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The effects of macroscopic background gradients due to suscepti-
bility differences at the sample interfaces and of radiation damping
on pulsed-gradient spin-echo (PGSE) experiments are examined.
Both phenomena can lead to the seemingly strange effect of the
echo signal growing as the gradient strength increases at low ap-
plied gradient strengths. For a freely diffusing species, background
gradients manifest themselves as slight concave or convex inflec-
tions in the linearized PGSE attenuation curve, depending on the
polarity of the applied gradient. The various means of overcom-
ing macroscopic background gradient problems, including bipolar
gradients, and their efficacy are examined experimentally and dis-
cussed. The effects of radiation damping can also result in the at-
tenuation curve being nonlinear but, different from the effect of
background gradients, the nonlinearity does not change with the
polarity of the applied gradient. The vulnerability of the stimulated
echo-based PGSE sequence and variations of Hahn-based PGSE se-
quences is investigated. Both background gradients and radiation
damping have serious implications for accurate diffusion measure-
ment determination. © 2001 Academic Press

Key Words: background gradients; bipolar gradients; calibration;
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INTRODUCTION

well known (e.g., 7) and references therein) but previous discus-
sion has been limited to microscopic magnetic inhomogeneitie
in samples (e.g., biological systems, colloidal suspensions
metal hydrides, and porous system8}14), although the ar-
tifacts caused by macroscopic susceptibility gradients are we
known in NMR microscopy15—-17 and in other areas of NMR
spectroscopy18-21). Radiation damping, and the associated
problem of the dipolar field, is a well-known source of artifacts
in NMR and is known to lead to phenomena such as multiple
echoes (e.g.22—-26). However, the effects of radiation damping
on PGSE measurements have not previously been investigat
in detail. Importantly, the severity of both of these complications
increases with the static magnetic field stren@h,

Here we investigate the problems that result from macro-
scopic background gradients and radiation damping and how
these problems can be alleviated, thereby increasing the acc
racy of the diffusion coefficients determined. Some simple mod
ifications to pulse sequences are proposed.

THEORY

Macroscopic Gradients

Assuming that the gradient pulses of durati@md magnitude

Pulsed-gradient spin-echo (PGSE) NMR is becoming thgare applied in the presence of a constant background gradie
method of choice for measuring translational diffusion (alsg,, the attenuation (i.e., the echo sigSabivided by the signal

known as self-diffusion or intradiffusion) coefficient9) (e.g.,

acquired withg = 0, &) due to diffusion in the Hahn spin-echo-

see Refs.J-3)). The generation of eddy currents and the requirgased PGSE sequence (Fig. 1A)%¥ (
ment for a constant (commonly, although erroneously, referred

to as “linear”) gradient over the sample volume are well-known

problems and both of these effects can reduce the accuracy of

the diffusion coefficients determined. Care must also be taken

to avoid convection4) and mismatched gradient pulses).(
Nevertheless, even after accounting for these deleterious fac-

s
E(9.90) = 5 = exp| —»

g°Ds?(A — §/3)
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g term

tors, the error in a PGSE measurement is generally not much

less than 1%6).

Two other complications that seriously reduce the accuracy
of PGSE measurements but that have received less attention are
(1) background gradients due to the magnetic susceptibility dif-
ferences at sample interfaces (i.e., the “meniscus effect”)gnd (

2
tg- gOD8|:t12+t22+8(t1+t2)+ 552—212] ,

g-go Cross terms

radiation damping. Problems due to background gradients are (1]

1090-7807/01 $35.00
Copyright© 2001 by Academic Press
All rights of reproduction in any form reserved.



