusion coefficient as
function of time varies as

Dapp~Deff! 5 D free 2 S1 2
1

aD D free

3
cÎDeff 1 ~1 2 1/a!Deff/u

~1 2 1/a! 1 cÎDeff 1 ~1 2 1/a!Deff/u
,

[4]

where a is the tortuosity of the pore space,D free is the free
diffusion coefficient,=D freeu is proportional to the sphe
diameter,d, and c depends on the surface-to-volume ra
S/V, as

c 5
4

9Îp

S

V
ÎD free. [5]

For porous systems,c is proportional to the pore surface-
volume ratio,S/Vp. In two-compartment systems,c is propor-
ional to the total surface-to-volume ratio,S/V (19).

The long time diffusion coefficient can be found from
4] by taking the limit asDeff 3 `. In this limit, the diffusion
coefficient,D app(`), is related to the free diffusion coefficie
by

Dapp~`!

D free
<

1

a
. [6]
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234 SCHACHTER ET AL.
We can define a dimensionless parameter,h, for the beads i
erms of the effective diffusion time,Deff, the diffusion coef-
ficient of free water,D free, and the radius of the beads,r , in the
sample as

h 5
Î2D freeDeff

r
5

Î3D freeT/4

r
. [7]

This parameter is the ratio of the distance free water w
travel in the effective diffusion time of the OGSE sequence
the radius of the beads in the sample and can be used
measure of the degree of restriction. Whenh ! 1, there is a
small degree of restriction of water diffusion. Whenh ' 1
there is an intermediate degree of restriction of water diffus
and forh @ 1, water diffusion is highly restricted.

The D app as a function of time for a sample with be
diameterd1, pore volume fraction,e, and free diffusion coe-
cient, D free will behave according to Eq. [4]. Another sam

with beads of diameterd2, the same volume fraction,e, and
free diffusion coefficient,D free will behave in the same mann

s the first sample, but on a time scaled according to Eins
elation such that

Deff,2 5
d2

2

d1
2 Deff,1. [8]

Thus data taken in a small time interval from bead sampl
different diameters can, in principle, be combined to give
form of D app at other times.

COMPUTER SIMULATION

In addition to performing experiments using an OGSE
quence, a Monte Carlo computer simulation was develop
predict and compare the results of measurements. The si
tion was modified from that described by Szaferet al.(20) who

erformed a simulation of the results of PGSE sequence
pins diffusing in a system of parallel rectangular fiber c
artments in a regular array with variable compartment s
pacing, and permeabilities. The total surface-to-volume
or long parallel rectangular fibers of cross section, 3 , on a
attice of constanta is given by

S

V
5

4,

a2 . [9]

For the OGSE simulation the conventional square gra
ulses were replaced by sine wave gradient pulses. The
nts were applied perpendicular to the fibers. For each s
arameters the signal was calculated for a given gradien
ave amplitude,g, and period,T. In the simulation at tim

i 5 0, a random uniform distribution ofN 5 10,000particles
as placed in the system. Initially, all particles’ magn
ld
d
s a

n,
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of
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oments were aligned as if just tipped by a 90° RF puls
hat particle (j ) had a phasef j(0

2) 5 0 and thus a magne
momentmj(0

2) 5 1.
During each step (i ) before the 180° RF pulse while

gradient was applied, each particle (j ) had its phase increas
by

df ij 5 2xijgg sin~2pt i/T!dt, [10]

heret i is the time at the beginning of time step (i ), dt is the
length of the time step, andxij denotes the position of partic
( j ) along the gradient at timet i . For each step (i ) after the 180
RF pulse while a gradient was applied, each particle (j ) had its
phase increased by

df ij 5 xijgg sin~2p~t i 2 t!/T!dt. [11]

Each particle’s (j ) phase at the end of the simulation was

f j 5 O
i50

df ij , [12]

and thus its magnetic moment wasmj 5 exp(if j).
The net magnetization was calculated at the end o

simulation by adding the individual contribution from theN
articles, so that the OGSE amplitude,E, is given by

E~ g, T, 2t! 5 U 1

N O
j51

N

mjU . [13]

At each frequency,E was calculated for the different gradie
amplitudes. To obtain theD app, log(E( g, 2t)/E(0, 2t)) was
plotted againstg2 and fitted to a straight line according to E
[1]. TheD app for that frequency was calculated from the slo
y, of this line according to

Dapp5
24p 2n2

3g 2s 3 y. [14]

