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Exchange of nuclear magnetization between spin pools, either by chemical exchange or by cross-relaxa-
tion or both, has a significant influence on the signal attenuation in stimulated-echo-type pulsed field
gradient experiments. Hence, in such cases the obtained molecular self-diffusion coefficients can carry
a large systematic error. We propose a modified stimulated echo pulse sequence that contains T2-filters
during the z-magnetization store period. We demonstrate, using a common theoretical description for
chemical exchange and cross-relaxation, that these filters suppress the effects of exchange on the diffu-
sional decay in that frequent case where one of the participating spin pools is immobile and exhibits a
short T2. We demonstrate the performance of this experiment in an agarose/water gel. We posit that this
new experiment has advantages over other approaches hitherto used, such as that consisting of measur-
ing separately the magnetization exchange rate, if suitable by Goldman–Shen type experiments, and then
correcting for exchange effects within the framework of a two-site exchange model. We also propose
experiments based on selective decoupling and applicable in systems with no large T2 difference between
the different spin pools.

2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.�
1. Introduction

Pulsed-field-gradient spin-echo (PGSE) NMR [1–3] is one of the
broadest and most versatile tool for studying transport properties
of molecules. Having initially frequency-encoded the spatial posi-
tions of the target molecules by a gradient pulse of length d and
magnitude g, molecules are let to diffuse for a time period D after
which their position is decoded by an equivalent gradient pulse.
This leads to the attenuation of the NMR signal S described by
the nowadays well-known Stejskal–Tanner expression [1]

S ¼ S0e�c2d2g2ðD�d=3ÞD ð1Þ

where c is the magnetogyric ratio of the nucleus, S0 the signal inten-
sity in the absence of gradients and D the self-diffusion coefficient.
D is usually estimated by recording the attenuation upon varying g
in discrete steps. A short transverse relaxation time T2 strongly lim-
its the range of the diffusion time D and thereby the range of the
diffusion coefficient D that can be investigated; hence, water diffu-
sion in a macromolecular system such as paper [4], wood [5] or
wood pulp fiber and potato starch [6,7] or hydrogels [8,9] becomes
less accessible. To mitigate this problem, experiments with stimu-
lated echo (PGSTE) have to be used [10,11] which permit diffusion
times D up to the order of the longitudinal relaxation time T1 and
let D to be extracted via Eq. (1).

A possible source of complication in pulsed-field-gradient-
based experiments arises from the exchange of nuclear magnetiza-
tion between different molecular pools [4,6,7,11–14]. That
exchange can either be coupled to that of the spin-bearing atoms
(chemical exchange) or can proceed via cross-relaxation (though,
cross-relaxation affects only the longitudinal magnetization and
thereby has an influence only in stimulated-echo-type experi-
ments). In general, exchange leads to a complex diffusional decay
of the signal that deviates from that in Eq. (1). Sometimes, this
added complexity in diffusion NMR experiments is exploited as a
valuable source of information, for example about the rate of
chemical exchange [15–27]. If, however, the main interest is in
obtaining accurate self-diffusion coefficients the effect is unwanted
and appears as a source of errors. For example, in stimulated echo
experiments a difference can be created between longitudinal
magnetizations of different pools at the beginning of the longitudi-
nal evolution period; such a difference can lead to a fast decay of
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the signal with increasing D [28]. Introducing bipolar magnetic
field gradient pulses suppresses this behavior as has been demon-
strated for intramolecular cross relaxation [28]. In this paper, we
investigate another consequence of magnetization exchange which
cannot be suppressed on the same manner and which can lead to
errors when trying to obtain diffusion coefficients.

First we shall explicitly show below in our recapitulation of the
theory, that the behavior observed in stimulated-echo-type exper-
iments is the same irrespective whether chemical exchange or
cross-relaxation leads to the exchange of magnetization. Yet, the
literature presents two, from each other apparently distinct
descriptions, one formulated originally by Kärger [29–32] for
chemical exchange [33–36] and another one that assesses the ef-
fect of cross-relaxation [12]. Both models involved two exchanging
pools of magnetization. Trivial as it may sound, this equivalence
has not been formally shown before.

