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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

Key Words: NMR; pulsed field gradient; gradient calibration;
diffusion; self diffusion.

INTRODUCTION

NMR structural studies of biological molecules are typic
carried out at millimolar concentrations. At these high con
trations the aggregation state of molecules is generally
known. It is therefore of interest to determine the aggrega
state under exactly the same conditions as those use
structure determination. One way of doing this is by measu
translational diffusion coefficients. Translational diffusion
efficients may be determined using a pulsed field gra
spin-echo experiment (1). Highly accurate values of diffusio
oefficients may be measured by using specially desi
robes with linear gradients. For NMR probes, which
ptimized for shielding and short recovery times and no
radient linearity, the precision and accuracy of experimen
easured translational diffusion coefficients are limited by

inearity of the gradient pulses over the sample volume.

1 To whom correspondence should be addressed. Fax:146 8 155597
-mail: astrid@dbb.su.se.
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The nonlinearity of the gradients has been studied
theoretically (2) and experimentally (3). The effect of nonlin
ear gradients on the estimated diffusion coefficients has
analyzed (2) from realistic models of the gradient coil. T
nonlinearity leads to a systematic deviation between
Stejskal–Tanner equation and the experimental data p
This deviation is very hard to distinguish from the situa
where two components with different diffusion coefficie
contribute to the signal. It has been recommended that on
central region of the detection coil, where the gradients
reasonably linear, should be used in diffusion experim
This could be achieved by employing slice selective pulse
NMR microcells (4). Both of these approaches, however,
duce the signal intensity, which makes them unsuitable
conditions where the signal-to-noise ratio is a limiting fac

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

The outline of this paper is as follows. First, we use
method of Hurdet al. (3) to map the nonlinear gradients. T
mapped gradient profile is then transformed into a distribu
function, which may be used for accurate analysis of
attenuation curve obtained with nonlinear gradients in
diffusion measurements. Subsequently we show that for
tical applications the true distribution function of gradi
strengths can be approximated by a truncated linear fun
The parameters describing the linear distribution function
be easily determined by measurement of a standard atten
curve of an intense NMR signal from a sample with kno
diffusion coefficient. This approach provides a very sim
sensitive, and accurate method to measure diffusion de
nonlinear gradients.

THEORY

The response from a pulsed field gradient spin-e
(PFGSE) experiment, performed with linear gradients, is g
by the Stejskal–Tanner equation (1):
1090-7807/01 $35.00
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A 5 A0exp@2~gdG! 2~D 2 d/3! D#

5 A0exp@2~gdIgcal!
2~D 2 d/3! D#. [1]

Here A0 is the signal area without the gradients,g is the
magnetogyric ratio of the nuclei under study,G is the gradien
trength,D is the delay between the two gradients,d is the

duration of one of the gradient pulses, andD is the diffusion
oefficient. The gradient strength,G, is proportional to th
lectric current,I , through the gradient coil. Typically th
urrent is varied and the probe-specific proportionality con
cal is fitted to the data of a substance with known diffus

coefficient, typically water, in order to calibrate the grad
strength.

In standard gradient probes the gradient strength is
constant over the active sample volume. This can lea
systematic errors in the measured diffusion coefficients
cause the attenuation curve is no longer described b
Stejskal–Tanner equation. To account for the nonlineari
the gradient we show here how it reflects in the attenu
curve. The expectation value of the distance a molecule
moved during the diffusion delay is

Î^z2& 5 Î2Dt. [2]

For water diffusion at 25°C, this corresponds to
xpectation value of circa 20mm during a typical experime

with a diffusion time of about 100 ms. For the following,
consider the gradient to be constant over this distance.
prerequisite leads to a great simplification, since the ex
mental decay curve can be considered a superposition o
eral ideal Stejskal–Tanner curves with different grad
strengths represented by different values ofgcal. Over the activ
volume of the sample there is a distribution of grad
strengths represented by a distribution functionr( gcal). The
esponse from a PFGSE experiment, performed with a d
ution of gradient strengths, is given by an integral overgcal. In

practice we use the limiting valuesgcal
min and gcal

max as the
integration range sincer( gcal) is assumed to be zero outs
this range.

A 5 A0 z
* r~ gcal! z exp@2~gdIgcal!

2~D 2 d/3! D#dgcal

* r~ gcal!dgcal

[3]

Here I is the current through the gradient coil during
gradient pulses. When the logarithm of the echo intensi
plotted as a function of the square of the gradient stren
multiexponential decay is observed as a deviation from
theoretical straight line. This is a consequence of the dist
tion of gradient strengths. The width of the distribution
reasonably narrow for standard PFG probes. The gradie
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about 25% weaker at the ends compared to the central r
of the detection coil (2, 5) in probes designed for biomolecu
NMR.

