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Diffusion measurements in heterogeneous media may contain a
significant source of error, the influence of the coupling between
the applied and internal magnetic field gradients on the attenua-
tion of the NMR signal. The application of bipolar magnetic field
gradients has been introduced to suppress this error. The basic
assumption for the successful removal of the coupling is that the
diffusing molecules are experiencing a constant internal gradient
during the experiment. We will provide theoretical and experi-
mental evidence that the application of bipolar magnetic field
gradients may fail to suppress the effect from all the cross terms

removal of these cross terms is that each diffusing molecule
experiencing a constant internal magnetic field gradien
throughout the pulsed field gradient stimulated echo (PFGSTE
sequencef). If this assumption fails, it is no longer generally
valid that a significant cross term is absent in the echo attel
uation. Latouret al. (5) has unambiguously shown the effect
caused by a nonuniform internal gradient during the prepar:
tion and read intervals in the PFGSTE experiment. Howevel
one must also consider the effect of a change in the streng

between internal and applied gradients effectively at long obser-
vation times. It will be shown experimentally that a successful
suppression of the cross terms is strongly dependent on the obser-
vation time, and on the 7 value in the bipolar pulsed field gradient
stimulated echo experiment.  © 2000 Academic Press
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and/or the polarity of the internal gradient experienced by
diffusing molecule when going from the preparation to the rea
interval in the bipolar PFGSTE experiment (Fig. 2). The pur-
pose of this article is to provide evidence that even if the
attenuation results from a bipolar magnetic field gradient ex
periment with art value so short that the constant internal

field gradients; tortuosity. gradient approximation holds for the preparation and rea

intervals, there may still be cross terms which affect the mee
sured diffusivity significantly.

INTRODUCTION

BIPOLAR PFGSTE IN THE PRESENCE

When a heterogeneous sample is placed in a constant mag-
OF INTERNAL GRADIENTS

netic field, internal magnetic field gradients are induced. The
strength of these gradients depends on the magnetic susceptj- . .
bility difference when going from one phase to another in theq‘_anner 9 sho*vedptggseigtence .Of the ;:rossh_te;mls:_m ’;"
heterogeneous sample, on the operating magnetic field, an églg?treynlrpa(:::)%pg?/\r/ritteMI experiment, for which (Fig. 1)
the different geometries of phases within the samp)e Due
to the heterogeneity of the sample, the internal gradients may
consist of a large distribution of values with both polarities In(l)
(2, 3. As diffusion measurements by NMR are performed by lo
introducing applied magnetic field gradients into the pulse
sequence, a coupling between the applied and internal gradi-
ents will occur in the echo attenuation of the NMR sigrgl (
The measured diffusivity may therefore not correspond to the 5 ,
actual diffusion coefficient of the probing molecules within the —8(8,+38,) — (81 + 52)) 9Go
heterogeneous sampl@) (

Over the past decade several pulse sequences applying bi- 4 Tz(A i 27)62}
polar magnetic field gradients for diffusion measurements in 3)7°
heterogeneous media have been proposed in order to suppress
the cross terms between the applied and the internal magnetis the gyromagnetic ratid) is the diffusion coefficienty is
field gradients §—7). The basic assumption for the successfithe applied magnetic field gradient, afg}, is the internal

—‘yzD[SZ(A + 17— 8/3)g?
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FIG. 1. The ordinary PFGSTE sequence with monopolar gradients.  FIG. 3. The 13-interval PFGSTE sequence with unequal bipolar gradients
The real polarity ofG, is changed from the preparation interval to the read
interval.

magnetic field gradient. The time constasts$,, 8, 7, andA

are defined according to Fig. 1, and the procedure for deriving

the echo attenuation from a pulsed field gradient sequencerislecules probe the heterogeneity of the medium, the corr

given in Refs. 6, 7,9. From Eq. [1] one finds cross termslation is practically lost between the strength and the polarity

between the applied and internal magnetic field gradient. the internal gradients in the preparation and the read interve
Due to these cross terms, an erroneous interpretation of thén Fig. 3 the situation with an internal gradient of opposite

measured diffusivity is likely to occur. The measured diffusivpolarity but the same strength in the read interval is displaye

ity using this sequence in the presence of internal magned¢long observation times this situation is just as probable a
field gradients will be lower than the actual diffusion coeffithe situation shown in Fig. 2. The echo attenuation for thi
cient, as found by Zhonagt al. (2), who based their argumentsequence is written

on the presence of internal gradients of both polarities.