Complex diffusional decays analyzed in the framework of those
models can provide accurate molecular diffusion coefficients. The
accessibility of various molecular parameters in the various kinetic
regimes has been thoroughly investigated and strategies were pro-
vided to optimize the sensitivity of the acquired data to particular
parameters, such as the exchange rate [24,25]. The situation is par-
ticularly intricate if one of the exchanging pools exhibits a slow dif-
fusion coefficient accompanied by fast transverse relaxation; a
typical example consists of water diffusion experiments where
1H magnetization can exchange between water and macromole-
cules, either by hydrogen exchange involving hydroxyl or amine
groups or by 1H–1H cross-relaxation between macromolecular
and water protons. In a simplified picture, 1H magnetization de-
tected on water might have spent part of the diffusion time resid-
ing on the immobile macromolecular component and thereby we
obtain an apparent displacement and a resulting apparent diffu-
sion coefficient (ADC) both smaller than that exhibited by the ac-
tual water molecules. If the characteristic exchange time (that is,
the inverse of the exchange rate) and diffusion times are in the
same order of magnitude [8,24], the ADC decreases upon increas-
ing the diffusion time until a plateau is reached corresponding to
exchange equilibrium. To get the water diffusion coefficient is
facilitated by a correction procedure that, in turn, can be made suf-
ficiently accurate if the rate of exchange of magnetization between
the two pools is known and provided as the input parameter for
the analysis [4,8,37]. That rate has typically been estimated using
the Goldman–Shen pulse sequence [38].

This latter strategy has shortcomings the most important of
which are that it requires additional (that is, that measure the ex-
change rate) NMR experiments and that it is model dependent. The
purpose of this paper is to introduce a new STE pulse sequence that
can suppress effects of magnetization exchange, irrespective
whether originating from cross-relaxation or chemical exchange.
This is achieved in those experimental situations where one pool
(such as that consisting of macromolecules) has a short T2 that
the pulse sequence exploits by inserting T2 filters during the
longitudinal evolution period. Besides the theoretical analysis, we
demonstrate the performance of the presented method on the
well-characterized system agarose/water gel system and show that
we can obtain the water self-diffusion coefficient directly and free
of exchange artifacts.
Fig. 1. Schematic representation of the two-site exchange model used to evaluate
the results of Goldman–Shen [38] and stimulated-echo-type diffusion experiments.
k and R denote magnetization exchange and longitudinal relaxation rates,
respectively.
2. Theory

2.1. Chemical exchange and cross-relaxation effects in PGSTE
experiments

To the best of our knowledge, the only detailed analysis for
cross-relaxation effects in diffusion experiments was given in
[12] while chemical exchange effects were treated originally by
Kärger [29–32,36] and then modified for including relaxation ef-
fects [15,16]. In this section, we re-capitulate the solutions pre-
sented and demonstrate their formal equivalence. We explicitly
treat PGSTE experiments where the longitudinal evolution period
(s2, the delay between the second and third 90� pulse in the con-
ventional experiment) is much longer than the encoding–decoding
periods (s1, the delay between the first and second 90� pulse).
Hence, we assume D � s2. The case where these assumptions do
not hold is detailed in Appendix A.

The 2-site exchange model is introduced in Fig. 1; kf/b, Rf/b and
Df/b represent the exchange rates, longitudinal relaxation rates
and translational self-diffusion coefficients, respectively for ‘‘free’’
(f) and ‘‘bound’’ (b) states. Keeping the case of water diffusion in
mind, the ‘‘bound’’ state refers primarily to exchangeable protons
or to cross-relaxing protons that belong to slowly moving
macromolecules.

This model yields the following coupled differential equations
[2,18] for the (arbitrarily scaled) nuclear magnetization M detected
for the two components:

dMf ðtÞ
dt

¼ � ð2pqÞ2Df þ kf þ Rf

� �
Mf ðtÞ þ kbMbðtÞ ð2aÞ

and

dMbðtÞ
dt

¼ � ð2pqÞ2Db þ kb þ Rb

� �
MbðtÞ þ kf Mf ðtÞ ð2bÞ

with q ¼ cgd
2p . With initial conditions

Mf ð0Þ ¼ Pf ¼ 1� Pb ð3aÞ

and

Mbð0Þ ¼ Pb ð3bÞ

where Pf and Pb are the relative spin populations, one obtains that
the attenuation of the total signal intensity is [15,16]

Sðq;DÞ / ð1� P2Þe�ð2pqÞ2D1D þ P2e�ð2pqÞ2D2D ð4aÞ

with

D1;2 ¼
1
2

Df þDbþ
kf þkbþRf þRb

ð2pqÞ2
� Df �Dbþ

kf �kbþRf �Rb

ð2pqÞ2

 !2

þ 4kf kb

ð2pqÞ4

8<
:

9=
;

1
2

2
64

3
75

ð4bÞ

and

P2 ¼
Pf Df þ

Rf

2pqð Þ2

� �
þ Pb Db þ Rb

ð2pqÞ2

� �
� D1

D2 � D1
ð4cÞ

In equilibrium, detailed balance sets the populations as
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Pf=b ¼
kb=f

kf þ kb
ð5Þ

First-order corrections can be applied in experimental situa-
tions where s1 is not of negligible length [15,16].