50 PRICE ET AL.

FIG. 1. Schematic diagram of the variations of the Hahn spin-echo-based
PGSE pulse sequence (A—E) and the monopolar (F) and bipolar (G) stimulated-
echo-based PGSE sequence. Radiation damping can occur during the periods
in which the magnetization is not spatially encoded (i.e., during the petjods
andty in A). The striped gradient pulse in F is a purge pulse for reducing the
phase cycling requirements as well as preventing the onset of radiation damping
during ther, period @3).

wherey is the gyromagnetic ratiq) is the separation between
the leading edges of the gradient pulses,taathdt, are defined
in Fig. 1A. Importantly,E is a function of the polarity of due
to theg - go term. Whengy « g Eq. [1] reduces to

E(g) = exp(—y2g>Ds*(A — §/3)). 2]

In reality, the background gradient is a function of position
in the sample (i.ego = go(r, 2), where ¢, z) denotes the posi-
tion of a volume element in cylindrical coordinates), and if the
diffusing species moves between volume elements of different
background gradient strength slowly (i.e., stays within a volume
of constangy during A), Eq. [1] becomes

E= / E(9. golt. 2)) dV. 3]
14

FIG. 2.
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Modeling the Internal Macroscopic Gradients
in an NMR Tube

Toillustrate the background gradient problem due to magneti
susceptibility discontinuities, we have modeled the magnetit
field in a standard NMR tube containing water (Fig. 2A). The
componentdB; andB; of the static magnetic fields in a system
with cylindrical symmetry can be calculated from the derivatives
of the magnetic vector potentiad, (27),

A

A, depends on the electric current densitibsand the magnetic
permeability profile of the sample . Since there is no static
electric currents present, the magnetic vector potential satisfie
the partial differential equatior2{, 28

)+

with the boundary conditions

1A

9z ) =0 Bl

A, = 0.5 By - r at the external boundary of the sample [6]

1 0A,

is continuous at internal interfaces [7
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Susceptibility
matched glass

Schematic diagram of (A) standard and (B) susceptibility matched
If the presence 0@0 is ignored and all gradient calibrations aré\IMR tubes. There is a large difference in magnetic susceptibility across th

interface of the sample in the standard NMR tube due to the large difference i
sceptibility between the aig4i;) and the sample (i.e., watefiater). However,

Eq. [2], the (apparent) value gfdetermined inherently containstne glass in the susceptibility matched tube is approximately matched to th
the effects ofyo. magnetic susceptibility of the sample.



SAMPLE INDUCED ARTIFACTS IN NMR DIFFUSION MEASUREMENTS 51

0.999997 probes. Radiation damping is effectively inhibited when the ne
transverse magnetization is zero, such as when the magnetiz
tion is spatially encoded by a gradient pulse. For example,

0999996 gradient pulse applied along the long axis (which we take a:
being thez-direction) of a cylindrical sample immediately af-
ter axr/2 excitation pulse winds the magnetization into a helix

0.999995 along thez-axis with a pitch of zZ/(y8g)(=1/q) (31). Hence,
the attenuation of the net transverse magnetization signal for
sample of lengtt due to spatial encoding is

0999994

[5,er9dz g
0.999993 Ephase(g) = l/zli = smc(%). [9]

s Hence, there is zero net transverse magnetization for comple!

FIG. 3. Simulation of the background gradients in a standard NMR tubOtations of the helix. Thus, in PGSE sequences radiation damy
Since the shape of the meniscus varies according to surface tension and theifdg@elS most problematic in periods where the magnetization i
radius, we have arbitrarily modeled it as a half sphere. The simulations weret spatially encoded (i_e_, durirlgandt2 in Fig_ 1A)_
performed using a radiug) of 4.5 mm and a length of 6.2 mm discretized
into 10,000 mesh points and settingr = 1 and xwater = 0.999991. Each

contour reflects a 0.5-ppm change in the field.
EXPERIMENTAL

Experiments were performed at 298 K on Bruker DRX 300
R and DMX 500 NMR spectrometers operating'bt resonance

vector). . . - frequencies of 300 and 500 MHz, respectively. On both spec
Equations [5]-[7] were solved using the finite elementmeth%meters, a 5-mm inverse-j gradient probe coupled with a

as contained in the MATLAB toolbox FEMLAB2D). The re- g5 Apa10 amplifier was used. The experiments on the effect:
sults_are presentedlln Fig. 3. Since the errors in the ”ume”B"f‘background gradients were performed using the proton sign:
solution depend mainly on the used mesh size, it was decreaﬁxgpn the residuatH,O in 2H,0 (Isotec, OH) in both a normal
until no mesh size effects could be observed in the magnefi, ., NMR tube (Wilmad, NJ) and a 5-mm susceptibility

