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For NMR probes equipped with pulsed field gradient coils, which
are not optimized for gradient linearity, the precision and accuracy of
experimentally measured translational diffusion coefficients are lim-
ited by the linearity of the gradient pulses over the sample volume.
This study shows that the accuracy and precision of measured dif-
fusion coefficients by the Stejskal-Tanner spin-echo pulsed field gra-
dient experiment can be significantly improved by mapping the gra-
dient z-profile and by using the mapped calibration parameters in the
data analysis. For practical applications the gradient distribution
may be approximated by a truncated linear distribution defined by
minimum and maximum values of the gradient. By including the
truncated linear gradient distribution function in the Stejskal-Tanner
equation, the systematic deviation between the fitted curve and the
experimental attenuation curve decreases by an order of magnitude.
The gradient distribution may be calibrated using an intense NMR
signal from a sample with a known diffusion coefficient. The diffu-
sion coefficient of an unknown sample may then be determined from
a two-parameter fit, using the known gradient distribution
function.  © 2001 Academic Press
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INTRODUCTION

The nonlinearity of the gradients has been studied bo
theoretically @) and experimentally3). The effect of nonlin-
ear gradients on the estimated diffusion coefficients has be
analyzed 2) from realistic models of the gradient coil. The
nonlinearity leads to a systematic deviation between tt
Stejskal-Tanner equation and the experimental data poin
This deviation is very hard to distinguish from the situatior
where two components with different diffusion coefficients
contribute to the signal. It has been recommended that only t
central region of the detection coil, where the gradients a
reasonably linear, should be used in diffusion experiment
This could be achieved by employing slice selective pulses
NMR microcells @). Both of these approaches, however, re
duce the signal intensity, which makes them unsuitable f
conditions where the signal-to-noise ratio is a limiting factor

Here we present another approach where the effect of nc
linear gradients is taken into account during both calibratio
and analysis. By this approach it is possible to use the ent
sample volume and to obtain accurate values of diffusic
coefficients. This results in a significant improvement in th
determination of precise and accurate diffusion coefficients.

The outline of this paper is as follows. First, we use th
method of Hurdet al. (3) to map the nonlinear gradients. The

NMR structural studies of biological molecules are typicallynapped gradient profile is then transformed into a distributic

carried out at millimolar concentrations. At these high concefunction, which may be used for accurate analysis of th
trations the aggregation state of molecules is generally ratenuation curve obtained with nonlinear gradients in th
known. It is therefore of interest to determine the aggregatiagiffusion measurements. Subsequently we show that for pre
state under exactly the same conditions as those used tfoal applications the true distribution function of gradien
structure determination. One way of doing this is by measurisgengths can be approximated by a truncated linear functic
translational diffusion coefficients. Translational diffusion cothe parameters describing the linear distribution function cz
efficients may be determined using a pulsed field gradiem easily determined by measurement of a standard attenuat
spin-echo experimentl). Highly accurate values of diffusion curve of an intense NMR signal from a sample with knowi
coefficients may be measured by using specially designeéiffusion coefficient. This approach provides a very simple
probes with linear gradients. For NMR probes, which areensitive, and accurate method to measure diffusion desf
optimized for shielding and short recovery times and not feronlinear gradients.
gradient linearity, the precision and accuracy of experimentally

measured translational diffusion coefficients are limited by the

linearity of the gradient pulses over the sample volume.

THEORY

The response from a pulsed field gradient spin-ect

1To whom correspondence should be addressed. Fa6 8 155597. (PFGSE) experiment, performed with linear gradients, is give
E-mail: astrid@dbb.su.se. by the Stejskal-Tanner equatiob)(
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A = Asexd —(y8G)3(A — 8/3) D] (@2, (Mg,
= Acexi —(vdlgca) (A — 8/3)D]. [1] T T
Here A, is the signal area without the gradientsjs the H
magnetogyric ratio of the nuclei under studyjs the gradient A A
strength,A is the delay between the two gradiendsjs the ‘5 ‘6 s
duration of one of the gradient pulses, ddds the diffusion hilig hillg hillg

