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A new NMR experiment for correlating diffusion coefficientsand ~ shapes reflect the spatial dependence of the diffusion weightin
chemicgl shifts is presentfad. This experimept provides the same-in- this is accomplished by acquiring the signal in the presence ¢
formation as the conventional DOSY experiment, but only requires 5 weak read gradient. It is then possible to extract the diffusio
asingle dimension because a nonuniform magnetic field gradientis  gefficients by fitting the shape of each peak.
used to encode the diffusion information into the lineshapes of the The advantage of this technique is that it does not requir
peaks in the chemical shift dimension. By fitting the resulting line- recording a series of diffusion-weighted spectra; the results a
shapes, the diffusion coefficient for each peak in the spectrum can . . . ’

available after a single experiment. Although other methods fo

be extracted. Using this experiment, a qualitative DOSY spectrum ) : . - . . .
can be generated using the results from a single one-dimensional Mmeasuring the diffusion coefficient in a single experiment haw:

experiment. Quantitative results can be determined with the use of bee_tn proppsed%é?), the_se methods QO not_allow the discrimi-
reference experiments.  © 2001 Academic Press nation of signals with different chemical shifts. Therefore, they

Key Words: NMR; diffusion; DOSY; gradient; one-dimensional. ~ are of no use if there is more than a single peak in the sampl

Although another experiment has been suggested for meas
ing diffusion coefficients using a nonuniform gradie@}, (the

INTRODUCTION experiment was in the context of magnetic resonance imagir

and does not retain the chemical shift. Our method preserves t

In this paper, we describe a new NMR experiment that, fromchemical shift; this allows estimates of the diffusion coefficient
single one-dimensional experiment, provides the same informa-be made foall the peaks in the spectrum in a single experi-
tion as diffusion-ordered spectroscopy (DOSY) 2. In con- ment. The use of a very weak gradient to broaden the lines du
ventional DOSY experiments, the diffusion coefficient is meaag acquisition does, however, mean that the one-dimension
sured by acquiring a series of one-dimensional spectra with dfOSY experiment sacrifices some chemical shift resolution i
ferentamounts of diffusion weighting. The diffusion coefficientexchange for information about the diffusion coefficient.
are found by fitting the variations in the intensities of the peaks In the following, we will show that a qualitative DOSY spec-
between the spectra. This information is then used to generatén can be constructed based on a single one-dimensional NM
a two-dimensional representation of the data with the estimatexberiment. To make quantitative estimates of the diffusion cc
diffusion coefficient along one axis and the chemical shift alongfficients, some instrument- and sample-dependent calibratio
the other. In our technique, both the diffusion coefficiemdthe are required in which case more than one experiment may
chemical shifts are measured simultaneously in a single dimerecessary.
sion; we therefore call our experiment one-dimensional DOSY.

It is also possible to generate a two-dimensional DOSY spec- THEORY
trum from the data acquired in our experiment.

In the one-dimensional DOSY experiment, the effects of dif- |n NMR, diffusion measurements are usually made using
fusion are encoded into the lineshape of each peak in the dire¢tiggnetic-field gradient pulses. A gradient pulse labels cohe
acquired dimension. This is done in two parts. First, the diffiences with a phase that corresponds to the position and coh
sion weighting of the signal is made spatially dependent. Thigice order of the individual spins in the sample. Subsequentl
is accomplished by using a nonuniform gradient (i.e., a gradiafis phase label can be removed by another gradient pulse, whi
that causes a nonlinear variation of the magnetic field). Secorgdusually referred to as a refocusing gradient. If the spins re
the peaks are broadened during acquisition so that their lingain stationary during the time between the gradient pulses, tt

intensity and phase of the NMR signal after the second gradie

1To whom correspondence should be addressed. Currently at the CeWélnj be independent of the strength and length of the gradi

for Magnetic Resonance at MIT, 150 Albany Street, Cambridge, MA 02136Nt pu!seS; the phase label is removed CQmpletGW- However,.
Fax: (617) 253-5405. E-mail: Nikboening@alumni.hmc.edu. the spins move between the phase labeling and the refocusi
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104 LOENING, KEELER, AND MORRIS