MATERIALS AND METHODS

The Monte Carlo computer simulation was implemen
with s 5 80 ms andn ranging from 1 to 16. Forn 5 1, or
oscillation periodT 5 80 ms,g ranged from 0 to 22.5 mT/
in steps of 2.5 mT/m. For each period,T 5 80/n ms, gradien
amplitudes increased appropriately withn to keepg2/n2 con-
stant. This was done so that the same diffusion weighting
used for each gradient period,T, in order to keep the signa
to-noise ratio the same for each measurement. The simu
used, 5 2.7-mm-wide fibers arranged periodically on a latt
with constanta 5 3 mm. The fiber system had intracellu
diffusion coefficients of 1.0mm2/ms and extracellular diffusio
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235MEASUREMENTS OF RESTRICTED DIFFUSION USING OGSE
coefficients of 2.5mm2/ms. Thus the free diffusion coefficie
in the samples was calculated to be 1.3mm2/ms using a
weighted mean of the diffusion coefficients in the two c
partments (20).

Experimental samples were placed in plastic tubes and
vertically in the 2.0-T, 31-cm horizontal bore Bruker spectr
eter inside a birdcage coil at 21°C. The OGSE pulse sequ
was implemented withs 5 80 ms andn ranging from 1 to 7
and used the same range ofg values as in the comput
simulation. The exception was forn 5 7, where the highe
gradient amplitude,g 5 157.5mT/m, was omitted since it wa
above the maximum gradient amplitude obtainable with
system. Crusher gradients of 20 mT/m and 1-ms dura
separated by 2 ms and surrounding the 180° pulse,
applied orthogonal to the applied oscillating magnetic
gradient. Their effect on the diffusion weighting was calcula
to be insignificant. One sample tube was filled with water. F
different samples were made by dispersing polystyrene b
[Polysciences, Warrington, PA] in water. The first contai
beads with a diameter of 2.86 0.1mm, the second with 9.16
0.7 mm, the third with 256 3 mm, and the fourth with 466
7 mm. Each sample contained beads of one nominal diam
only. All of the bead–water samples were spun in a centri
to pack the beads closely. The excess water was then rem
from the top. The closely packed beads in water took
approximately half the volume of the small plastic tubes
minimize susceptibility effects around the meniscus, the
was filled with mineral oil. Since the oil is less dense than
water, the two liquids did not mix around the beads. A ch
ical shift difference of approximately 300 Hz was used
distinguish the water signal from the oil signal. A con
sample was made with just water and mineral oil to tes
effects of the oil.

To measuree, the bead and water samples were pla

FIG. 2. Monte Carlo calculatedD app of water in a 2.7-mm fiber system
he data are represented by thex’s and the fit by the solid line.
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together in a birdcage coil in the 2-T Bruker spectromete
series of 10 coronal images (matrix size 643 64, 8-cm FOV
5-mm slice thickness) was acquired using a spin-echo seq
(TR 5 3 s, echo images atTE 5 20, 40, 60 . . . 200ms). By
estimating and comparing the signal from a region of inte
in water atTE 5 0 ms to the signal from an identical volum
in the other samples,e was measured.

RESULTS AND DISCUSSION

Values ofD app(Deff) were calculated for the 2.7-mm fibers
using Eq. [14] and are shown in Fig. 2. The data were fitte
Eq. [4] usingD free 5 1.3 mm2/ms and 1/a 5 0.15 forc andu.
From c, the surface-to-volume ratio,S/V, was calculated a
cording to Eq. [5]. The width of the fibers,,, was calculate
from S/V according to Eq. [9]. The results of the fit are sho
in Table 1 and agree well with the expected values. W
deriving Eq. [4], Latouret al. (5) neglected the linear term
Deff which depends on the curvature of the system. In the
of the square fibers used in the simulation, the linear ter
Deff needs to be included at long times because of the
square corners. This could account for the disagreement a
times.

The diffusion coefficient,D, for pure water and for the wat
in the water/oil sample was the same at all gradient oscill
periods, with a mean value of 2.096 0.02 mm2/ms. Figure 3

TABLE 1
Structural Parameters of the Monte Carlo Model

Value from fit Expected value

S/V 1.36 0.3mm21 1.2mm21

, 3.06 0.8mm 2.7mm

FIG. 3. D app in restricted and unrestricted systems.
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236 SCHACHTER ET AL.
shows theD app as a function of effective diffusion time,Deff, for
the 2.8-, 9.1-, 25-, and 46-mm-diameter bead samples, as w
as for the water from the water/oil sample. TheD app for water
in the 2.8-mm bead sample was relatively independen
frequency with mean value 1.466 0.01mm2/ms, indicating no
change in the degree of restriction. However, theD app of water
in the 9.1-, 25-, and 46-mm bead samples decreased w

ffective diffusion time by 56 1, 7 6 1, and 126 3%,
respectively, over the time range measured as the diffusi
water became more restricted on the time scale(3/8)T.