coefficient. The gradient strengtkg, is proportional to the I I I

electric current,l, through the gradient coil. Typically the G

Curr_em_ls varied and the prObe'SpeCIfIC pro_portlonallty (?Ons_tanLIG. 1. Stejskal-Tanner gradient spin-echo pulse sequence for diffusic
d.a Is fitted to the data of a substance with known diffusioByperiments. For gradient stability a gradient prepulse with the same polar
coefficient, typically water, in order to calibrate the gradienind a delayA equal to the separation of diffusion encoding gradients wer
strength. used. Proton pulses were phase cycled using an 8-step phasegycte (%,

In standard gradient probes the gradient strength is nof): ¢2 = (2% 2y, 2(=X), 2(~y)), aCq= (X, =X, X, =X, =X, X, X, =X)).
constant over the active sample volume. This can lead The 90° pulse width was is, the gradient pulse lengéwas 2 ms, and was
p : g&ms. The pregradient has two effects. First, it purges all transverse mag

systematic errors in the measured diffusion coefficients Bgation from the previous FID, and second, it makes the two diffusio
cause the attenuation curve is no longer described by #ioding gradient pulses more equal. A weak gradient applied during acq
Stejskal-Tanner equation. To account for the nonlinearity gfion was used to map the gradienprofile.

the gradient we show here how it reflects in the attenuation

curve. The expectation value of the distance a molecule has

moved during the diffusion delay is about 25% weaker at the ends compared to the central reg
of the detection coilZ, 5) in probes designed for biomolecular
(2% = 2Dt ] MR

By performing a gradient spin-echo experiment with a wea
gradient during the acquisition on a sample with an intens
For water diffusion at 25°C, this corresponds to asignal, we show that it is possible to obtain spatial resolutio
expectation value of circa 2@m during a typical experiment glong thez-axis in a 1D-imaging manner. From this experi-
with a diffusion time of about 100 ms. For the following, wement it is possible to obtain a good estimate of the distributic

consider the gradient to be constant over this distance. TBisgradient strengths, represented by the distribution functic
prerequisite leads to a great simplification, since the expegig..), as described below.

mental decay curve can be considered a superposition of sev-
eral ideal Stejskal-Tanner curves with different gradient
strengths represented by different valueggf Over the active
volume of the sample there is a distribution of gradient pseq field gradient NMR translational diffusion measure
strengths represented by a distribution functig(g..). The onis \were carried out using the Stejskal—Tanner spin-ec
response from a PFGSE experiment, performed with a diStéii(periment with a gradient prepulsé, (). The prepulse cre-
bution of gradient strengths, is given by an integral @@rin - aieq 4 steady state for the PFG amplifier and makes the sec

H HSSS min max
practice we use the limiting valuege' and gea™ as the onq the third pulses, used in gradient experiment, identic

Integration range sincp(g.a) is assumed to be zero outsideryg is 4 more general way of achieving equal gradient puls

EXPERIMENTAL

this range. than adjusting the length of one of the gradient pulses. A
additional weak gradient during the acquisition enabled tf
A A I p(dea) - €XH —(v81gea) 2(A — 8/3) D]dQey spatial resolution along theaxis. The pulse sequence for the

= A,

[ p(9ea) dQca Stejskal-Tanner spin-echo with gradient during acquisition

shown in Fig. 1. All experiments were done using a Varia

(3] unity 600 spectrometer. The inverse detection probe equipp

with a z-axis gradient coil was used. Typically 60 linearly

Herel is the current through the gradient coil during thepaced values of gradient strength were used in the range fr

gradient pulses. When the logarithm of the echo intensity @sto 0.3 T/m. The duration of PFG pulses was 2 ms and a 50-r1

plotted as a function of the square of the gradient strengtthrefocusing delay was used. All spectra were baseline correct

multiexponential decay is observed as a deviation from theThe pulsed field gradients were calibrated using the Varie
theoretical straight line. This is a consequence of the distribstandard doped water sample (1%MHin D,O + 1 mg/ml
tion of gradient strengths. The width of the distribution i§&dCl) and a literature value of 1.90 10m?%s for the HDO

reasonably narrow for standard PFG probes. The gradiendifusion coefficient in DO at 25°C 8).
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value 1.90 10" m* s™* (7). The estimatedy., values are
shown in Fig. 3A and intensitie&, in Fig. 3B. The right edge
of the profile corresponds to the top of the detection coil. Th
gradientz-axis profile is quite flat and shows about 25% droj
at both edges%8 mm). The metric scales shown in Figs. 3A
. and 3B were derived from the data in Fig. 3A as

