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An oscillating gradient spin-echo (OGSE) pulse sequence was
used to measure the apparent diffusion coefficient (D,,,) 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 D,,, 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 D,,, of water in
restricted systems varies with the period of the gradient oscillation
and the dispersion depends on the scale of the restriction. For a
sample of packed beads of diameter 9.1 = 0.7 um, the pore
surface-to-volume ratio was estimated experimentally by this
method to be 1.3 = 0.1 mm™, corresponding to a mean pore
diameter of 6.4 = 0.7 um. A Monte Carlo computer simulation of
the NMR OGSE signal from the spins diffusing in a system of
compartments was also implemented and the D,,, demonstrated
similar behavior with gradient oscillation periods.
Press
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INTRODUCTION
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molecules is proportional to time, at very short diffusion time
most molecules in media with compartments will not diffuse
distance long enough to interact with barriers separating t
compartments. ThuB,,, values measured in the very shor
diffusion time regime are related to the free diffusion coeffi
cient values within each compartmed). At slightly longer
times, as molecular diffusion begins to become restricted b
cause of interactions with the barriers, the measirggdrops.
At long diffusion times, molecules in all compartments expe
rience restricted diffusion. The time characterizing the trans
tion between the degrees of restriction can be used as
indicator of compartment sizes in the medium. Thg, mea-
sured at long diffusion times depends not only on compat
mental sizes and volume fractions, but also on the permeabil
of the barriers 11). To determine compartmental sizes anc
unrestricted diffusion coefficients, short diffusion time mea
surements are needed.

Latour et al. (5) measuredD,,, as a function of effective
diffusion times for water surrounding packed large glass bea
(48 to 194um in diameter) using a modified pulsed gradien
stimulated echo technique (PGStE). The PGStE effective d
fusion times ranged from 7 to 800 ms. Coy and Callaghia (
usedg-space diffusive diffraction to measure the bead diamet

Pulsed gradient spin-echo (PGSE) methods provide infand pore spacing in samples of packed beads 9.87, 14.8,
mation on the extent of diffusion over different time scales arih.8 um in diameter. They values used were as high as<2

thus, in principle, can directly measure the time dependenceldf m™*. The largeq value experiments were repeated numel
the apparent diffusion coefficienD(,,) (1, 2). In practice itis ous times so that the resulting averaged signal had a lar
difficult to determineD,,, values in the very short diffusion enough signal-to-noise ratio.
time regime because such measurements require very stronds an alternative approach to PGSE or PGStE for measuri
gradients. These measurements are, however, of prime intedgtision in the short diffusion time regime, Gross and Kosfel
for probing the structure of media in which diffusion is re{13) proposed an oscillating gradient spin-echo (OGSE
stricted by closely spaced compartmental boundaBe3)( method to probe the form d@.,(T), whereT is the period of
For example, within minutes after the onset of ischemia, tlygadient oscillation. The short period behaviorf,(T) re-
D ., in affected areas of the brain drops by approximately 50%ects the behavior of the diffusing nuclei over short time
(8,9. The explanation for this change iD,,, is not fully intervals, and the transition @.,, from short to long periods
understood, but it might be caused partially by tortuosityan be used as an alternative indicator of restriction effec
changes due to cellular swellin@)( Measurements of com- The theoretical technique was extended by Stepisnik and ¢
partment sizes and,,, valuesin vivo before and during leagues, who developed a frequency spectral analysis of 1
ischemia might indicate what structural changes occur in tdata provided by experiments with oscillating gradients c
brain and provide information on the causes of the drdpjp.  different frequenciesi@, 13. Minard (16) measured the pore
Since the mean squared displacement of freely diffusisgirface-to-volume ratio and tortuosity in a water-saturated ya
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90 180 with incr.easin'g:)-factor. The log of the decay is nonetheless fi
E«T_'E to a straight line and the slope definBs,,
/\\ ;//\ //\ glﬂ\ A /ﬂ An inhomogeneous magnetic field, such as a backgrou
L / A gradient, within the sample can introduce errors in the calc

v \/ \J lation of theb-factor and thus the diffusion coefficient for an
e — : OGSE sequenced 8). However, by using gradient pulses with
- T - odd symmetry 17), the cross term between the applied mag
netic field gradients and the background gradients vanishes