profiles. matched tube (Shigemi, Tokyo; Fig. 2B). The experiments or
the effects of radiation damping were performed using a sampl
consisting of 5uL ethanol, 20uL ?H,0, and 175«L *H,0 in
Radiation damping results from the precessing spin magree5-mm susceptibility matched tube.
tization generating an oscillating current in the receiver coil, The experimental parameters used for probing backgroun
which in turn generates an oscillating magnetic field, which rgradient effects were = A =25 ms andd =2 ms (rectangular
tates the magnetization back to its equilibrium position. Radiahaped) with sequence D in Fig. 1. For experiments involving ra
tion damping can be characterized by a rate consgijt ( diation damping sequences, B—F were used with A =70 ms
(except in sequence B whete=36.2 ms, the minimum value
of ¢ possible) and = 2 ms (sine shaped). Sine-shaped gradient
pulses were used to ensure that sequence B was unaffected
eddy current effect$). In sequence F, a0.005 Tthrectangular
wheren andQ are the filling and quality factors of the coil. Thegradient pulse was used for the durationrpfo both minimize
constanik is defined by the phase cycling requirements and prevent the initiation of ra
diation damping. The gradient strengths were calibrated using
oy *R2Boca 1 small capillary of water32) for the experiments at 300 and at
gkT  Kwater (s, 500 MHz, the residudiH,0 in?H,O (D = 1.90x 10 °m? s!
(33)).
wherey is the permeability of free spachl;” is the equilib- The experiments were analyzed by regressing Eq. [2] ont
rium magnetizationc, is the number of protons (water protonghe spin-echo attenuation data (integrals) using the Levenberc
in the present case) per unit volume, anger is the magnetic Marquardt nonlinear least squares algoriti3d)( The errors
susceptibility of water. Thus, the effects of radiation dampingpresent the 80% confidence limit from Monte Carlo simula-
are much more serious in larger static fields and highBiMR  tions (35).

(i.e. 3% denotes the derivative @, with respect to the normal

Radiation Damping

Reo = —— = knQ, [8]

~ Tro

1
k= SHoy M7=
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RESULTS AND DISCUSSION

Background Gradients

A series of'H PGSE NMR measurements of the residual
water in’H,0 were performed using the same gradient settings
(either positive or negative) and experimental conditions in a
standard NMR tube and a susceptibility matched tube (see Fig. 2)
with different sample volumes. Typically, the region of constant
gradient is at most 1 cm long and thus, as it is important to keep
the sample within the constant volume of the applied gradient
(e.g., see Ref.3p)), we performed all of the experiments with
relatively short samples (i.e., sample volureg0ul). A short

In(E)

sample also reduces convection and RF inhomogeneity artifacts. 4 M
The results are summarized in Table 1. Although background P T R T
gradients result in nonlinear attenuation plots when plotted in 00 05 10 15 20
the usual semi-log fashion (see Eq. [11)L), the experimental 2 22

9 -2
data normally appear quite linear with the only signature of the YE8(4-3/3) (10xm’s)

background gradients being a slight initial concave up or downg|g. 4. PGSE NMR attenuation plot for the residual water in 0of

inflection of the attenuation curve at very small values of tHi,0 in a susceptibility matched tube but without the plunger acquired using
applied gradient pulse. positive gradient polarity 4) and negative gradient polaritw(. The data were

As shown in Table 1, there is a significant difference (G(ygquired at 300 MHz. Regression of Eq. [2] onto the average of the normalize
. . . .. . .positive and negative polarity data (solid line) gives a diffusion coefficient of
in the obse_rved diffusion coefficient depending On_ the_ polari Y831+ 0.01x 10-°m? s~1. Only the low gradient value data are shown to allow

of the gradients for a standard NMR tube and this differen@g packground gradient-induced curvature to be clearly seen.

increases threefold as the sample volume is decreased from 100

to 50 ul. The agreement between the diffusion coefficient ob- ) o o
tained using positive or negative polarity was much better whiftf Polarity dependence of the measured diffusion coefficient

the susceptibility matched tube was used. However, when {f@s even larger (43%) than that for the slsample in the stan- -
susceptibility matched plunger was removed from the sampﬁé}rd tube and the nonlinearity of the attenuation plots was quit
apparent (Fig. 4).