Amplitude /a.u.
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HereAv is the width of a slice in the integration, in our case
FIG. 2. Results from the Stejskal-Tanner experiment using a gradiegt 1, 44| js the current through the gradient coil during
during the accquisition from a Varian standard doped water sample (I3 H L d . -
in D,O + 1 mg/ml GdC}) at 600 MHz. The slope of the profile is steepest inaCC{UISIIIOI’I. The arb|trary _ConStaﬁtwa‘S adJUSted so that zero
the middle of the sample where the gradient is the strongest. The currBAfN corresponds approximately to the frequency where tl
through the gradient coil was arrayed in 60 steps between 0 and circa 10gradient strength is highest.
When the gradient profile is transformed into en effectiv
distribution functionp(g..), it is important to account also for
The approximate profile of the gradient strength along thiee spatial dependence of the receptivity of the detection cc
z-axis was studied by performing a GSE experiment with &s can be seen from Fig. 3B, the regions just outside of tt
gradient during the acquisition period performed on a sampmletection coil (<8 mm in this case) also contribute to the
described above which has an intense signal with known diffusisignal. This was achieved by dividing thhg, values of Fig. 3A
coefficient. Gradient profile spectra were recorded using the
Stejskal-Tanner gradient spin-echo pulse sequerdtednmT

m~* gradient during the acquisition period, typically 20 ms. A
Closed form integrals of the Stejskal-Tanner equation with dif- Position / mm
. 2 : : -10 -5 0 5 10
ferent gradient distribution functions were evaluated analytically ~ BT
using Mathematica v.3.0 and the attenuation curves were analyzed ‘>’- 30
using the nonlinear regression package of the same system. :; % a5 |
S = [
=
RESULTS £ ; 0T
2~ 5T
The Stejskal-Tanner gradient spin-echo experiment with a é 10
weak gradient during the acquisition (Fig. 1) was used to 5 5|
measure attenuation profiles at different values of the current in 0 —————
the gradient coils. The results are presented in Fig. 2 as a 0.8 -0.6 -04 -02 0.0 02 04 0.6 0.8
three-dimensional data set. The signal intensity is shown as a Offset frequency, v /kHz
variable of the gradient currehtand of the offset frequency. B Position / mm
The gradient varies in the sample along the vertzeakis. The og o 5 .‘f ———, ‘1|0
offset frequency is related to tlecoordinate in such a way . oog b
thatv is O at the maximum value of the gradient strength at the 3 0'6 i
center of the gradient coil. The width of the active volume = 0'5 i
corresponds to a range ofof about 1.2 kHz. In the central % 0'4 i
region of the active volume (close to = 0), the signal is 2 0'3 i
attenuated faster with increasing currétitirough the gradient z T
coil than it does closer to the ends of the active volume, é’ 02 ¢
corresponding to offset frequencies arouh@00 Hz. This is g.(1) 5

due to stronger gradients in the central region.

The spectra were subdivided into 400 slices each 4 Hz wide
and integrated, resulting in 400 lists of integrated intensities as _ _ _ ' _
a function of the current through the gradient coil. Each list FIG. 3. Gradient z-profile obtained from analyzing the water profile

ds t tai iti | is in the det attenuation. The 1.6-kHz broad profile was divided into 400 slices and tt
COIrésponas 1o a cernain position along IS In the detec- decay of integral of each slice was fitted using the Stejskal-Tanner equati

tion coil. The parameterg., andA, of Eq. [1] were fitted t0 yjth constant gradient strength. (A) The gradient strermofile. (B) The
each list with the diffusion coefficienD, fixed to the literature signal intensityz-profile.