By performing a gradient spin-echo experiment with a w
gradient during the acquisition on a sample with an int
signal, we show that it is possible to obtain spatial resolu
along thez-axis in a 1D-imaging manner. From this exp
ment it is possible to obtain a good estimate of the distribu
of gradient strengths, represented by the distribution fun
r( gcal), as described below.

EXPERIMENTAL

Pulsed field gradient NMR translational diffusion meas
ments were carried out using the Stejskal–Tanner spin
experiment with a gradient prepulse (6, 7). The prepulse cre
ates a steady state for the PFG amplifier and makes the s
and the third pulses, used in gradient experiment, iden
This is a more general way of achieving equal gradient p
than adjusting the length of one of the gradient pulses
additional weak gradient during the acquisition enabled
spatial resolution along thez-axis. The pulse sequence for
Stejskal–Tanner spin-echo with gradient during acquisitio
shown in Fig. 1. All experiments were done using a Va
unity 600 spectrometer. The inverse detection probe equ
with a z-axis gradient coil was used. Typically 60 linea
spaced values of gradient strength were used in the range
0 to 0.3 T/m. The duration of PFG pulses was 2 ms and a 5
refocusing delay was used. All spectra were baseline corre

The pulsed field gradients were calibrated using the Va
standard doped water sample (1% H2O in D2O 1 1 mg/ml

dCl3) and a literature value of 1.90 1029 m2/s for the HDO
diffusion coefficient in DO at 25°C (8).

FIG. 1. Stejskal–Tanner gradient spin-echo pulse sequence for diff
experiments. For gradient stability a gradient prepulse with the same p
and a delayD equal to the separation of diffusion encoding gradients
used. Proton pulses were phase cycled using an 8-step phase cycle (w1 5 ( x,

x), w2 5 (2x, 2y, 2(2x), 2(2y)), acq5 ( x, 2x, x, 2x, 2x, x, x, 2x)).
The 90° pulse width was 7ms, the gradient pulse lengthd was 2 ms, andD was
50 ms. The pregradient has two effects. First, it purges all transverse m
tization from the previous FID, and second, it makes the two diffu
encoding gradient pulses more equal. A weak gradient applied during
sition was used to map the gradientz-profile.
2
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345ACCURATE MEASUREMENT OF TRANSLATIONAL DIFFUSION COEFFICIENTS
The approximate profile of the gradient strength along
z-axis was studied by performing a GSE experiment wi
gradient during the acquisition period performed on a sa
described above which has an intense signal with known diffu
coefficient. Gradient profile spectra were recorded using
Stejskal–Tanner gradient spin-echo pulse sequence and a 1 mT
m21 gradient during the acquisition period, typically 20
Closed form integrals of the Stejskal–Tanner equation with
ferent gradient distribution functions were evaluated analyti
using Mathematica v.3.0 and the attenuation curves were an
using the nonlinear regression package of the same system

RESULTS

The Stejskal–Tanner gradient spin-echo experiment w
weak gradient during the acquisition (Fig. 1) was use
measure attenuation profiles at different values of the curre
the gradient coils. The results are presented in Fig. 2
three-dimensional data set. The signal intensity is shown
variable of the gradient currentI and of the offset frequencyn.
The gradient varies in the sample along the verticalz-axis. The
offset frequency is related to thez-coordinate in such a wa
thatn is 0 at the maximum value of the gradient strength a
enter of the gradient coil. The width of the active volu
orresponds to a range ofn of about 1.2 kHz. In the centr

region of the active volume (close ton 5 0), the signal i
attenuated faster with increasing currentI through the gradien
coil than it does closer to the ends of the active volu
corresponding to offset frequencies around6600 Hz. This is
due to stronger gradients in the central region.

The spectra were subdivided into 400 slices each 4 Hz
and integrated, resulting in 400 lists of integrated intensitie
a function of the current through the gradient coil. Each
corresponds to a certain position along thez-axis in the detec
tion coil. The parametersgcal andA0 of Eq. [1] were fitted to
each list with the diffusion coefficient,D, fixed to the literatur

FIG. 2. Results from the Stejskal–Tanner experiment using a gra
during the accquisition from a Varian standard doped water sample (1%2O
n D2O 1 1 mg/ml GdCl3) at 600 MHz. The slope of the profile is steepes
he middle of the sample where the gradient is the strongest. The c
hrough the gradient coil was arrayed in 60 steps between 0 and circa
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value 1.90 10210 m2 s21 (7). The estimatedgcal values ar
shown in Fig. 3A and intensitiesA0 in Fig. 3B. The right edg
of the profile corresponds to the top of the detection coil.
gradientz-axis profile is quite flat and shows about 25% d
at both edges (68 mm). The metric scales shown in Figs.
and 3B were derived from the data in Fig. 3A as

z~nk! 5 O
i51

k Dn

gI acqgcal~n i!
1 C. [4]

HereDn is the width of a slice in the integration, in our ca
4 Hz, andI acq is the current through the gradient coil dur
acquisition. The arbitrary constantC was adjusted so that ze
mm corresponds approximately to the frequency where
gradient strength is highest.