An obvious means of minimizing background gradients is

simply to make the sample much longer, as is usually don

TABLE 1 in high-resolution NMR (NB compare the results for the 50-

Apparent Diffusion Coefficient (D) of Residual Waterin’H,Oat  and 100x| samples in the standard tube). However, the sampl

298 K Determined from Regressing Eq. [2] onto the PGSE Attenu-  soon extends beyond the volume of constant gradient. Thus, th

ation Data} Acquired for th_e Tv_vo Different Sample Tube/Gradient  «gq|ution” merely trades the background gradient problem for
Setups Using Sequence D in Fig. 1 nonconstancy of the applied gradient (e.qg., see Fig. )n (

NMR tube Sample An argument is often made that since the receptive volume c
measuring volume Gradient D Dav the RF coils is contained within the volume of constant gradi-
freq (MHz) (ul) direction (10°xm?s™!) (10°xm’s™) ant, thereby justifying the use of “long” samples; however, the
Standard tube 100 Up A26+ 0.009 1.872 validity of this argument is probe dependent. Some images a«
300 MHz Down 1823+ 0.016 quired using a modified Hahn spin-echo sequence containin
50  Up 2075+ 0.025 1.919 a read gradient of a susceptibility matched and a standard 1
- down  1762+0.024 NMR tube are given in Fig. 5. The applied gradient is clearly
Susceptibility 50 Up B59+ 0.008 1.822 . . .
matched Down T84+ 0.003 qylte gonstant up'to asample length of 14.4 mm, since Fhe imag
300 MHz width increases linearly with sample length as shown in Fig. 6
Susceptibility 50 Up 243+ 0.059 1.907 However, for sample lengths above this there is some deviatiol
matched- plunger Down 1570+ 0.041 as shown by the loss of linear dependence for the 16.2-mm sar
300 MHz ple. Although the sample in the susceptibility matched tube ha
Susceptibility 50 Up 365+ 0.055 1.933 . . . .
matched- plunger Down 15014 0.043 a very precise cylindrical shape, the images of sgmpl_es long
500 MHz Bipolar 1902+ 0.011 than 11.9 mm do not have sharp cutoff frequencies (i.e., “ver

, , . — tical sides”; compare images C and D in Fig. 5). The loss of
Note.Also shown is the average value obtained using positive and negative

gradient direction experimentB,y. The value obtained using the 13 interval ofvertl(:?‘I sides is probably largely due to increasing RF inhomo
Cottset al (9) (i.e., a bipolar gradient version of sequence Fig. 1F; see Fig. 48€Neity as the sample moves away from the RF coil center. A

in (9) but analyzed using Eq. [1] 080)) is also given. a consequence of the increasing RF inhomogeneity away frol
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However, the underlying assumption is that a diffusing molecule
experiences a constant background gradient throughout the s
quence 9) and this assumption can fail, especially with large
A values (4). If bipolar pulses are unavailable and assuming
that the background gradients are small and that the exchang
between volume elements is slow, the effects can be reduced |
averaging the normalized PGSE attenuation data from two ider
tical experiments, but performed with opposite gradient polarity
(see Table 1 and Fig. 4), as can be seen by taking the powt
series expansion of Eq. [1B8). Slice selection has also been
suggested as a means of obtaining signals from limited samp!
volume B9-41); however, its inclusion can reduce the signal-
to-noise unless care is taken to refocus the magnetization aft
the slice selection.

>
—

Radiation Damping

Radiation damping, especially at higher field strengths, cat
cause strong resonances to effectively “relax” with a time con-
stant of 100 ms (or less), which is of similar order to the length