-0.8 -0.6 -04 -0.2 0.0 0.2 0.4 0.6 0.8
Offset frequency, v / kHz
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0.5 any shape function with a small number of adjustable parar
eters can be used to describe the distribution function also

04 the present case. Although not physically correct, if it is af
A propriately parameterized, it can still be used in the dal
03 | analysis without introduction of new sources of errors. W

have considered a number of different shapes, e.g., two co
ponent, gaussian, truncated gaussian, and trapezoidal distri

Probability density / a.u.

02 y tion functions, which all result in analytical solutions to Eq
| [3]. As expected, all considered distribution functions give
oL r | much better agreement with experimental data (data n
| j/ff | shown) than the model with a constant gradient.
0.0 T * For practical applications a simple truncated linear gradie
0 10 20 30 40

profile was found to be adequate to describe the distribution
8o / mT m™ A? the gradient strength. Parameters of that distribution functic
FIG. 4. Gradient distribution functions. The histogram describes the digvere obtained by f'tt'ng the ordmary PFGSE experiment usir

tribution functionp( g..) as determined from the gradient profile (see text). Th& normalized linear distribution function:
thick solid peak indicates the value of tlge, parameter as determined by

fitting A, andg., of Eq. [1] to the experimental attenuation curve. The dashed 0 < gmin > gmax

. P P . . . . ’ gcal gcalv gcal gcal
triangle indicates the distribution function obtained when assuming a truncated 2 min
linear distribution (Eq. [5]) and fitting the parametéts g, andg™* of Eq. p(Qca) = (Gea — gga|) gl < g < gm [5]
[5] inserted into Eq. [3] to the experimental attenuation curve. (ghax— gmm2» cal cal cal

This distribution function corresponds to an analytica
into 68 bins of equal width, with a total span between zero artbsed form equation for the PFGSE attenuation curve, o
the highest observed value. For each observatiorggf salue tained by substituting Eq. [5] into Eq.[3] and integrating:
the corresponding intensitf,, was added to the relevant bin.
The results are shown as the histogram in Fig. 4.

Comparing the Distribution and Experimental Data A 100
Figure 5 shows the experimental results when no gradient -
was applied during the acquisition together with the fitted i
curves of Egs. [1] and [3]. For a homogeneous gradient a linear g 10 £
attenuation curve should be observed when the logarithm of the 3 £
intensity is plotted against the square of the gradient. The 5 - N
difference between experimental points and the fitted curve of E i ‘\
Eq. [1] (constang,,) is typical for nonlinear gradientL). g 1 E e,
As will be discussed below, th& g.,) function was chosen F \'\-\..
as a truncated linear function in Eq. [3]. The corresponding L \(-\,.
residuals are shown in Fig. 5B. For our Varian PFG probes the T RN

sum of squared residuals is at least a factor of 20 smaller when
Eq. [3] is used instead of Eq. [1]. This reduces the error in the
estimate of the diffusion coefficient and the intensity without
gradients by more than a factor of 4, when the signal-to-noise
ratio is the limiting factor. It should be noted that systematic
errors are suppressed more effectively than random errors by
the suggested method, so the accuracy is believed to improve
even more than the precision.

0 10 20 30 40 50 60 70 80 90

=

Residuals

0 10 20 30 40 50 60 70 80 90
Parametric Models of the Distribution Function Gradient current squared, I/ A*

From fitting distributions of correlation times to fluorescence FIG. 5. Stejskal-Tanner experiment using a Varian standard doped wa
lifetime or polarization anisotropy decay data, it is well knowf2mP!e (1% HO in DO + 1 mg/ml GdCl) at 600 MHz proton frequency

that various distribution functions with a small number ?Iong with the best fitting Stejskal-Tanner curve for constant gradient (—) at
variou Istribut unct wi u 0| near truncated distribution of gradient strengths (- - -). Residuals relative

parameters may reproduce the experimental data equally Wgl. stejskal—Tanner function for constant gradie®} &nd linear truncated
This fact can be used constructively by realizing that almoditribution of gradient strength©j are shown in B.
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A