The impact of the cross terms in Eq. [1] may be greatly
reduced when applying a bipolar 13-interval pulsed field gra- | ) . )
dient stimulated echo sequence as shown in Fig. 2. The echo '”(|O) =y D[S (A+37-46/3)g
attenuation is written§, 7)

+ 8%(A + 71— 8/3) 2+ 262%(A + 7)of
+ 8/3((283 4+ 2(8, + 8)?

|
|n(|) = —yZD[SZ(A + 37— 8/3)g?
0 + 8,(28, — 37) — 3827)(f — g)

+ 8%(A + 7 — 8/3)f2 + 28%(A + 1) gf 453
473 + 372(f + 39))G, + KN G2|. [3]
+ 871(8, — 8,)(f+ g)Gy + TG% . [2]

When letting 8, equal 8,, the cross terms are suppresse@omparing the cross terms in Eq. [1] and Eq. [3], it is eviden
completely. However, the assumption of constant internal githat theA-dependent cross term still is suppressed. Howeve
dients is valid only at observation times during which théhe 7-dependent cross term is now not suppressed, and wh
molecules are not probing the heterogeneity of the mediun# g the surviving cross term is written

(6, 9. This range of observation times is also denoted short

observation times, and it has been shown that the bipolar

gradient pulses effectively suppress the cross terms in this In( |

— 2 2
range (L0). When the observation time is of such length that the >Cmss_ 4y"Do77°gGo. [4]

Go
Such ar-dependent term is also present if one makes use of tt

2 i e w2 i more sophisticated 17-interval bipolar PEGSTE sequer)es (
£ In order to have the echo attenuation within the domain wher

the second cumulant approximation is validl, the strength

Atdt of the applied gradient pulses must be reduced wheis
increased. The unwanted cross terms in Eqg. [3] may the
become significant compared to the other terms. So the que
FIG. 2. The 13-interval PFGSTE sequence with unequal bipolar gradilOn IS then to what extent this affects the echo attenuation ar
ents (). thus the measured diffusivity.
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EXPERIMENTAL caused by susceptibility changes in the sample,dypdis the
) mean diameter of the particles (graindB, is related to the
All the experiments were performed on a Bruker Avancgya) transverse dephasing tin&;, and the transverse nuclear

DMX200 instrument, using a commercial diffusion probe fromagnetic relaxation timeT,, according to the relatioriQ)
Bruker (PH MIC DIF 200 WB'H SAT 5/10 probe). An applied

gradient strength in the range 0-960 G/cm was used. Unless AB 1 1
stated otherwise, the experiments were performed at a temper- v TO = (T* - T) : [6]
2 2

ature of 25.0+ 0.5°C.

Mono-sized spheres immersed in distilled water were stud- . o
ied. Two types of polystyrene and soda lime glass spheres wéhg inhomogeneity contribution caused by the superconduc
used, one set with a mean diameter ofi38, and one set with Ind magnetis then neglected. If the internal gradients are larg
a mean diameter of 10am. The samples were prepared by 2 > T2 and the second term on the right-hand side of Eq. [6
immersing the particles in distilled water, followed by treatc@n be neglected. Sincev = 1/ T3, whereAv is the line

delivered from Duke Scientific (U.S.A.). approximately given by
The 13-interval stimulated echo pulse sequence with un-
equal bipolar gradients (Fig. 2) was used in all of the diffusion _ 27 Av
experiments. In each diffusion experiment the different time 9= v dgan’ (71

intervals were kept constant, while the strength of the gradients

was varied. The length of the gradied) (vas 0.5 ms in most ysijng this relationship, the internal gradients in the polystyren
of the experiments. In the experiments where it was necessafmples are estimated to be less than 1 G/cm, while the valu
to have as low & value as possible we uséd= 0.25mS.  for the 30- and 10Q:m glass spheres were 160 and 40 G/cm