: . . . of a PGSE sequence. The sample used in these experimer
50 25 00 25 50 contained a very small ethanol concentration in (a large concer
kHz tration of ) water. Thus, only the water resonance was subject t
FIG. 5. IH images of the residual water along the long (i&.axis of the effects O_f radiation dampl_ng' .
a susceptibility matched tube containifg,0 to a height of (A) 1.3, (8) 9, e examined some variations of the Hahn spin-echo-base
(C) 11.9, (D) 14.4, and (E) 16.2 mm and (F) in a standard NMR tube to a heifRGSE sequence and the STE-based PGSE sequence (Fig.
of 40.7 mm acquired at 500 MHz. The data were all acquired with the same re(@)j Hahn echo with diffusion gradients immediately after the
gradient _(0.01 T r_‘nl). _The uneven _signal height is due to a f:ombination of R'7:r/2 pulse and immediately before acquisition (sequence B)
and applied gradient inhomogeneity and background gradients. (i) Hahn echo with defocusing gradients immediately after the
/2 and before acquisition (sequence C), (iii) Hahn echo with

the sample center, the image of the sample in the standard Ngﬁocusmg gradients immediately after th¢2 and pulses

tube, although 40.7 mm long, appears only very slightly long 're".A = 7) (sequence D), (Iv) Hahn.echo with gradients sym-

. . metrically placed around the pulse withA = t (sequence E),

in frequency space than the 16.2-mm-long sample in the sus-

ceptibility matched tube. Thus, although the RF inhomogeneity

limits the effective sample volume, it is, at least in the present

case, slightly larger than the volume of constant gradient.
When analyzing PGSE experiments it has been claimed that

integrals are preferable to using peak heights from both signal-

to-noise considerations and because non-Lorentzian lineshapes 6

are commonly observed (e.g., in biological samp2d3)( We ex-

perimentally observed, as has been noted previo6lyat by

restricting the frequency width when computing the integrals of

aresonance in a series of PGSE spectra, the artifactual increase

(or decrease) i due to the presence of background gradients

is greatly reduced. Hence, the effects of the background gradi-

ents are more evident in the “wings” of the resonance, whereas 2

the central part of the resonance (which can be quite narrow) re-

flects the more homogeneous central part of the sample volume.

However, this procedure is not a comprehensive solution since ol v v v

the amount of signal to be excluded is not clearly defined and it 0 10 20 30 40

cannot be applied in the case of overlapping resonances.
Apart from minimizing background gradients by using sus-

ceptibility matched tubes, bipolar PGSE sequenéed 4, 37 FIG. 6. A plot of the image width versus sample length for the images of

can be used to efficiently circumvent their effects (see Table e two tubes given in Fig. 5.

SRR

8 LA L S B R
o

Standard -

Tube

Susceptibility
Matched Tube

Width (kHz)

Sample Length (mm)
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L L A rent dissipation. Fortunately, a delay of 1@8was sufficient for

O mug - the probe used in the present work, thereby allowing sequence
" ] to be closely approximated. Arelated modification was then triec
ce ™ in which very small amplitude gradient pulses, such that the wa
1 ce m 7 ter magnetization should be completely dephased (see Eq. [9
a " ] were applied immediately after the/2 pulse and immediately

) . before acquisition (i.e., sequence C). However, this approac
@ “r a ] failed due to the combination of the dipolar and radiation damp
- ol . 1 ing fields, causing the magnetization to recover in the form of ¢
3L a 4 “superradiant pulse” after a delay after the gradient put&g (

. which depends on the area of the gradient pulse according
a ] (42),

4 _

P T R R T M (t) = (Mg coso h[f —t))/Tn], 10
00 05 10 15 20 25 () ( 0c0 0) 5e¢ [( 0)/ RD] [ ]

Y8 (a-8/3) (10°x m’s) where

FIG. 7. Plots of the PGSE attenuation curves for the sequences (B,
m; E,e;and FO) givenin Fig. 1 acquired at 300 MHz. The data are normalized TéD = Trp/ COSHy [11]
to the first positive value of (=0.037 T nT1) in each case. Note the rise and
fall of the attenuation curve for sequence D due to the competition between
radiation damping and diffusive attenuation. an