A slightly different situation arises if the ‘‘bound’’ phase is less
mobile and thereby exhibits fast transverse relaxation T2b. First,
fast transverse relaxation suppresses all ‘‘bound’’ magnetization
at the end of the s1 period which creates the initial condition

Mbð0Þ ¼ 0 ð6Þ

for the magnetization to evolve during s2 as prescribed by Eq. (2).
(In addition, if T2b� d, the magnetization at the ‘‘bound’’ site during
the first gradient pulse does not get encoded and thereby cannot
contribute to the echo signal even if it would reside at the ‘‘free’’ site
during the second gradient pulse. However, this has no practical
consequence since that magnetization is anyway suppressed.
Coherence transfer pathways in PGSTE that do not suitably pass
both gradient encoding and decoding are also suppressed by phase
cycling.) Furthermore, another effect of the fast transverse relaxa-
tion is that only the ‘‘free’’ signal is detected in echo-type (like
PGSTE) experiment, yielding

Sf ðq;DÞ / P0e�ð2pqÞ2D1D þ ð1� P0Þe�ð2pqÞ2D2D ð7aÞ

with D1,2 the same as expressed in Eq. (4b) and

P0 ¼
Db þ kbþRb

ð2pqÞ2
� D1

D2 � D1
ð7bÞ

As concerning the limiting case of no exchange kb = kf = 0, the
result reduces to P0 = 0 and D2 = Df and thereby it is the diffusion
of the ‘‘free’’ pool that is detected.

Cross-relaxation effects were previously analyzed for systems
where the ‘‘bound’’ pool was considered to be immobile with
Db = 0 [4,12]. The result obtained there [4,12] is formally equiva-
lent to the present Eq. (7) with Db = 0.

2.2. Exchange-suppressed PGSTE by T2-filters

To remove exchange effects, we exploit the short transverse
relaxation time T2b in the ‘‘bound’’ pool; in other words, the meth-
od presented here requires a large difference between the trans-
verse relaxation times at the involved sites. Hence, we add in a
PGSTE experiment one or several T2-filters during the longitudinal
evolution period (Fig. 2). The simplest filter consists of the (90�)u -
� srel � (90�)�u sequence and works by turning the longitudinal
magnetization to x–y plane, let the transverse magnetization of
spins residing at sites with short T2 eliminated, and then return
the remaining magnetization back to longitudinal form. Assuming
T2b < srel� T2f and that on-resonance condition exists for the ‘‘free’’
signal, the magnetization at the ‘‘free’’ site is not influenced. If
Fig. 2. Pulsed-field-gradient stimulated echo (PGSTE) experiment with T2-filters
that suppress the effect of magnetization exchange on the obtained diffusion
coefficients. In our actual experiments, we also used the familiar LED detection aid
[40]. Here, two T2-filters are shown but as many as required can be used. RF and Gz

denote the radiofrequency and the gradient pulses, respectively. All RF pulses are of
90� length and +x/�x denotes the phases for pulses separated by srel in the T2-filter.
necessary, the filter can be applied several times; it operates by
removing the magnetization of spins that reside at the immobile
site and therefore the diffusional decay detected at the end is, if
the filter applied repeatedly, contributed only by those spins that
resided on the ‘‘free’’ and mobile site during the whole diffusion
time. In other words, the detected decay is supposed to be sin-
gle-component with setting D = Df in Eq. (1). The pulse sequence
with a single T2-filter was proposed previously [39] but without
a detailed analysis, evaluation, and without having identified its
possible use for eliminating exchange effects.

The signal attenuation in the pulse sequence given in Fig. 2 can
be found by analyzing the same set of coupled of differential equa-
tions as above, Eq. (2). The effect of the T2-filter is to re-establish
after having applied the filter the same initial condition as in Eq.
(6). As the other initial condition, at the end of the first sex delay
and after having applied the first T2-filter, the free-pool magnetiza-
tion is expressed similarly to that in Eq. (7a).