gradients, the intensity and/or phase of the signal will be af-In the absence of diffusiorl) = 0), the solution to [2] is

fected. For example, molecular motion due to isotropic diffu-

sion results in an attenuation of the signal, and it is this effect t

that is used to measure diffusion coefficients. A semi-classical M+(z, t) = exp[—i 7// B*(z,t) dt'} exp(——) . [3]

treatment based on the Bloch equations can be used to predict

the effects of diffusion$11). o
The Bloch equation for the evolution of transverse magnetithere, for simplicity, we have assumed that (z, 0) = 1. For

zation in a frame of reference rotating at the Larmor frequencyd8 @Ppreciable amount of signal to be observable at the end of
pulse sequence, the gradient phase label needs to be refocus

dM. (t) M, (t) This means that the phase should be independent of position;
2 [1] therefore follows that the refocusing condition is

2

d =~
. . . t
whereT,; is the transverse relaxation time and / B*(z,t')dt = b
0

ML (1) = My(t) +iMy(t). . o -
whereb is a constant whose value is independent of position. |

My(t) and My (t) are thex andy components of the magne-is usually the case th&t = 0, a situation that we will assume
. Y from now on.

tization, respectively. This equation applies for the case of e . .
P y d bp In the presence of diffusion, a trial solution for [2] can be

homogenous magnetic field oriented alongfais and in the constructed from [3] by adding an additional ter(z, t), which

absence of radiofrequency pulses. lects the att i f the sianal due to diffusion:
In the presence of an inhomogeneous magnetic field (i_e_r,eéecs € allenuation ot the signai due fo diftusion:

gradient pulse), [1] needs to be modified & (

H ‘ * / / t
M2 t) ) ML (2.1 ) 52 Mi(z,t) = A(z, t)exp[—ly/O B*(z, t') dt } exp(—?) .

iyB(z, t)M,(z,t)+ D—My(z, 1),
. T 7B YMLZ )+ DM (2 )

2] After substituting this trial solution into [2] (witiB(z,t) =
B*(z, t)) and cancelling common terms, it is seen that

wherey is the magnetogyric ratioB(z, t) is the contribution ,

to the magnetic field at positiom due to the gradient, and 0 A(z, t) 2 t i O e

D is the diffusion coefficient. Here we deal with the one- 31 —Dy*Az.1) /O 3_ZB (z. ) dt

dimensional case in which the only variation of the magnetic 5 t g

field is along thez axis; the solution for the three-dimensional — 2Di ya_A(Z’ t) [/ g B*(z, t') dt/]
z 0o 0Z

case is treated in the Appendix. The first of the additional

terms in [2] accounts for the change in the Larmor frequency _ R L 92

due toB(z t). This deviation results in a spatially dependent —Diy Az 1) [/; 20 (z.t )dt} + DQA(Z’ 0.
phase. The second additional term accounts for the movement

of the magnetization due to isotropic diffusion; this term is [4]

analogous to Fick’s second law. Note that it is assumed that
the gradient pulse only causes variations in thegnitudeof A conventional magnetic field gradient generates a magneti
the main magnetic field; thdirection of the magnetic field is field that varies linearly with distance. That is, the gradient of
unaffected. the effective magnetic field is spatially uniform:
The dependence of the signal on changes in coherence order
during the experiment (i.e., the effect of radiofrequency pulses) 9
can be incorporated into the modified Bloch equation by replac- 37 B*(z.t) = G*(t).
ing B(z, t), with an effectivemagnetic field gradient3*(z, t)

(12), It follows that the amount by which the signal is attenuated

will also be uniform across the sample. This means &idt)
B*(z t) = p(t)B(z 1), and A(z, t) areindependenbf z and therefore A(z, t) and
aﬁ"—; B*(z,t) are zero. Consequently, the last three terms on th
wherep(t) is the coherence order at tihen the discussion that right-hand side of [4] vanish.
follows, the coherence order is eithet or—1 so the relaxation ~ For the one-dimensional DOSY experiment, we want to solve
rate remains the same. the more general case in which the gradient is dependent c
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position: For the pulse sequence shown in Fig. 1, the exponent in [&
evaluates to