When the gradient profile is transformed into en effec
distribution function,r( gcal), it is important to account also f
the spatial dependence of the receptivity of the detection
As can be seen from Fig. 3B, the regions just outside o
detection coil (68 mm in this case) also contribute to
signal. This was achieved by dividing thegcal values of Fig. 3A

FIG. 3. Gradient z-profile obtained from analyzing the water pro
attenuation. The 1.6-kHz broad profile was divided into 400 slices an
decay of integral of each slice was fitted using the Stejskal–Tanner eq
with constant gradient strength. (A) The gradient strengthz-profile. (B) The
signal intensityz-profile.
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346 DAMBERG, JARVET, AND GRÄSLUND
into 68 bins of equal width, with a total span between zero
the highest observed value. For each observation of agcal value
the corresponding intensity,A0, was added to the relevant b
The results are shown as the histogram in Fig. 4.

Comparing the Distribution and Experimental Data

Figure 5 shows the experimental results when no gra
was applied during the acquisition together with the fi
curves of Eqs. [1] and [3]. For a homogeneous gradient a l
attenuation curve should be observed when the logarithm
intensity is plotted against the square of the gradient.
difference between experimental points and the fitted cur
Eq. [1] (constantgcal) is typical for nonlinear gradients (2).

As will be discussed below, ther( gcal) function was chose
s a truncated linear function in Eq. [3]. The correspon
esiduals are shown in Fig. 5B. For our Varian PFG probe
um of squared residuals is at least a factor of 20 smaller
q. [3] is used instead of Eq. [1]. This reduces the error in
stimate of the diffusion coefficient and the intensity with
radients by more than a factor of 4, when the signal-to-n
atio is the limiting factor. It should be noted that system
rrors are suppressed more effectively than random erro

he suggested method, so the accuracy is believed to im
ven more than the precision.

arametric Models of the Distribution Function

From fitting distributions of correlation times to fluoresce
ifetime or polarization anisotropy decay data, it is well kno
hat various distribution functions with a small number
arameters may reproduce the experimental data equally
his fact can be used constructively by realizing that alm

FIG. 4. Gradient distribution functions. The histogram describes the
tribution functionr( gcal) as determined from the gradient profile (see text).
hick solid peak indicates the value of thegcal parameter as determined
tting A0 andgcal of Eq. [1] to the experimental attenuation curve. The da
riangle indicates the distribution function obtained when assuming a trun
inear distribution (Eq. [5]) and fitting the parametersA0, gcal

min, andgcal
max of Eq.

[5] inserted into Eq. [3] to the experimental attenuation curve.
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any shape function with a small number of adjustable pa
eters can be used to describe the distribution function al
the present case. Although not physically correct, if it is
propriately parameterized, it can still be used in the
analysis without introduction of new sources of errors.
have considered a number of different shapes, e.g., two
ponent, gaussian, truncated gaussian, and trapezoidal di
tion functions, which all result in analytical solutions to
[3]. As expected, all considered distribution functions g
much better agreement with experimental data (data
shown) than the model with a constant gradient.

For practical applications a simple truncated linear grad
profile was found to be adequate to describe the distributi
the gradient strength. Parameters of that distribution fun
were obtained by fitting the ordinary PFGSE experiment u
a normalized linear distribution function:

r~ gcal! 5 H 0, gcal , g cal
min, gcal . g cal

max

2~ gcal 2 g cal
min!

~ g cal
max 2 g cal

min! 2 , g cal
min , gcal , g cal

max . [5]

This distribution function corresponds to an analyt
losed form equation for the PFGSE attenuation curve
ained by substituting Eq. [5] into Eq.[3] and integrating:

FIG. 5. Stejskal–Tanner experiment using a Varian standard doped
sample (1% H2O in D2O 1 1 mg/ml GdCl3) at 600 MHz proton frequenc
along with the best fitting Stejskal–Tanner curve for constant gradient (—
linear truncated distribution of gradient strengths (- - -). Residuals relat
the Stejskal–Tanner function for constant gradient (F) and linear truncate
distribution of gradient strengths (E) are shown in B.
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347ACCURATE MEASUREMENT OF TRANSLATIONAL DIFFUSION COEFFICIENTS
A 5
2A0

~ g cal
max 2 g cal

min! 2 Sexp~2q z g cal
min2

!