Gradient preemphasis was applied, and the dead e (respectively. These estimates indicate that there are large i
achieved was 0.3 ms for the gradient strengths used in Qdfnal gradients in the systems of glass spheres, while in tt
experiments. In order to minimize the cross terms betweggystyrene systems the internal gradients are insignificant.
applied and internal gradients all the diffusion experiments | the standard diffusion experiment (Fig. 1) one shoulc
were performed wittd, = &,. . _therefore expect to see effects from the cross term betwes

The applied gradient strength was calibrated by performifigernal and applied gradients when studying the glass sphe
diffusion experiments in distilled water slightly doped Wi”’systems. No effects should be observed studying the polyst

CusQ. N _ _rene sphere systems, regardless of pulse sequence used.
The diffusion coefficients were determined from the initial |, Fig. 4 the results from the time-dependent diffusion

slope of the attenuations, according to the second cumulgfdasurements in the 30- and 1@6+ systems, using the bipo-
approximation {1), which predicts a Gaussian behavior at oWy, 13-interval PEGSTE pulse sequence, are presented. T

values of the gradient strength. measured normalized diffusion coefficients are plotted as
function of the effective observation time. It clearly shows thai
RESULTS AND DISCUSSION the time dependency of the diffusion coefficients of the poly-

styrene and glass systems is different. The systems show

Because of the dephasing of magnetization originating frogy, ;| pehavior at short observation times, but as the observ
molecules diffusing in internal magnetic field gradients, t

. : NP ) Nfon time increases, the diffusion coefficient for the glas:s
bandwidth of a spectrum gives an indication of the size of ﬂé%here system drops to a lower level than what is seen in tt

internal gradients in a system. For water in the s_ystem 85rresponding polystyrene system. In the @8- system the
polystyrene spheres (both 30 and 100) the bandwidth at goh4ati0n of the curves starts very early, and at a diffusio
half-height was around 30 Hz, indicating that the size of tr}ﬁne of around 10 ms, the deviation is clear. In the 108-
internal gradients is low in these systems. For water in tlg stem, the separation of the curves starts at an effecti
system of 10Q«m glass spheres the bandwidth at half-heighfi sion time of around 150 ms. This corresponds to a diffu-
was 1500 Hz, while for the system of 30m glass spheres it ;. yistancen/6D(1)t, of about 10 and 45m, respectively.
was around _2000_Hz. According to_Draml)(the size of th_e _ The idea behind studying a system of glass spheres and
internal gradients in a system of grains surrounded by a liqyifl| sty rene system with similar sphere diameters immersed |
is approximately given by water is that the polystyrene system does not generate sign
icant internal magnetic gradients, while the glass sphere syste
e AB, [5] does generate such internal gradients. These internal gradie
g dgrain” are found to be of the same order of magnitude as the applie
magnetic field gradients. However, before assigning the resul
Here AB, is the broadening of the magnetic field (induction¥hown in Fig. 4 to an effect of a spatially variable internal
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a1 . are packed. It is important that the packing be as equal ¢
possible in the samples which are compared to each other. .
short observation times the approximation given by Métral.
098 1 (13 is valid
° | D(t) 4 S
o® D = 1 - [ v V’mv [9]
QO ﬁ?& 0 9 \"77
= [
007 . °® o oo 0 00 © © o © wheres is the surface-to-volume ratio of the particles, @nd)
3 is the time-dependent diffusion coefficieftis related to the
06l Z+ , mean diameter of the spheres and the porosity of the samp
5, . according to
0.5 et * i " 1 1
‘ ‘ . ¢ = : [10]
0 50 100 150 200 gVt 1
observation time (A + 3t/2 -8/6) [ms]
b 1 , , , , whered is the mean diameter of the spheres.