9 Bz 1) = Gz 1),

3 t t 2
4 / |:'/ G*(Z, t//) dt//] dt’
0 0

In this case, the last three terms of [4] are nonzero. However, 5 A
we will still discard these terms because, for realistic values of = / [g(2t']?dt’ + / [9(2)8]?dt’
y, B*(z, t), andt, these terms will be negligible in comparison 0 8

to the first term. Physically what this means is that, over the A+d , _
distance that an individual spin will move during the experiment, + /; [9(2)5 — g((t" — A)]"dt
the magnetic field gradient can be approximated to be uniform. 1 1
Therefore [4] becomes = 59(2)233 +9(2)%8% (A — 8) + 59(2)263
IA(zZ t) 2 Ly 2 oo 1
= —-Dy Azt —B*(z, t')dt’ =g@%°(A—-=6),
< Ay [ een ;
t 2 T . ..
N2 ¥l +\ At whereg(z) indicates the strength of the gradient at position
= —DriAzY [/O G (Z’t)dt} ’ This result leads to the attenuation function
[ - 1
which has the solution Az A +8) = exp[—Dyzg(z)Z(Sz(A _ 58)] [6]

t ! 2
Az t) = exp(—DVZ/ [/ G*(z, t’/)dt”} dt/>~ [5]1 As G*(z 1) is the same for PGSE and stimulated-echo (STE
0 LJo experiments, the preceding result applies in both cases as lo

As all the terms in the exponent of [5] are real, this result predic®§ the timing of the gradient pulses is the same.

that diffusion will only attenuate the signal; the signal does not 0 Proceed any further, it is necessary to assume a form fc

change in sign or phase. B(2). If we assume thaB(z) can be represented by a sum of
For a specific pulse sequence it is possible to use [5] Rglynomials, then

calculate the diffusion-dependent signal attenuation. For the N

pulsed gradient spin-echo (PGSE) experiment shown in Fig. 1, B(2) = Zg N

the integral in [5] can be split into three sections correspond- e~ neo

ing to the first gradient pulse £0— 3), the time between

the gradient pulsest &6 — A), and the final gradient pulsewhereN is the maximum order of term needed to describe th

(t=A— A +4). Before the first gradient and after the seconghagnetic field andy, is the coefficient corresponding to the

gradient the magnetization does not have a spatially dependgtorder term. The gradient of the magnetic field is

phase label, and therefore these periods do not contribute to

Az, t). d N
G(@2) = -B@) = > ng,2"h
n=1
H \{\,\M For conventional gradients (i.e., those that generate a linear va
A s |V ation in the magnetic field and therefore a uniform gradient), thi:

sum contains a single term corresponding te 1, and therefore
[6] leads to the familiar result:

1
[ AA +8) = exp[—Dngfaz <A - §5)} :
As described above, for the case where the gradient of the ma
\\ netic field is constant, the attenuation is independent of positio

in the sample. Why this is so is illustrated by the solid line in
_ _ Fig. 2; moving a certain distance causes a spin to experien

FIG. 1. The PGSE experiment. Solid rectangles repregeptilses, open th me chanae in magnetic field r rdl fits startin
rectangles represent pulses$ is the length of the gradient pulses, ands € same change agnelic field regaraless of Its staring p

the time from the beginning of the first gradient to the beginning of the secoﬁmo_n- T_hus_, the amoun_t by which the signal is attenuated du
gradient.G(z, t), G*(z, t), and p(t) are as defined in the text. to diffusion is the same in all parts of the sample.
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. T « only the spin density but also the spatially dependent diffusior
weighting. If the spin density of an NMR sample is constant
R4 T along thez axis, the resulting profile will simply reflect the at-
AR .4 tenuation due to diffusion. In the case afayradient, the profile
. T e will consist of a Gaussian, centered at the chemical shift, with :
/.' - width proportional to the diffusion coefficient.