2q
2

exp~2q z g cal
max2

!

2q

2
Îp g cal

min

2Îq
~erf~Îq z g cal

max! 2 erf~Îq z g cal
min!!D ,

where

q 5 g 2I 2d 2DHD 2
d

3J . [6]

The fitting involves three parametersA0, gcal
min, andgcal

max. The
alues of the parameters of linear distribution function obta
y fitting the attenuation curve using the distribution functio
q. [5] aregcal

min 5 21.8 mT m21 A21 andgcal
max 5 34.7 mT m21 A21,

corresponding to a distribution of gradient strengths between
and 0.35 T/m at the maximum gradient current (10 A).

As a recommendation for practical applications we sugges
one should calibrate the gradient by fitting the parametersA0, gcal

min,
andgcal

max of Eq. [6] to an attenuation curve of an intense N
signal from a sample with known diffusion coefficient. When l
analyzing an attenuation curve of interest one should us
calibrated values ofgcal

min andgcal
max and fit onlyA0 and the diffusion

coefficient,D, of Eq. [6] by any nonlinear fitting routine.

DISCUSSION

The suggested protocol (in the following called distribu
function model) compares favorably to previously publis
methods to deal with nonlinear gradients in diffusion meas
ments. Tilletet al.(4) suggested that only the central region of
gradient coil should be used to suppress the effect of non
gradients. In their application they used only 22% of the a
volume, reducing the signal intensity by a factor of 4. The d
bution function method makes use of the whole active volume
is therefore expected to give four times higher signal-to-n
ratio, resulting in approximately four times better precision in
diffusion coefficient. Another advantage is that the distribu
function method is very easy to implement, i.e., one does not
to calibrate any shaped pulses. Compared to the situation wh
problem of nonlinearity of the gradient is ignored, the distribu
function method yields approximately a 20-fold reduction of
sum of squared residuals for intense signals (estimated fro
data shown in Fig. 5). This reduction reflects that a system
error has been essentially removed.

Another approach for dealing with the gradient nonlinea
problem in NMR studies of translational diffusion has bee
only use the initial part of the attenuation curve. This appr
gives unnecessary limitations to the measurement precisio
DOSY experiments (9) it even becomes impossible to use, s
the signals may have very different degrees of attenuation. In
a situation the use of Eq. [1] would lead to significant system
errors in the determined diffusion coefficient, which are avo
by the use of Eq. [6]. In applications where one tries to esti
d
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the molecular weight distribution from diffusion measureme
the distribution of gradient strengths is confounded with the
lecular weight distribution. For such applications a consider
of the gradient distribution is necessary.

Others before us have estimated the gradient nonlinear
similar methods (3). Here we show for the first time how
distribution function, either as a histogram or as an analy
function approximating the histogram, can account for
nonlinear gradients in the data analysis. In principle
possible to obtain the distribution function,r( gcal), by an
inverse Laplace transformation ofA(I ), but we believe that th
present approach is more robust. A different alternative to
nonlinear gradients would be the approach taken by Jers
and Bodenhausen (5) for estimating the spatial distribution
RF fields. Their equation for the truez-coordinate as a functio
of the apparentz-coordinate is closely related togcal(n).

Other NMR applications where gradients are used,
coherence selection or purging of transverse magnetizatio
not critically dependent upon perfectly linear gradients.
have shown that the gradient nonlinearity can easily be t
into account in diffusion experiments. These observa
should have an impact on gradient probe design. The gra
does not have to be perfectly linear but should rathe
optimized for parameters like gradient strength, recovery
and improved gradient shielding. We have shown here
moderate nonlinearity of gradients can easily be handled
accounted for in precise and accurate diffusion experime

CONCLUSIONS

The profile and distribution of gradient strengths can be
sured in a simple NMR experiment. The effect of the nonli
gradient profile is easily handled during data analysis. Th
achieved by approximating the gradient strength distribution
tion by a truncated linear function, with parameters that
estimated in a separate experiment. The method enables m
ment with full signal intensity of precise and accurate diffu
coefficients also using standard gradient probes.
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Note added in proof.At 800 MHz, a diluted H2O sample (0.04% H2O in

2O, 1 mg/ml GdCl3) should be used for calibration to avoid radiat
damping.
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ence of a nonconstant magnetic-field gradient on PFG NMR diffu-



3

4

5 9

348 DAMBERG, JARVET, AND GRÄSLUND
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