Figure 4 shows theD app of water measured in the vario
bead samples as a function ofh. When h , 1, D app varies
steeply, whereas whenh . 1, it remains constant. Whenh !
1, there is a small degree of restriction of water diffusion (
the 46-mm bead sample): whenh @ 1, water diffusion is highl
estricted (e.g., the 2.8-mm bead sample): whenh ' 1, there is

an intermediate degree of restriction of water diffusion (
the 9.1- and 25-mm bead samples).

Using spin-echo images of the bead samples and a
sample at different echo times,TE, and by fitting the signals
a simple exponential decay, the data were extrapolated b
TE 5 0 to findM 0. The volume fraction of water in the 9.1-mm
bead sample was calculated to bee 5 0.38 6 0.02. This is
onsistent with the range of volume fractions, 0.359 to 0.
or a close or poured random packing of identical spheres18).

Since theD app(Deff) of water in none of the bead samp
showed a large change in degree of restriction in the ran
Deff measured here, and since theD app was sampled at on
seven values ofDeff, a fit of the data from any one sample to
[4] could not give accurate estimates of all parameters.
D app(Deff) for all bead sizes were scaled in time according to
[8] to give the values expected for the effective diffusion t
of the 9.1-mm beads,D app(D9.1mm). Figure 5shows these dat
The free diffusion coefficient in these samples is expected
that of water,D free 5 2.096 0.02mm2/ms. The tortuosity,a,

FIG. 4. D app of water in restricted systems.
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can be calculated using this value and the long time diffu
coefficient value according to Eq. [6]. The diffusion coeffic
of water in the 2.8-mm bead sample was measured at all ti
to be in the long time regime, soD app(D`) was taken as th
mean of the 2.8-mm diffusion coefficient values, 1.466 0.01
mm2/ms. From these values 1/a was calculated to be 0.6996
0.008. The data were then fitted with a nonlinear least sq
fitting function to Eq. [4] to findc andu. The resulting fit is
shown in Fig. 5 and gavec 5 0.46 6 0.07 ms21/2 and u 5
1.5 6 0.4 ms. Using this value ofc and Eq. [5], the por
surface-to-volume ratio,S/Vp, was calculated. UsingS/Vp and
Eq. [2], the bead diameter,d, was found and from Eq. [3] th
mean pore diameter,dp, was determined. Table 2summarize
the results forS/Vp, d, dp, and=D freeu/d. The estimates from
the experimental data all agree well with their expected va

CONCLUSION

Latour et al. (5) measured changes in the degree of res
tion of water diffusion in samples of packed beads as sm

FIG. 5. D app for bead data withDeff scaled to the 9.1-mm beadDeff. The
data are represented by the x’s and the fit is represented by the solid lin
dashed line represents theD app values based on the expected value

D freeu/d and the bead diameter.

TABLE 2
Structural Parameters of the 9.1-mm Bead Samples

Value from fit Expected value

S/Vp 1.3 6 0.1mm21 1.116 0.09mm21

d 7.6 6 0.8mm 9.1 6 0.7mm
dp 6.4 6 0.7mm 7.6 6 0.8mm
=D freeu/d 0.196 0.04 0.166 0.02a

a This value is the mean and standard deviation of the values from Latet
al. (5) for bead samples of 48, 96, and 194mm with volume fractions of wate
e 5 0.38.
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237MEASUREMENTS OF RESTRICTED DIFFUSION USING OGSE
48 mm. With the OGSE sequence, water diffusion in a pac
bed of beads as small as 9mm showed a change in degree
restriction in the effective diffusion time range measured h
The gradient amplitudes used here were approximatel
times smaller than the gradient amplitudes used by Coy
Callaghan (12) to measure structural properties in similar-si

eads. It is likely that with moderate gradient strengths
igher frequencies, changes in the degree of restrictio
maller compartments could be detected.
The D app measured as a function of time using the OG

sequence in an unrestricted system is constant, but in res
systems theD app measured with the OGSE method chan
and the manner in which it varies with time can be used to
cell sizes, pore surface-to-volume ratio, tortuosity, and the
diffusion coefficient. In the range we explored, theD app of

ater in the bead samples and the fiber systems were still
han in free water, showing that shorter periods are need
emove all evidence of restriction. OGSE can be used to p
tructural properties such as compartment sizes. It might t
ore be of value in studying biological tissues, such as bra
est whether water shifts occur in conditions similar to th
fter a stroke where theD app drops. Thus, OGSE may provi

a practical way to assess effects of restriction in tissue i
short diffusion time regime using experimental values of
dient amplitudes that can be readily implemented.
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