SR tan1[tan6o Ephasd9)]
(v) an STE-based sequence with the periods in which the mag- t'=—(Tro)In{ tan 2 '

netization is transverse kept short (i.e., theperiods) (seg-
uence F). The attenuation plots of the@resonance obtained

usi_ng the vgri_ous sequences are presented in Fig. 7 and thelﬂiﬁﬂp angle. Thus, in sequence C the gradients were too sme
fusion coefﬁp |ent_s obtained for both the® and the ethanol to prevent the superradiant pulse from occurring before the dif
are summanzed m_TabIe 2. - . . fusion gradients were applied and similarly to prevent a superre
An obvious solution to the radiation damping problgm mlgrHiant pulse from occurring during acquisition. The recovery of
seem to be to use a pglse angle mgch smaller Wiﬂ"”. the the magnetization is probably further complicated by the effec
Hahn-base_d sequence; however, this appr_oac_h fails since thgf background gradients since their magnitude would have bee
pulse then inverts almost all of the magnetization, thereby P |east as large as the small applied gradient pulses.
viding highly suitable conditions for initiating radiation damp- The very different behavior of sequences D and E is due to th

ing. A better apprqach Is to spatially encode the magnetizatigﬁects of radiation damping during theperiod. In sequence D,
throughoutthe entire sequence (sequence B), although SOM&fi&t period is negligibly short, and thus, for small amplitude

lay is required after the second gradient pulse to allow eddy C'drrhdient pulses, the signal is not much reduced by the begir

ning of thet, period in the sequence and, hence, the radiatiol
TABLE 2 damping effect occurs strongly duriggsuch that the transverse
component of the signal is greatly reduced by the time acquisi
tion begins. However, as the gradient strength is increased, tt
magnetization surviving through tg is significantly reduced

. [11] Mg represents equilibrium magnetization afyds

Apparent D Determined Using the Various PGSE
Sequences (see Fig. 1)

D10 Dethanol and thus radiation damping is less effective durinpgConse-
Sequence (1P x m?s™1) (1072 x m?s7h) Remarks - iy :

qguently, there is a competition between smaller signal loss du
B 2.014+0.02 1054 0.01 Good fit to radiation damping and greater signal attenuation due to dif
c — — Failed fusion as the gradient amplitude is increased. As the gradiel
D 171+0.06 103+0.09 First six pg'”ts strength continues to increase, the signal decrease due to ra

remove . . .. . .
E 179+ 0,03 106+ 0,01 First three points ation damplng eyentually b_ecome; negligible and t.he diffusive
removed attenuation dominates. This explains the strange increase a
F 197+ 0.00 1084 0.01 First point removed then decrease of the signal at small gradient values. In sequen

Note.In the experiments, 15 different gradient values were used. In all caéés ra_ldlatmn_ damping effect|vely_ rela)fes much of the magne
(at least) the first point (i.eg = 0) was removed. The data were acquired atization duringt; such that the signal is too small to generate
300 MHz. radiation damping problems duritng
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and Diffusion Measurements ments in liquid crystals). Magn. Reson. A19,15-21 (1996).

) o ) 7. W. S. Price, Pulsed field gradient NMR as a tool for studying translational
Background gradients are an insidious problem in PGSE mea- diffusion, Part Il. Experimental aspecBpncepts Magn. Resoh0, 197—

surements and generally cannot be ignored, even for homoge-237 (1998).

neous liquid samples. Since macroscopic background gradiemtsS. Majumdar and J. C. Gore, Studies of diffusion in random fields producec
are norma”y not symmetrical abog@ = 0, their presence can by variations in susceptibility]. Magn. Resor8,41-55 (1988).

be assumed if the measured diffusion coefficient is sensitivg R: M. Cotts, M. J. R. Hoch, T. Sun, and J. T. Markert, Pulsed field gradient
to the polarity of the applied gradient or if there is curvature rs]tlmulated echo methods for improved NMR diffusion measurements in
. . . eterogeneous systendsMagn. Resor83,252—-266 (1989).

in the attenuation plot at low gradient values. Ideally, the bacﬁ. J. Zhong and J. C. Gore, Studies of restricted diffusion in heterogeneou
ground gradients should be minimized as far as possible by usingmegia containing variations in susceptibiliagn. Reson. Med.9, 276—
susceptibility matched NMR tubes and by using the minimum 284 (1991).

values ofr possible to accommodat® and eddy current ef- 11. L. L. Latour, L. Li,and C. H. Sotak, Improved PFG stimulated-echo method
fects (i.e., similar to sequence B) to minimize the cross term in for the measurement of diffusion in inhomogeneous fieldslagn. Reson.
Eq. [1]. For small background gradients the results of two ex- B101,72-77 (1993).