An example of a simple system whose structural propertie
can be measured with the OGSE sequence is a sample
acked beads in water. In such a sample, the pore surface:

filter using OGSE, but was unable to independently Ve”&olume ratio,S/V,, is related to the bead diametek, by (5)

these results because the water filter was not well character-
ized.
We have implemented an OGSE sequence and have used it gV. = 6(1/e — 1) 2]
to measure th® ,,(T) of water in samples of water and packed P d ’
beads in water. Estimates of bead diameters, tortuosity, pore
surface-to-volume ratio, and the free diffusion coefficient wekgheree is the pore volume fraction. A mean pore diametky,
made from the measurementsidf,, for the bead samples. Thecan be defined in terms &V, by (18)
potential of OGSE measurements to measure the characteristic
dimensions of restricting compartments is demonstrated. 6(1/e — 1)23

PTTav, [3]

\,
T
e
1
e
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—

FIG. 1. Oscillating gradient spin-echo pulse sequence.

THEORY

The OGSE sequence is similar to a conventional PGSE pulsé-atour et al. (5) found that the diffusion coefficient as a
sequence, except that the diffusion gradient pulses are replattgtttion of time varies as
by sinusoidally oscillating gradients with peridd The dura-
tion of each gradient pulser, is chosen to be an integral 1
number,n, of cycles of the oscillations. Figure 1 shows the DapdAer) = Diree — (1 - a) Drree
OGSE sequence fon = 3. Each cycle of the oscillating

gradients acts as a bipolar pulse so that there is a positive C\Aei + (1 — La)Ayd0

gradient lobe followed by a negative_gradient Iob_e of equa_l X (1- 1/a) + CVEﬁ +(1- a)A 0’
area. After each cycle, stationary spins have their magnetic

moment rephased whereas diffusing spins lose coherence. The [4]

degree of dephasing of the net transverse magnetization is
proportional to the mean square displacement of the spipBere« is the tortuosity of the pore spacBy.. is the free
during the effective diffusion timej.s, which for the OGSE (diffusion coefficient, /D0 is proportional to the sphere

sequence i$3/8)T (13). diameter,d, and ¢ depends on the surface-to-volume ratio
Stepisnik and colleagued4, 19 studied the signal depen-g/V, as

dence of OGSE experiments. In the case of no restrictions, the
signal from an OGSE pulse sequence for a uniform water

o S —
sample is given by1(3) c= —v \Dfree [5]

E(g, 27) ) 3g°%0? . .
E(0 27) EXP[ -vD 4772nz] =exfd —bD], [1] For porous systems; is proportional to the pore surface-to-
volume ratio,S/V,. In two-compartment systems,is propor
tional to the total surface-to-volume rati&)V (19).
The long time diffusion coefficient can be found from Eq
[t4c1 by taking the limit asA.4 — cc. In this limit, the diffusion
coefficient,D (), is related to the free diffusion coefficient

when there are no magnetic field inhomogeneities prebéast.
the traditional diffusion weighting-factor, andy is the proton

gyromagnetic ratio. This simple expression can be used
derive aD,,, for a nonuniform system analogous toDg,, b
derived from PGSE. There is only one exponential decay oY

unrestricted diffusion, so the log of the decay is a straight line

and the slope is used to find the diffusion coefficient. For Dapd©) 1

restricted diffusion the decay might not be a simple exponential Diee

(6]
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We can define a dimensionless parameiefor the beads in moments were aligned as if just tipped by a 90° RF pulse,
terms of the effective diffusion time., the diffusion coef that particle {) had a phase;(0”) = 0 and thus a magnetic
ficient of free waterDy.., and the radius of the beads,in the momentm;(07) = 1.
sample as During each stepi} before the 180° RF pulse while a

gradient was applied, each particlg pad its phase increased
\2Dpedeii 3Dl /4 by
L [7]