In most imaging experiments it is desirable for the broad-
ening of the signal due to the imaging gradient to dominate
the chemical shift. If this is not the case, what will be ob-
served is a superposition of images that are offset from on
another due to the chemical shift. Such a superposition leac
to a loss of resolution and to difficulties in interpreting the im-

a a b b age. In contrast, in the one-dimensional DOSY experiment a

z extremely weak imaging gradient is used, allowing the chemi

cal shift to dominate the gradient. This means that each peak |

FIG. 2. The magnetic field due te andz? gradients; & gradient (solid the spectrum will result in an independent profile of the sam:

line) causes the magnetic field to vary linearly, wherea gradient (dashed ple that is resolved from the other peaks by the chemical shif
line) causes it to vary quadratically. Movement of a spin fi@to a’ or fromb

tob/ in the presence of agradient results in the same change in field regardied this way, it is possible to record the sample profile, which

of the starting position as indicated by the thick arrows. Fef gradient the reflects the diffusion coefficient, while retaining chemical shift

change in field caused by moving froato a’ is much less than for moving dispersion_

fromb tob’ as indicated by the thin arrows; the change in field depends on the Dueto the use of a weak imaging gradient, contributions to th

starting position. lineshape of the peak other than the diffusion attenuation cann
be ignored; the influence of other parameters on the lineshap

A aradient that i iation in th and consequently on the accuracy of the estimated diffusio
gradient that causes a noniinear variation in the magnegidefficients, will be explored later in this paper.

field will cause the diffusion-dependent signal loss to be differen
in different parts of the sample. The dashed line in Fig. 2 shows
the field profile for a gradient that generates a quadratic variation

ofthe magnetic field. '!'his meansthfat, _foraspir_1 moving acertai_nA” spectra were acquired on a Varian Unity Inova 400 MHz
distance, the change in the magnetic field that it experiences W§lactrometer. The sample consisted of cyclohexane, acetor
depend on its initial position. The change in the field will bg,q 1,1,2,2-tetrachloroethane in deuterated acetone: the sa
grgater if the molecule is at the extremes of the samplethap if)i[9 temperature was maintained at 295 K during the experi
is in the middle and, as a result, the amount by which the signabnis. For reference, the diffusion coefficients were measure

is attenuated due to diffusion will vary across the sample. Wging a conventional stimulated-echo experiment; these resul
shall call a gradient that causes a quadratie=(2) variation in - 5re shown in Table 1.

the magnetic field a® gradient.

Although any nonuniform gradient can be used for the onghe 2 Gradient
dimensional DOSY experiment, in practice, higher-orager( ) . . . .
2) gradients are more useful for situations where the diffusion | N€ Z° gradient was generated using tifeshim: the shim

coefficients span a wide range, whereas lower-order gradieﬁ?é‘trOI board was modified so that an additional current coulc

are better able to resolve small differences in diffusion coefff® added to that set by the shim controls, and switched o

cients. For practical reasons, we choose tozfsgradients in 2nd off using a spare control line from the pulse programmer
our experiments; in this case [6] becomes To calibrate the strength of th& gradient, the magnetic field

mapping experiment shown in Fig. 3 was used; this experimer

magnetic field
K

EXPERIMENTAL

1
Az, A +9) = exp|:—4Dy2g§3222 (A — §8>:| .7 TABLE 1
The Apparent Diffusion Coefficients Measured Using a Stimu-
lated-Echo Experiment for the Solutes in Deuterated Acetone

The spatial dependence of the signal attenuation due te’the

gradient will not usually be visible, as the net signal from the Mw L SDa .
entire sample is observed in an NMR experiment. Molecule (g mot™) (10 e s™)

However, the spatial dependence of the signal attenuatiatetone 58.1 3.6940.02)
predicted in [7] can be determined by using imaging teclgyclohexane 84.2 2.95:0.02)
niques. After diffusion weighting by a nonuniform gradient, &1:2.2-Tetrachloroethane 167.9 2.36(01)

one-dimensional image (profile) of the sample will reflect not 2 The errors given are the standard errors estimated by the fitting procedur
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J |_| n TABLE 2
AF A“AVAWAVA"M Results of Fitting the z2-Gradient Field Map to [8]
P2, 1€ Ta Coefficient (units) N =22 N =42
do (MG) 2#1) —-3(£1)
g1 (MG cntl) —80 (1) —60 (1)
g (MG cnr?) —436(£3) ~360 1)
g3 (MG cnr3) —61 (1)
FIG.3. The pulse sequence used for mapping the magnetic fieldthe ~ 9 (MG cm?) —154(£2)

acquisition timezy, is varied to map the field5, denotes conventional gradient  a Thg errors given are the standard errors estimated by the fitting procedur
pulses, an@ . denotesz?-gradient pulses.