periments with opposite polarity can be used, but for this a2 T ot suface-area o valume
proach to be validA should be kept reasonably small so that - -7 1 curface relaxi\ility]. Magn. Reson. A11,169-178 (1994).

the condition of _SIOW exchange between regions Of_ dlﬁere%. G. H. Sgrland, D. Aksnes, and L. GjerkEr, A pulsed field gradient spin-
background gradients holds. Alternatively, and especially when gcho method for diffusion measurements in the presence of internal gradi
background gradients are large, more sophisticated sequencesnts,J. Magn. Resor37,397-401 (1999).

(e.g., bipolar gradients) should be used. To maximize the acau-J. G. Seland, G. H. Sgrland, K. Zick, and B. Hafskjold, Diffusion measure-
racy of PGSE measurements all samples should have the sameents atlong observation times in the presence of spatially variable intern
volume, geometry, and magnetic susceptibility. magnetic field gradients, Magn. Resorl46,14-19 (2000).

Radiation damping greatly Complicates the performing of difs-P- T. Call_aghan, Susceptibility-limited resolution in nuclear magnetic reso-
fusion measurements of strong NMR resonances and can caus82"ce Mcroscopyt. Magn. Resor87, 304-318 (1990). _
effects similar to those caused by background gradients. Apait i:ooismszga;gg JWM';'gﬁ“g'eigfgg T?lg'_'t}{gzrt('flzcég)'n spin-echo and gradien
from using averysma” sample, the onlytwo means by which 7.P. T Callaghan, Susceptibility & diffusion effects in NMR microscopy,
curate PGSE experiments can be conducted are: (1) by keepingy, “encyclopedia of Nuclear Magnetic Resonance” (D. M. Grant and
all transverse magnetization spatially encoded during as muchR. K. Harris, Eds.), pp. 4665-4671, Wiley, New York, 1996.
of the sequence as possible or (2) by allowing part of the magg: J. A. Glasel and K. H. Lee, On the interpretation of water nuclear magnetic
netization to (reproducibly) decay before starting the diffusion resonance relaxation times in heterogeneous sysers). Chem. So66,

part of the sequence. 970-978 (1974).
19. P. Gillisand S. H. Koenig, Transverse relaxation of solvent protons inducec
by magnetized spheres: Application to ferritin, erythrocytes, and magnetite
ACKNOWLEDGMENTS Magn. Reson. Med, 323-345 (1987).
20. D. T. Edmonds and M. R. Wormald, Theory of resonance in magnetically
W.S.P. thanks the Swedish Council for International Cooperation in Research inhomogeneous specimens and some useful calculatioMagn. Reson.
and Higher Education (STINT) for financial support. This work has been sup- 77,223-232 (1988).
ported by grants from NFR and TFR. 21. P. W. Kuchel and B. T. Bulliman, Perturbation of homogeneous magnetic
fields by isolated single and confocal spheroids. Implications for NMR
spectroscopy of cell$yMR Biomed2, 151-160 (1989).
REFERENCES 22. R. Bowtell and P. Robyr, Structural investigations with the dipolar de-
magnetizing field in solution NMRPhys. Rev. Lett76, 4971-4974
1. E. O. Stejskal and J. E. Tanner, Spin diffusion measurements: Spin echoes in(1996).
the presence of a time-dependent field gradi&i@hem. Phys12,288-292 23, J. Jeener, Dynamical effects of the dipolar field inhomogeneities in high-

(1965). resolution NMR: Spectral clustering and instabiliti®ys. Rev. Let82,
2. P. Stilbs, Fourier transform pulsed-gradient spin-echo studies of molecular 1772-1775 (1999).
diffusion, Prog. NMR Spectrosd.9, 1-45 (1987). 24. E. D. Minot, P. T. Callaghan, and N. Kaplan, Multiple echoes, multiple
3. W. S. Price, NMR Gradient methods in the study of proteinsAnnual guantum coherence, and the dipolar field: Demonstrating the significanc:
Reports on the Progress in Chemistry Part C” (G. A. Webb, Ed.), pp. 3-53, of higher order terms in the equilibrium density matrdx,Magn. Reson.
Royal Society of Chemistry, London, 2000. 140,200-205 (1999).
4. N. Hedin and |. Fup, Temperature imaging by NMR and suppression 25. I. Ardelean and R. Kimmich, Demagnetizing field effects on the Hahn echo,
of convection in NMR probes]. Magn. Resorl31,126-130 (1998). Chem. Phys. Let820,81-86 (2000).