8¢y = —X;yg sin(2ti/T) 6t, [10]
This parameter is the ratio of the distance free water would
travel in the effective diffusion time of the OGSE sequence afy1eret; is the time at the beginning of time step,(5t is the
the radius of the beads in the sample and can be used d§ngth of the time step, and; denotes the position of particle
measure of the degree of restriction. When< 1, there is a (J) along the gradient at tinte. For each step] after the 180°
small degree of restriction of water diffusion. When~ 1 RF pulse while a gradient was applied, each partig)én@d its
there is an intermediate degree of restriction of water diffusioBfase increased by
and form > 1, water diffusion is highly restricted.
The D,,, as a function of time for a sample with bead 8y = X;vg sin(2m(t; — 7)/T)ét. [11]
diameterd,, pore volume fractione, and free diffusion coef
ficient, D .. will behave according to Eq. [4]. Another sampleéEach particle’s [) phase at the end of the simulation was
with beads of diameted,, the same volume fractior, and
free diffusion coefficientD .. will behave in the same manner b = 2 3y, [12]
as the first sample, but on a time scaled according to Einstein’s i=0
relation such that
and thus its magnetic moment wags = exp(i¢;).
2 The net magnetization was calculated at the end of tt
Ao = d? Aera: [8]  simulation by adding the individual contribution from tite
particles, so that the OGSE amplitudg, is given by
Thus data taken in a small time interval from bead samples of

different diameters can, in principle, be combined to give the
form of D, at other times. E(g, T, 27) =

2

. [13]

1 N
N2
j=1

COMPUTER SIMULATION
At each frequencyk was calculated for the different gradient
In addition to performing experiments using an OGSE samplitudes. To obtain th®,, log(E(g, 27)/E(0, 27)) was
quence, a Monte Carlo computer simulation was developedgitted againsg® and fitted to a straight line according to Eq.
predict and compare the results of measurements. The sima: The D, for that frequency was calculated from the slope
tion was modified from that described by Szadeal.(20) who vy, of this line according to
performed a simulation of the results of PGSE sequences for
spins diffusing in a system of parallel rectangular fiber com- —472n2
partments in a regular array with variable compartment sizes, Dapp= 3y2? Y [14]
spacing, and permeabilities. The total surface-to-volume ratio
for long parallel rectangular fibers of cross sectiox € on a

. LT MATERIALS AND METHODS
lattice of constana is given by

The Monte Carlo computer simulation was implemente
[9] with ¢ = 80 ms andn ranging from 1 to 16. Fon = 1, or
oscillation periodT = 80 ms,g ranged from 0 to 22.5 mT/m
in steps of 2.5 mT/m. For each period,= 80/n ms, gradient
For the OGSE simulation the conventional square gradiearnplitudes increased appropriately witho keepg?®/n® con
pulses were replaced by sine wave gradient pulses. The grat#ant. This was done so that the same diffusion weighting w
ents were applied perpendicular to the fibers. For each setuskd for each gradient period, in order to keep the signal-
parameters the signal was calculated for a given gradient stoenoise ratio the same for each measurement. The simulat
wave amplitudeg, and period,T. In the simulation at time used¢ = 2.7-um-wide fibers arranged periodically on a lattice
t; = 0, arandom uniform distribution & = 10,000particles with constanta = 3 um. The fiber system had intracellular
was placed in the system. Initially, all particles’ magnetidiffusion coefficients of 1.um?*ms and extracellular diffusion

<lwn
2R
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0.34 ‘ ‘ ‘ TABLE 1
Structural Parameters of the Monte Carlo Model
0.321 i
Value from fit Expected value
0.3t _
SV 1.3x03um™ 1.2um™
E
So26f 8
D% oal together in a birdcage coil in the 2-T Bruker spectrometer. |
' series of 10 coronal images (matrix size 8464, 8-cm FOV,
o2al % % i 5-mm slice thickness) was acquired using a spin-echo sequel
(Tr = 3 s, echo images &tz = 20, 40, 60 . ..200ns). By
0.2 1 estimating and comparing the signal from a region of intere
in water atTg = 0 ms to the signal from an identical volume
0.18 04 o8 o8 ] 2 12 1e¢ Inthe other sampleg was measured.