is simply a one-dimensional Fourier imaging sequence withe spectrum using [7]), resulted in inaccurate estimates of tt
the addition of a small delay;,, immediately after the first diffusion coefficients. Therefore, the fourth-order polynomial
radiofrequency pulse of the sequen&g)( If two experiments given in Table 2 was used to fit the one-dimensional DOSY
are performed with different values gf, then the difference in spectra; this produced more accurate results.
phase at each point in the resulting profiles reflects the value offhe use of a shim coil to generate tiegradient resulted
the magnetic field at the corresponding position in the sampl# several difficulties. First, the maximum attainable gradien
The image that results from a field mapping experimestrength is much less than that offered by a conventional grac
with the z% gradient switched on is shown in Fig. 4, and thent coil. Therefore, in the one-dimensional DOSY experiment.
corresponding field map is shown in Fig. 5a. The inhomogenefpin echo rather than a stimulated echo was used so that the m:
in the main magnetic field was determined by performing thenum amount of diffusion weighting could be achieved. Secono
field mapping experiment without tfz gradient. The resulting the lack of active shielding for the# shim resulted iz?-gradient
field map, shown in Fig. 5b, demonstrates that the variation jpfilses causing large and long-lived disturbances of the hom
the main magnetic field along tfzeaxis is at least three ordersgeneity of the main magnetic field during experiments. In ar
of magnitude smaller than the variation due to zthgradient.  attempt to minimize these effects several methods were tried, i
The shim coil used for th#? gradient did not produce a purelycluding pulsing the® shim simultaneously with the? gradient
quadratic field profile. Therefore, the field map shown in Fig. 5nd switching on @ gradient of opposite polarity immediately
was fitted with a polynomial: before the sequence. Unfortunately, the effects that stem fro
az’-gradient pulse are complex and take place on several tirr
N scales. As we were unable to compensate for all these effects, \
B =) anZ" [8] resorted to using a longitudinal eddy delay (LED) between th
n=0 spin echo and signal acquisition to allow the system to settle.

The results of fitting the field map to a second-order polynomi
(N = 2) and a fourth-order polynomiaN = 4) are shown in
Table 2. An attempt to interpret the one-dimensional DOSY The pulse sequence for the one-dimensional DOSY exper
spectra assuming that the gradient was described by onlynant incorporating a LED is shown in Fig. 6a. The sequenc
second-order terng, (which corresponds to fitting the peaks irconsists of a spin echo with diffusion weighting by?agradient
followed by a LED. Az gradient is used both as a homospoil
during the LED and to image the sample. As #tfegradient

is not powerful enough to ensure that the required coherenc
transfer pathway is selected by the spin eaagradient pulses
were placed on either side of thepulse to restrict the coherence
transfer pathway. The sequence shown in Fig. 6b is a referen
experiment which, as will be explained below, is needed fol
quantifying the results of the one-dimensional DOSY experi:
ment.

In both pulse sequences, the length of feradient pulse
(ton) is identical; the same is true of the time between switching
z(incm) thez? gradient off and acquiring the datag). This ensures that
any effects due to disturbances of the main magnetic field al

FIG. 4. Phase-sensitive profiles measured using the field mapping pu . . . . .
sequence shown in Fig. 3. The profiles shown using a solid line and a dash(fﬁmlcal in the two experiments. As will be seen later, it is alsc

line are from experiments with, = 0 andr, = 5 ms, respectively. The sample Important that the spin-echo timeyj should remain the same
used to map the field was a 1% solution af®in D,O. in the two sequences.

Bblse Sequence
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FIG.5. (a) Maps of the magnetic field variation for te®gradient (solid line) and the main field (dashed line). (b) Expansion of the main magnetic field.