5. W. S. Price, K. Hayamizu, H. Ide, and Y. Arata, Strategies for diagnosir#p. Y.-Y. Lin, N. Lisitza, S. Ahn, and W. S. Warren, Resurrection of crushed
and alleviating artifactual attenuation associated with large gradient pulses magnetization and chaotic dynamics in solution NMR spectrosSgignce
in PGSE NMR diffusion measurements, Magn. Reson139, 205-212 290,118-121 (2000).
(1999). 27.J. D. Jackson, “Classical Electrodynamics,” Wiley, New York, 1998.



56

PRICE ET AL.

28. G. Arfken, “Mathematical Methods for Physicists,” Academic Press, New A Brownian-dynamics computer simulation study,Magn. Reson124,

29.
30.

31.

32.

33.

34.

35.

36.

York, 1995.
FEMLAB, COMSOL, Inc., Burlington, MA, 1998. 37.
J.-H. Chen, B. Cutting, and G. Bodenhausen, Measurement of radiation

343-351 (1997).

D. Wu, A. Chen, and C. S. Johnson, Jr., An improved diffusion-ordered
spectroscopy experiment incorporating bipolar-gradient pulkelslagn.

damping rate constants in nuclear magnetic resonance by inversion recoveryReson. AL15,260-264 (1995).

and automated compensation of selective pulk&shem. Phys12,6511— 38.

6514 (2000).

G. Deville, M. Bernier, and J. M. Delrieux, NMR multiple echoes observea9.
in solid 3He, Phys. Rev. B9,5666-5688 (1979).

W. S. Price, H. Ide, and Y. Arata, Self-diffusion of supercooled water t40.
238 K using PGSE NMR diffusion measuremerdspPhys. Chem. A03,
448-450 (1999). a1
R. Mills, Self-diffusion in normal and heavy water in the range 1-45 degrees,
J. Phys. Cheni(7,685-688 (1973).

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, “Numen2 .
ical Recipes in C,” Cambridge Univ. Press, Cambridge, 1992.

J. S. Alper and R. |. Gelp, Standard errors and confidence intervals in non-
linear regression: Comparison of Monte Carlo and parametric statidtics43.
Phys. Chemd4,4747-4751 (1990).

B. Hakansson, B.alisson, P. Linse, and Oo8&rman, The influence of a
nonconstant magnetic-field gradient on PFG NMR diffusion experiments.

J. S. Murday and R. M. Cotts, Self-diffusion in molten lithiugh, Natur-
forsch.26a,85-93 (1971).

Ad. Bax and R. Freeman, Enhanced NMR resolution by restricting the
effective sample volumel. Magn. Resor37,177-181 (1980).

Y. Xia, Contrast in NMR imaging and microscoypncepts Magn. Reson.
8,205-225 (1996).

M. L. Tillett, L.-Y. Lian, and T. J. Norwood, Practical aspects of the mea-
surement of the diffusion of proteins in aqueous solutibiMagn. Reson.
133,379-384 (1998).

J.-H. Chenand X.-A. Mao, Experimental verification of the relation between
the delay time and the tipping angle for a superradiant palgehys. D32,
764-768 (1999).

W. S. Price, K. Hayamizu, and Y. Arata, Optimization of the
water-PRESS pulse sequence and its integration into pulse sequenc
for studying biological molecules,). Magn. Reson.126, 256-265
(1997).



	INTRODUCTION
	THEORY
	FIG. 1.
	FIG. 2.
	FIG. 3.

	EXPERIMENTAL
	RESULTS AND DISCUSSION
	TABLE 1
	FIG. 4.
	FIG. 5.
	FIG. 6.
	FIG. 7.
	TABLE 2

	ACKNOWLEDGMENTS
	REFERENCES