-|0910(Aeﬂ)

FIG. 2. Monte Carlo calculated,,, of water in a 2.7am fiber system. RESULTS AND DISCUSSION

The data are represented by this and the fit by the solid line. .
P Y Y Values of D,,{(A.r) Were calculated for the 2.&m fibers

using Eq. [14] and are shown in Fig. 2. The data were fitted 1

coefficients of 2.5um’/ms. Thus the free diffusion coefficientEq_ [4] usingD .. = 1.3 um?ms and 14 = 0.15 forc andé.
in the samples was calculated to be Juf’/ms using a Fromc, the surface-to-volume rati&/V, was calculated ac-
weighted mean of the diffusion coefficients in the two COMkording to Eq. [5]. The width of the fiberg, was calculated
partments Z0). from SV according to Eq. [9]. The results of the fit are showr

Experimental samples were placed in plastic tubes and stqrdraple 1 and agree well with the expected values. Whe
vertically in the 2.0-T, 31-cm horizontal bore Bruker spectromyeriying Eq. [4], Latouret al. (5) neglected the linear term in
eter inside a birdcage coil at 21°C. The OGSE pulse sequence which depends on the curvature of the system. In the ca
was implemented witlr = 80 ms anch ranging from 110 7 of the square fibers used in the simulation, the linear term
and used the same range gfvalues as in the computery  needs to be included at long times because of the she
simulation. The exception was for = 7, where the highest square corners. This could account for the disagreement at Ic
gradient amplitudeg = 157.5mT/m, was omitted since it was tjmes.
above the maximum gradient amplitude obtainable with our The diffusion coefficientD, for pure water and for the water
system. Crusher gradients of 20 mT/m and 1-ms duratiqf.the water/oil sample was the same at all gradient oscillatic

separated by 2 ms and surrounding the 180° pulse, We&iods, with a mean value of 2.09 0.02 um?ms. Figure 3
applied orthogonal to the applied oscillating magnetic field

gradient. Their effect on the diffusion weighting was calculated
to be insignificant. One sample tube was filled with water. Four 2.3
different samples were made by dispersing polystyrene beadsez_

[Polysciences, Warrington, PA] in water. The first contained : :

beads with a diameter of 2:8 0.1 um, the second with 9.% 24 H { I { R }

0.7 wm, the third with 25+ 3 wm, and the fourth with 46+ b AT T Sawater T
7 um. Each sample contained beads of one nominal diameter I . . ’;ggimgzzgz : :

only. All of the bead-water samples were spun in a centrifugeg "9 i gy i beads
to pack the beads closely. The excess water was then removéd gf ... ... .. . ... 028pmbeads - = |
from the top. The closely packed beads in water took up% ; i .
approximately half the volume of the small plastic tubes. To® /[~ ; } “““““““ E “““““ S SR S

minimize susceptibility effects around the meniscus, the tube 16} .-
was filled with mineral oil. Since the oil is less dense than the D R 3 P SURR
water, the two liquids did not mix around the beads. A chem- ,H ; % f
ical shift difference of approximately 300 Hz was used to 14f 1% SRR =
distinguish the water signal from the oil signal. A control ; ; ; ; ; ;
sample was made with just water and mineral oil to test the © 5 10 A (ms)20 25 80 35
effects of the oil. of