In both sequences, the phases of all the pulses were the sgraglient pulse was 10 ms long and had a strength of 30 G.cm

except for the second pulse. The use of an unshieldgdgra- The strength of the read gradient was 4.9 mG tm
dient resulted in a fluctuation of the main magnetic field during

the experiment and, as a result, the spin echo did not refocus

the magnetization along the expected axis. This effect was com-

pensated for by empirical adjustments of the phase ofjthe Spectra acquired using the one-dimensional DOSY sequen

pulse at the end of the spin echo so as to maximize the sigaatl the reference experiment are shown in Fig. 7. To interpre

intensity. these spectra, the spatially dependent diffusion weighting of th
For both the diffusion-weighted and the reference expesignal must be derived from [6]. As ti# gradient remains on

ments, the spin-echo timeg) was 0.174 szy, was 0.5 s, and throughout the experimenty = § = %rd and therefore from

Toff WaSs 2 SxsioreWas equal tay in the diffusion-weighted ex- [6] we have

periment and set to 0.5 s in the reference experiment. The very

long value needed for, was a result of the effects caused by 1

unshieldedz? gradients. All gradients had a rectangular shape. Al2) = eXp[_l_szzgzrdg} ’ [

The coherence selection gradients flanking #hpulse were

2 ms long and had a strength of 10 G ©@nThe homospoil where

RESULTS

G = g1 + 20oZ + 3937% + 4guZ°.

(a) ¥ Isenle, ¢ Td » |« Tstore >
l—l The values of the coefficienty — g4 are given in Table 2. In
AF I L I)WA.._ the presence of a conventional read gradi€y)(the position
along thez axis is related to the frequenay, according to
G: . 27 (v — vp)
Toft o = =

v G, ’

where g is the center frequency of the peak. Therefore, the
signal intensity as a function of frequency for a single peak is

i - - S(v) = SAW)
V)= v
. 1 e
— — = Dy? oy ~ Vo)
SOGXP[ 12°7 (91+92 y G,
Gz

+ O3

Gz? L

1272(v — vg)? +g 3273(v — vo)3)2 3| [0]
4 Td ’
y2G? y3GE
FIG.6. The pulse sequences for (a) the one-dimensional DOSY experiment

and (b) the reference experiment. The various delay times are explained in¥Ha€reS is the overall peak height. It should be noted that many
text. of the cross terms that will result from squarigigre significant
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| 1 1 | // | | 1 ]
75 7.0 6.5 6.0 AARPY- 2.0 15 1.0
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FIG.7. (a)One-dimensional DOSY and (b) reference spectra for a mixture of 1,1,2,2-tetrachloroethane, cyclohexane, and acetone in deuteratee ace
“horns” visible in the reference spectrum are due to nonuniformity of the read gradient.

and cannot be neglected in the data analysis. To estimate théfter fitting each peak to determine the corresponding diffu-
diffusion coefficients using the one-dimensional DOSY spesion coefficient, it is possible to construct a conventional DOSY
tra, a nonlinear least-squares method was used to fit each psglectrum, such as is shown in Fig. 8a. Although the diffusior
Although there are several terms in [10], there are only three ambefficients estimated from the one-dimensional DOSY experi
justable parameters: the peak amplitu@g (the peak position ment clearly do not agree with those determined using a conve
(vo), and the diffusion coefficientX). tional stimulated-echo experiment, the separation of the signa

a 4.0 b 4.0
35 T 35 T
[/, /2]
o o
£ £
[$] [&]
[Te] n
T ST S N F 130
z z
o 0 =)
{25 {25
5 Y NN U PSRN
L [ L 1 L 1 1 1 g ] 1 1 I 1 ]
7 6 5 4 3 2 T 20 7 6 5 4 3 2 720
ppm ppm