= (gmax— gmin)2 = = the distribution of gradient strengths is confounded with the m

2A, (exp(—q ~gm?) exp(—q - gm) the molecular weight distribution from diffusion measurement
2 a 2
a a lecular weight distribution. For such applications a consideratic

T ol — N of the gradient distribution is necessary. o
- W (erf(\q- gea) — erf(ya-gca)) |, Others before us have estimated the gradient nonlinearity
similar methods §). Here we show for the first time how a
distribution function, either as a histogram or as an analytic
function approximating the histogram, can account for th
 aioen nonlinear gradients in the data analysis. In principle it i
q=vi% D{A B 3}' [6] possible to obtain the distribution functiop(g.,), by an
inverse Laplace transformation Afl), but we believe that the
The fitting involves three parametefg, go', and g™ The Present approach is more robust. A different alternative to m:
values of the parameters of linear distribution function obtainé@®nlinear gradients would be the approach taken by Jersch
by fitting the attenuation curve using the distribution function iand Bodenhauserb) for estimating the spatial distribution of
Eq. [5] aregl = 21.8mTm*A *andgle*=34.7mTm*A™, RFfields. Their equation for the trzecoordinate as a function

cal cal

corresponding to a distribution of gradient strengths between 0@2the appareng-coordinate is closely related f.(v).
and 0.35 T/m at the maximum gradient current (10 A). Other NMR applications where gradients are used, e.(
As a recommendation for practical applications we suggest ti§@herence selection or purging of transverse magnetization,
one should calibrate the gradient by fitting the paramegrgry’, not critically dependent upon perfectly linear gradients. W
and g of Eq. [6] to an attenuation curve of an intense NMMave shown that the gradient nonlinearity can easily be tak
signal from a sample with known diffusion coefficient. When latépto account in diffusion experiments. These observatior
analyzing an attenuation curve of interest one should use ffould have an impact on gradient probe design. The gradie
calibrated values af?' andg* and fit onlyA, and the diffusion does not have to be perfectly linear but should rather t

where

coefficient,D, of Eq. [6] by any nonlinear fitting routine. optimized for parameters like gradient strength, recovery tim
and improved gradient shielding. We have shown here th
DISCUSSION moderate nonlinearity of gradients can easily be handled a

accounted for in precise and accurate diffusion experiments
The suggested protocol (in the following called distribution
function model) compares favorably to previously published CONCLUSIONS
methods to deal with nonlinear gradients in diffusion measure-
ments. Tilletet al. (4) suggested that only the central region of the The profile and distribution of gradient strengths can be me
gradient coil should be used to suppress the effect of nonlingdifed in a simple NMR experiment. The effect of the nonline:
gradients. In their application they used only 22% of the acti@adient profile is easily handled during data analysis. This
volume, reducing the signal intensity by a factor of 4. The distri@chieved by approximating the gradient strength distribution fun
bution function method makes use of the whole active volume afign by a truncated linear function, with parameters that a
is therefore expected to give four times higher signal-to-noi§stimated in a separate experiment. The method enables meas
ratio, resulting in approximately four times better precision in tH@ent with full signal intensity of precise and accurate diffusiol
diffusion coefficient. Another advantage is that the distributioppefficients also using standard gradient probes.
function method is very easy to implement, i.e., one does not have
to calibrate any shaped pulses. Compared to the situation when the ACKNOWLEDGMENTS
problem of nonlinearity of the gradient is ignored, the distribution
function method yle!ds approx_lmately a 20-fold re_ductlon of th esearch Council. A fellowship to J.J. from the Swedish Royal Academy
sum of squared residuals for intense signals (estimated from 3@ nces is gratefully acknowedged.
data shown in Fig. 5). This reduction reflects that a systematic
error has been essentially removed. Note added in proofAt 800 MHz, a diluted HO sample (0.04% KO in
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