To measuree, the bead and water samples were placed FIG. 3. D, in restricted and unrestricted systems.
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1.85
1.85- 1.8
1.8f X 46 um beads
1.751
1.75r 025 ym beads
1.7-
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FIG. 4. Day, of water in restricted systems. FIG. 5. Dy, for bead data with\¢ scaled to the 9.1sm beadA.y. The

data are represented by the x's and the fit is represented by the solid line. T

: : : : : dashed line represents tHe,,, values based on the expected value of
shows theD ,,,as a function of effective diffusion time,, for \/Dr_0/d and the bead diameter.

the 2.8-, 9.1-, 25-, and 4fam-diameter bead samples, as well

as for the water from the water/oil sample. Tihg,, for water . _ . o
in the 2.8um bead sample was relatively independent &@n be calculated using this value and the long time diffusic
frequency with mean value 1.46 0.01xm?/ms, indicating no coefficient value according to Eq. [6]. The diffusion coefficien
change in the degree of restriction. However, Ehg, of water Of water in the 2.8.m bead sample was measured at all time
in the 9.1-, 25-, and 4fum bead samples decreased witf® be in the long time regime, sD.,(A.) was taken as the
effective diffusion time by 5+ 1, 7 + 1, and 12+ 3%, mean of the 2.8:m diffusion coefficient values, 1.46 0.01

respectively, over the time range measured as the diffusiontgft’/ms. From these valuesd.ivas calculated to be 0.699
water became more restricted on the time s¢al@)T. 0.008. The_data were then fiFted with a nonlinear Igast squal
Figure 4 shows thé®,, of water measured in the varioudfitting fqnctllon to Eq. [4] to findc and 6. The r?iyltlng fit is

bead samples as a function gf Whenn < 1, D,,, varies Shown in Fig. 5 and gave = 0.46 = 0.07 ms ~and 6 =
steeply, whereas when > 1, it remains constant. Whem< 1.5 * 0.4 ms. Using this value of and Eq. [5], the pore
1, there is a small degree of restriction of water diffusion (e.gUrface-to-volume rati&/V,, was calculated. Usin§/V, and
the 46um bead sample): whens 1, water diffusion is highly EG- [2], the bead diameted, was found and from Eq. [3] the
restricted (e.g., the 2.8m bead sample): when ~ 1, there js Mean pore diameted,, was determined. Table ummarizes
an intermediate degree of restriction of water diffusion (e.ghe results foS'Vy, d, d,, and'VDy.c6/d. The estimates from

the 9.1- and 25:m bead samples). the experimental data all agree well with their expected value
Using spin-echo images of the bead samples and a water
sample at different echo time®g, and by fitting the signals to CONCLUSION

a simple exponential decay, the data were extrapolated back t
T = 0to findM,. The volume fraction of water in the 94m
bead sample was calculated to be= 0.38 = 0.02. This is
consistent with the range of volume fractions, 0.359 to 0.391,
for a close or poured random packing of identical sphet8 ( TABLE 2

Since theD ,,(A.) of water in none of the bead samples Structural Parameters of the 9.1-um Bead Samples
showed a large change in degree of restriction in the range of

Eatour et al. (5) measured changes in the degree of restri
tion of water diffusion in samples of packed beads as small |

. Value from fit Expected value
A measured here, and since tbg,, was sampled at only P
seven values dk, a fit of the data from any one sample to Eqgy, 13 =0.1um™ 1.11+ 0.09um™
[4] could not give accurate estimates of all parameters. The 7.6 +0.8um 9.1 +0.7um
D .,(Aer) for all bead sizes were scaled in time according to Eég 6.4 £0.7um 7.6 =0.8pm
Decb/d 0.19+ 0.04 0.16+ 0.02