FIG.8. DOSY spectra constructed using data from (a) a conventional (stimulated-echo) two-dimensional DOSY experiment and (b) a one-dimensional
experiment. The diffusion coefficients given in Table 1 are shown as dotted lines across (b); these values were used to construct (a). For thal ExDgahtio
spectrum, the intensities of the peaks correspond to the firstincrement of the DOSY experiment. For the one-dimensional DOSY spectrumegheanesysiind
to the one-dimensional spectrum shown in Fig. 7a. In the diffusion dimension, both spectra consist of Gaussians centered at the diffusioestieffidrity
the fitting procedure and with widths corresponding to the standard deviations of the fits. For both spectra, the contour lines correspond t@Q, ané,30%o

of the maximum intensity of the spectrum.
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based on their diffusion coefficients (which is the goal of DOSYiptensity. Fortunately, the sensitivity profile generated from the
is successful; the values are in the correct order. The differemegerence image suffers from the same systematic error; divic
in the linewidths in the chemical shift dimension between thiag the one-dimensional DOSY spectrum by a reference imag
DOSY spectra is due to the additional broadening necessarcancels the systematic error.
the one-dimensional DOSY experiment to extract the diffusion To preserve the chemical shift resolution we are forced to us
information. This illustrates the point that to gain informatiom very weak read gradient, corresponding to a broadening ¢
about the diffusion coefficient in a one-dimensional experimenhe lines by about 30 Hz. Therefore, the underlying linewidths
some resolution must be sacrificed. of the peaks in the conventional spectrum can be sufficient t
As described so far, the analysis of the one-dimensioreffect the profile. Attention also needs to be paid, therefore, t
DOSY experiment assumes that the only factor that influendbe effects of the underlying linewidths.
the image profile (and therefore, the estimate of the diffusionThe profile of a peak in the one-dimensional DOSY spec-
coefficient) is the diffusion weighting. However, this is only atrrum is a convolution of the natural linewidth and the diffusion-
approximation; other factors that influence the sample profieeighted profile. This convolution broadens the peak profile an
include thez-axis dependence of the read gradient and of tleensequently lowers the estimate of the diffusion coefficient. Tc
radiofrequency field. remove this effect, the spectrum needs to be deconvoluted wi
The first and most important factor that needs to be taken irttee natural lineshape. As convolution in the frequency domait
account is the variation of the radiofrequency field, which dés the same as multiplication in the time domain, the easiest wa
termines the signal strength measured alongztheis. If the to deconvolute the spectrum is to divide the FID by a decaying
signal strength is not uniform over the entire sample, then thégponential function that has a decay constant equgl.to
will be reflected in the shape of the profile. This effect can be The effect of the instrumental lineshape is more complicatec
removed by dividing each peak in the diffusion-weighted speédthough in many experiments the instrumental lineshape ca
trum by a reference profile. In theory, this reference profile onbe removed using reference deconvolutibB)(in the case of the
needs to be acquired once for any given spectrometer; if a pobyre-dimensional DOSY experiment reference deconvolution i
nomial is used to fit the profile then the resulting equation can het appropriate as the spectrumis not a simple convolution of th
scaled according to the size of the read gradient. In practice, imstrumental lineshape and the sample image. The componer
use the reference experiment described in the previous sectioaftthe instrumental lineshape due to inhomogeneities along th
generate the required reference profile. To avoid difficulties suthnsversexes will result in a convolution that may be different
as division by zero, a minimum threshold based on the refererfoe different points along the axis. Inhomogeneitieslongthe
spectrum was used. If the intensity for a point in the refereneexis will contribute to the magnetic field generated by the rea
spectrum was below the threshold value, then the correspondimgdient. However, as was seen in Fig. 5, the magnetic field we
point in the diffusion-weighted spectrum was ignored. very homogeneous, at least along thaxis, and we therefore
Another important instrumental factor is spatial variations afeglect the effect of the instrumental lineshape.
the gradient used to image the sample. This will stretch or com-As shown in Fig. 9a, the accuracy of DOSY spectra generate
press the image, resulting in variations in the apparent sigfi@m the one-dimensional DOSY results is substantially
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{as T {35 T
[72] [2]
(8] o
E E
(3] (3]
Ie]
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fa o
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1 1 [ 1 1 L 1 1 1 1 1 1 1 1
. 0
7 6 5 4 3 2 1 20 7 6 5 4 3 2 1 °
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FIG.9. DOSY spectra constructed from the spectrum shown in Fig. 7a (a) dividing by the reference spectrum shown in Fig. 7b and (b) after dividing
reference spectrusnddeconvoluting the peaks by their natural lineshapes. The diffusion coefficients given in Table 1 are shown as dotted lines across the <
Both spectra were constructed in the same manner as those of Fig. 8b.
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improved by dividing the experimental data by the referendbe solution for [A.1] is then