Mzðq; sexÞ / P0e�ð2pqÞ2D1sex þ ð1� P0Þe�ð2pqÞ2D2sex ð8aÞ

Hence, the effect of any subsequent delay sex and T2-filter is to
simply multiply the free-pool magnetization by the same factor;
for n filters and thereby (n + 1) sex delays the obtained signal
becomes

Sðq;n; sexÞ / Mz q;n; sexð Þ

/ P0e�ð2pqÞ2D1sex þ ð1� P0Þe�ð2pqÞ2D2sex

� �nþ1
ð8bÞ

(We provide in Appendix A the formal solutions for those situ-
ations where delays s1 and srel are not of negligible length.) In that
limit where the filter is applied with sufficiently high (sex� 1/kb)
frequency, the original exchange equation Eq. (2a) becomes modi-
fied by having suppressed any magnetization returning form the
‘‘bound’’ site

dMf ðtÞ
dt

¼ � ð2pqÞ2Df þ kf þ Rf

� �
Mf ðtÞ ð9Þ

As a result, the effect of exchange on the diffusional decay is re-
moved and one retains the original Stejskal–Tanner expression
with exchange solely exhibited as an intensity reduction

S ¼ ðS0e�kf DÞe�c2d2g2ðD�d=3ÞD ð10Þ

by the factor exp(�kfD) that arises because longitudinal magnetiza-
tion transferred to the ‘‘bound’’ site is eliminated.

With s1� T2b as is under consideration here, the system is
selectively excited so that in the beginning of the s2 period it is
only the ‘‘free’’ site that exhibits nonzero longitudinal magnetiza-
tion. This situation is similar to that explored in exchanging sys-
tems where spectral resolution permits the excitation of
individual resonances by selective RF pulses [41]. As compared to
conventional PGSTE experiments with nonselective RF pulses, the
effect of exchange is reduced with selective excitation. If one con-
siders the two exchanging pools, in case of conventional PGSTE
both pools exhibit gradient-encoded magnetization and, if de-
tected selectively at one of the pools, the diffusional decay is influ-
enced by the displacement of nuclei that were at the time of the
initial encoding residing at the other pool. Selective excitation re-
moves the effect such nuclei since their magnetization does not
get encoded. However, the effect of nuclei subject of double ex-
change events is retained; that is, nuclei can be initially encoded,
get exchanged to the non-encoded site, experience site-selective
displacement there and exchange back to the encoded site thereby
affecting the diffusional signal decay. In the experiment proposed
here, we remove the effect of such processes because we continu-
ally suppress magnetization at the ‘‘bound’’ pool. The effect of
double exchange events is also suppressed if, as in experiments
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in protein solutions with selective excitation [41], the non-encoded
pool is much larger than the encoded one and thereby the proba-
bility of return is low. For our present system, this is clearly not
the case.

The efficiency of the exchange suppression on signal attenua-
tion can be estimated by simulating signal attenuations with one
or more filters embedded and comparing those to the attenuations
obtained in the classical Stejskal–Tanner expression. For the simu-
lations represented in Figs. 3 and 4, we used parameters obtained
for our agarose/water solution (see below and see Table 1) with a
diffusion coefficient for water set to Df = 3 � 10�11 m2 s�1 (and
Db = 0; changing to other values do not significantly change the
character of the result). Keeping constant the diffusion time D
and increasing the number of T2-filters (i.e., decreasing sex), the sig-
nal attenuation for the proposed pulse sequence is progressively
evolving to an attenuation equivalent to obtained from the classi-
cal diffusion equation without the presence of exchange (Fig. 3a).
Note that Fig. 3 provide decays with relative intensities and does
not highlight the intensity loss given by the e�kf D factor in Eq.
(10). In Fig. 3b and c, we simulated signal attenuation for sex � 2/
kb and sex � 1/kb, respectively. Clearly, for the sex � 1/kb case, the
Fig. 3. Simulated signal attenuations using the classical PGSTE expression (red,
from Eq. (1)) and the expression for the pulse sequence incorporating T2-filters
(blue, from Eq. (8b)). The filter delay srel was kept constant to 20 ls, and the water
diffusion coefficient was set to Df = 3 � 10�11 m2 s�1, with other parameters as
given in the text and Table 1. Decays (a) with fixed diffusion time D = 20 ms and
different numbers of sex periods, and (b and c) with different diffusion times D and
(b) with sex fixed to 2/kb � 8 ms and (c) with sex fixed to 1/kb � 4 ms. In both cases,
the number of sex periods is D/sex.