[8] to give the values expected for the effective diffusion tim
of the 9'17j’“m l_)eadSDaPP(,Ag-llfm)' Flgure SShOW_S these data. @ This value is the mean and standard deviation of the values from Latour
The free diffusion coefficient in these samples is expected to €s) for bead samples of 48, 96, and 1@ with volume fractions of water,
that of water Dy = 2.09 = 0.02 um?*/ms. The tortuosityq, €= 0.38.
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48 um. With the OGSE sequence, water diffusion in a packeé. P. P. Mitra, P. N. Sen, and L. M. Schwartz, Short-time behavior of
bed of beads as small asy8n showed a change in degree of g‘he d'fg‘s'og ‘i‘;efggg‘ts";s?z %fzgge”'ca' probe of porous media,
restriction in the effective diffusion time range measured here, " S Rev: B 47, 8565-8574 (1993). _
The gradient amplitudes used here were approximately 10 L L Latour, K. Svoboda, P. P. Mitra, and C. H. Sotak, Time-
times smaller than the aradient amplitudes used by Cov and dependent diffusion of water in a biological model system, Proc.
b 17 g | P S used yl y Natl. Acad. Sci. USA 91, 1229-1233 (1994).
Callag an.I' ).'[O measure. structura prOpertl,eS In simiiar-size . M. E. Moseley, Y. Cohen, J. Mintorovitch, L. Chileuitt, H. Shimizu,
beads. It is likely that with moderate gradient strengths and ; Kucharczyk, M. F. Wendland, and P. R. Weinstein, Early detec-
higher frequencies, changes in the degree of restriction in tion of regional cerebral-ischemia in cats—Comparison of diffu-
smaller compartments could be detected. sion-weighted and T,-weighted MRI and spectroscopy, Magn. Re-
The D,,, measured as a function of time using the OGSE son- Med. 14, 330-346 (1990).
sequence in an unrestricted system is constant, but in restrictécJ. Mintorovitch, M. E. Moseley, L. Chileuitt, H. Shimizu, Y. Cohen,
systems thEDapp measured with the OGSE method changes, anq P. R. Weinstein, Comparison Qf dlffu3|on—we|g_hted and T,-
nd the manner in which it varies with time can be used to infer weighted MR for the early detection of cerebral-ischemia and
a Il si : i | tio. tort it d the f reperfusion in rats, Magn. Reson. Med. 18, 39-50 (1991).
C(? SI.ZeS’ porg S.ur ace-to-volume ratio, tortuosity, an € r?g J. Crank, “The Mathematics of Diffusion,” Oxford Univ. Press, New
diffusion coefficient. In the range we explored, tbeg,, of York. 1967.
water in the bead samples and the fiber systems were still loWer ; 1.\« and k. w. Kehr, Diffusion in regular and disordered
than in free water, showing that shorter periods are needed t0 qgices, Phys. Rep. 150, 263-406 (1987).
remove all eVIdence of restriction. OGSE cap be “Se‘?' to proﬁe A. Coy and P. T. Callaghan, Pulsed gradient spin-echo NMR dif-
structural properties such as compartment sizes. It might there- fysive diffraction experiments on water surrounding close-packed
fore be of value in studying biological tissues, such as brain, to polymer spheres, J. Colloid Interface Sci. 168, 373-379 (1994),
test whether water shifts occur in conditions similar to those doi:10.1006/jcis.1994.1432.
after a stroke where tl’iéapp drops. Thus, OGSE may providel3. B. Gross and R. Kosfeld, Anwendung der spin-echo-methode der
a practical way to assess effects of restriction in tissue in the messung der selbstdiffusion, Messtechnik 77, 171-177 (1969).
short diffusion time regime using experimental values of grd4. J. Stepisnik, Analysis of NMR self-diffusion measurements by a

dient amplitudes that can be readily implemented. density matrix calculation, Physica 104B, 350-364 (1981).

15. P. T. Callaghan and J. Stepisnik, Generalized analysis of motion
using magnetic field gradients, Adv. Magn. Opt. Reson. 19, 325-
388 (1996).

16. K. R. Minard, “Spectral Analysis of Molecular Diffusion in Hetero-
geneous Systems Using Pulsed Gradient NMR,” Ph.D. thesis, Rice
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