spectrum shown in Fig. 7b. The accuracy is further improved by

deconvoluting the peaks according to their natural linewidths; t t

these results are shown in Fig. 9b. Mi(r,t) = A(r, t)exp[—i J// B*(r, t’)dt’] exp(—?>,
Another effect that influences the profiles of the peaks is scalar 0 2

coupling. If the couplings for a peak are much larger than the

broadening due to the read gradient, then the individual lines

of the multiplet can be independently analyzed. If the opposii¢here A, t) reflects the attenuation of the signal due to diffu-

is true, then the effect of coupling can be ignored. In the ision.

termediate case, where the broadening of the peak due to thafter substituting [A.2] into [A.1] (withB(r,t) = B*(r, 1))

read gradient and the coupling are of similar size, the peakand cancelling common terms, it is seen that

the spectrum will consist of several overlapping images. This

situation can be dealt with either by fitting the peak to a sum

[A.2]

2

t
of equations with the form of [10] or by using reference de- Al = —Dy2A(r, 1) Hf VB*(r,t')dt’
convolution to remove the effect of the scalar couplings on the at 0
spectrum13) before fitting the peak profiles. In practice, the ne- ) R
cessity of using a relatively lengthy spin-echo period to achieve —2Diy VA1) [/(; VB(r, t)dt ]
a sufficient degree of diffusion weighting limits our experiment ;
to the analysis of singlets; couplings result in the evolution of — Diy Ar, t) [/ V2B*(r, t’)dt’]
antiphase coherences during the spin-echo period that make the 0
spectrum difficult to interpret. A more powerfaf gradient, + DV2A(r, t). [A.3]

which would allow the use of a stimulated echo for the dif-

fusion weighting instead of a spin echo, would alleviate this ) )
problem. As in the one-dimensional case, the last three terms of [A.3

vanish for a conventional (uniform) gradient and are negligible
for nonuniform gradients. Consequently, using the definition
CONCLUSION
* *
One-dimensional DOSY provides the same information as VBI(r.H =G, b,
a conventional DOSY experiment, but in a fraction of the ex-
periment time. With a single experiment, it is possible to déA-3] becomes
termine a rough estimate of the diffusion coefficient; if quan-
titative results are not needed, this is all that is required to AA(r, t) ) t o o aur
construct a DOSY spectrum. Improved estimates of the dif- ot —Dy?A(r, 1) Hfo G*(r, ') dt
fusion coefficients can be obtained by further data process-

ing using a reference experiment and by deconvoluting tvv%ich has the solution
spectrum.

2
)

v
/ G*(r,t")dt”
0

t 2
_ _ 2 ’
APPENDIX A(fﬂt)—exp< DV/O dt). [A.4]

Forthe general case of a three-dimensional gradient, [1] ne%gs

t0 be modified to all the terms in the exponent of [A.4] are real, this resull

again predicts that diffusion will only attenuate the signal; the
signal does not change in sign or phase. Additionally, [A.4]
shows that, as would be expected, gradients along orthogon

IM.(r, 1) — _ M. (r, 1) —iyB(r, )M, (r, 1) axes contribute independently to the signal attenuation.
at T2 ’ ’ For the pulse sequence shown in Fig. 1, [A.4] leads to th
+ DV2M, (1, 1), A1] attenuation function

1
whereB(r, t) is the contribution to the magnetic field at position A(", A +8) = eXp[—DVZ lg(r)11? 82 (A - §5>] ., [A5]
r due to the gradient. Defining the effective gradient as

whereg(r) indicates the strength of the gradient at position
B*(r.t) = p(t)B(r, t), As G*(r, t) is the same for PGSE and STE experiments, th



112 LOENING, KEELER, AND MORRIS

preceding result applies in both cases as Iong as the timing BfS. J. Doran and M. BXorps, A robust, single-shot method for measuring
the gradient pulses is the same. diffusion coefficients using the “burst” sequendeMagn. Reson. A17,
311-316 (1995).
6. S. Sendhil Velan and N. Chandrakumar, High-resolution NMR measure
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