In order to determine the porosity, we performed short time

°-95£ diffusion experiments. The measurements presented in Fig.

0_9§ 1 show that the porosities of the two 1@0n systems are very
:

similar, and that different packing of the spheres is not th

0.8575 1 reason for the different behavior B(t)/D, in the two systems
0.8- ?%@ J/ at longer observation times.
=) ® .
0750 ®) 1 Surface Relaxivity
a Qo
0rr RS SN 1 The different behavior oD(t)/D, for the two mono-sized
0.65. + . o 2 o | systems might also be explained by a different surface relaxivit
" When the diffusing molecules move from one cavity to another
06f Ty 1 they may move through narrow channels or throats where it |
0551 + + | more likely that they will be subjected to surface relaxation
05 ‘ . . . .
0 200 400 600 800 1000
observation time (A + 31/2 -8/6) [ms] 1 .
FIG. 4. The measured normalized diffusion coefficieltét)/D, in the 0.98- i
30-um (a) and 10Q+m (b) systems as a function of observation tin@) ( '
Polystyrene; ¢) glass. 0.96- 1
0.94F 1
gradient, it is important to discuss other effects that may cause °
the time-dependent diffusion coefficient to be different in thes®92f : ]
polystyrene and glass systems. 8 ool > 1
° o
Porosity 0.88 1
The diffusion behavior in the limit of long observation time ¢ ggl T
is described by the tortuosityy, o
0.84f RN
D. 1 ‘ . . .
D=5 [8] 082 1 2 3 4 5
0 Square root of t [ms'?]
whereD, is the value of the diffusion coefficient &= 0, i.e., FIG. 5. V't dependency of the measured diffusion coefficients in the

. . . . . 100-um systems of polystyren&)) and glass{) spheres at short observation
the value of bulk diffusion for water, an.. is the diffusion times. Solid lines are linear fits of Eq. [9] to the experimental points. The

time .at_t = . The t_ortUOSitY: and porosityp, of a system getermined porosities were 0.440.01 for the glass spheres and 04D.01
consisting of mono-sized spheres depends on how the sphesete polystyrene spheres.
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1 - However, we do not expect to see a different behavior o
095 | D(t)/D, at different temperatures due to the failure of the
' 9 assumption of a constant internal gradient. In FigDt)/D,
0.9¢ %é* 1 is plotted against\VD,t, and thus the same number of mole
% cules is experiencing the same amount of internal gradiel
0.85 t inhomogeneities. A difference in temperature should therefor
008l o, i not affectD(t)/D, in Fig. 6, as the figure is scaled according to
% * the different mobility at different temperatures.
00.75- o 1
0.7} ° . | Spatially Variable Gradients
0.65F ‘o N . At the time when the curves in Fig. 4 start to deviate from eacl
0 x other, the water molecules are able to diffuse from one end of tt
08¢ T B ’ cavity to the other. In the glass sphere system, where the interr
0.55 , . . , . gradients are strong, there is then an increased possibility that t
0 10 20 (5’0%1/2 m) 50 80 size and/or the polarity of the internal gradient is uncorrelate

between the prepare and read interval of the pulse sequence us
FIG. 6. Measured normalized diffusion coefficieti¢t)/D, as a function |t was shown in Eq. [1] and Eg. [3] that if the internal gradient
of diffusion length D,t)*? at 25°C (O) and 40°C §) in the system of 10@m changes polarity between the prepare and read interval-tee
glass spheres. . .
pendent cross term is suppressed, butrtiependent one is not.
The effect of the nonconstant internal gradient is therefore n
processes. Sett al. (14) have performed numerical simulationdirectly related to the value d, but to ther value. The surviving
for ordered and disordered systems of spherical particles wittoss term is given by Eq. [4]. As the applied magnetic fielc
different values of surface relaxivity, and Fig. 4 has a clogadient couples to a distribution of internal gradients with a mea
resemblance to simulation results frddt)/D, in a disordered value of zero, the echo attenuation will be weighted toward thos
dense packed system with porosity 0.376. The numerical simutaelecules experiencing an effective internal gradient with sig|
tion with no surface relaxation can be compared to our diffusi@pposite to that of the effective applied gradié)t The measured
measurements among polystyrene particles, and the numeriggarent diffusivity will be lower than the actual one.
simulation with a nonzero surface relaxation can be compared tdn order to study the effect of the cross term given by Eq. [4]
our diffusion measurements among the glass spheres. The sunfeeeperformed experiments with different values at long
relaxation strength has been measured in our systems of glasservation times. The values of the diffusion coefficients
spheres, and it is found to be of the same order as the one usedltipined performing such experiments in the 30- and 100-
Senet al. (14). However, there are several observations whigystems are given in Fig. 7. The variation in the diffusion
show that surface relaxivity is not a significant effect on theoefficients for the polystyrene systems is within the experi
behavior ofD(t)/D,. mental uncertainties, so here no significanrdependency of
First, the porosity of the different samples is found to bB(t)/D, is observed. In the glass systems thdependency of
approximately 0.43 using the short time approximation ke diffusion coefficients is clear. As thevalue increases, the
Mitra et al. (13). With this value of porosity, the spheres arealue of the diffusion coefficient decreases. The deviation i
more loosely packed than a random packing of sphaf@s A higher in the 30am system, indicating that the effect of the
large number of narrow channels at which the diffusing motross term, and thus the internal gradients, is more significal
ecules experience strong surface relaxation and lose their tothis system than in the corresponding 10® system. This
herence does then not exist. is expected from the estimations of the size of the interne
Second, like Hdimann et al. (8) we do expect to see thegradients in these systems.
same dependency @i(t)/D, against\VD,t at different tem The r dependence of the measured diffusion coefficient origi
peratures iD(t)/D, is independent of the surface relaxivity. Ifnates from the coupling of internal gradients with the appliec
the surface relaxation has a significant effect on the measuggddients as shown in Eq. [4]. As thevalue increases the
diffusion coefficient, this will cause the diffusion coefficient tanfluence of the coupling increases. Deriving Eq. [4] for a distri-
scale to first order as and not as the diffusion lengtl/D,t.  bution of internal gradients is beyond the scope of this pape
Figure 6 shows that this indeed is the case. Here we compli@vever, in order to correct for thedependency on the tortu-
D(t)/D, as a function of\/D,t for the 100um glass spheres osity, one may perform a series expansioD(ij/D, as a function
at 25 and 40°C. The value @f, at 40°C was measured to beof 7. To the first-order correction one would then have
3.3x 10°cm’s*, compared to 2. 10° cm’ s * at 25°C.
Within the limit of uncertainty there is no significant difference
between the results at 25 and 40°C, and similar results are DM _ %( -0 2
: = 7=0)+ Cr+ 0(79), [11]
obtained for the 3Qsm glass spheres. Do Do
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real value forD(t), and thus the tortuosityy, in systems
where a long observation time makes it difficult to suppress th
cross term between the internal and applied gradients.

In our opinion it is evident that the-dependent measure-
ments of diffusion at long observation times and in the pres
ence of internal magnetic field gradients significantly affect the
measured tortuosity.

CONCLUSIONS

We have shown that the existence of internal magnetic fiel
gradients in the glass sphere systems has a significant influer
on the diffusion measurements at long observation time:
These gradients are caused by differences in magnetic susc
tibility between the water and the solid material, and are
insignificant in the systems of polystyrene spheres, where tf
difference in magnetic susceptibility is much lower. Like
Zhonget al. (2) we believe that these gradients have a distri
bution of both polarities, with a mean value of 0 G/cm.

We have given theoretical and experimental evidence that
successful suppression of the cross terms in PFGSTE diffusic
measurements depends on the observation time, and on th
value in the bipolar pulsed field gradient stimulated echc
experiment. Thus, at long observation times, such a suppre
sion is difficult to obtain in a system of spatially variable
internal magnetic field gradients, even if a bipolar pulse se
guence is used.
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