Fig. 4. Apparent diffusion coefficients obtained by fitting the Stejskal–Tanner
expression in Eq. (1) to signal attenuations generated by Eq. (8b) with material
parameters corresponding to the water/agarose system explored below with
properties as given in Table 1, D = 20 ms and the water diffusion coefficient
Df = 3 � 10�11 m2 s�1. 64 gradient steps were calculated with q varying in even
steps from 0.01 to 4 � 105 m�1. The obtained ADCs (blue squares) are presented as a
function of (a) the number of sex intervals or (b) the length of the delay. The number
of sex periods is D/sex while the corresponding number of T2-filters (see Fig. 2) is (D/
sex � 1). The solid blue lines are guides to the eye, the red line represents the input
Df value with the ±2% range marked by dashed lines. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Exchange and longitudinal relaxation rates (with ± two standard deviations) as
defined in Fig. 1 and obtained from Goldman–Shen experiments [38] performed in a
water/agarose gel, see Fig. 6.

k (s�1) R (s�1) Proton fraction (%)

Water (kf, Rf) 268 ± 3 21 ± 8 46.1 ± 0.3
Agarose (kb, Rb) 229 ± 2 �12 ± 6 53.9 ± 0.4
signal attenuation approaches that without exchange except for
the longest diffusion times. Hence, under those conditions the dif-
fusion coefficient extracted by the simple Stejskal–Tanner expres-
sion in Eq. (1) should provide accurate Df values.

This particular point is further illustrated in Fig. 4, where the
apparent diffusion coefficients were extracted by fitting the classi-
cal Stejskal–Tanner expression in Eq. (1) to the theoretical signal
attenuation curves given by Eq. (8b). For D = 20 ms and qmax =
4 � 105 m�1 and with material parameters set as for Fig. 3, the
obtained decays were clearly multi-exponential for long sex

(>4 ms) or small n (<4), while with more intensive filtering the
signal attenuation showed no significant deviation from mono-
exponentiality. The convergence of the extracted ADC to the set
Df value is clearly demonstrated both for with increasing number
of T2-filters (Fig. 4a) or decreasing sex durations (Fig. 4b). In partic-
ular, the ADC obtained at sex = 2 ms � 1/2kb is less than 4% below Df
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which is in the same order as the typical experimental error (2–
10%) obtained in similar heterogeneous materials. As also dis-
cussed below, intensity loss penalty for this performance is in
the order of 95% that must be kept in mind when applying the
method.
2.3. Suppression of exchange effects by decoupling for other
magnetization exchange cases

The method discussed in the previous section works for PGSTE-
type experiments for magnetization exchange (either via cross-
relaxation or exchange of protons) between a macromolecule with
short T2b and water (or any other mobile phase) with significantly
longer T2f. As concerning experimental demonstration, we concen-
trate on this particular case since we judge it has the widest practical
relevance. In this section we discuss the limitations and propose –
without detailed analysis and experimental demonstration – other
methods that can be applied in other cases. While simple, we are
not aware that these were ever suggested and used. We also stress
that intramolecular cross-relaxation, while providing artifacts as
concerning the intensity of the observed diffusional decays [28],
has no influence on the diffusion coefficient obtained via Eq. (1).

First, we note that applying T2-filters during the diffusion time
D is, as concerning its effect, equivalent to decoupling applied
selectively to the ‘‘bound’’ magnetization. In case of a short T2b, this
can be achieved by the alternative method of weak off-resonant (1/
T2b 	 Dx� 1/T2f) irradiation that suppresses magnetization
broadened by either fast relaxation or large multispin dipole–di-
pole coupling. This suppresses the longitudinal magnetization in
the ‘‘bound’’ pool B, and the resulting decay is represented by the
expression analogous to that in Eq. (10). Hence, the method works
at the expense of intensity loss. While the method based on T2-fil-
ters is limited to PGSTE-type experiments, this off-resonant decou-
pling method could also be applied to chemically exchanging
systems explored by spin-echo-based diffusion experiment.

Secondly, magnetization exchange may occur between two nu-
clear pools that both correspond to mobile molecules, character-
ized by relatively long T2 values. In the homonuclear case, the
exchange can be chemical exchange or intermolecular cross-relax-
ation; the latter is the only mechanism for heteronuclei. If the sep-
aration of resonance frequencies of the two pools is �1/T2, as
always for the heteronuclear case, the effect of the exchange on
the observed diffusion of one of the pools (pool A) can be removed
by decoupling applied to pool B during the s2 period (see Fig. 2). As
discussed above, PGSTE experiments with selective excitation [41],
permitted by the presence of resolved resonances, reduce but not
completely eliminate the effect of exchange.

In general, the effect of intermolecular exchange of magnetiza-
tion on the obtained diffusion decays is such that significant error
appears if (i) the difference between the involved diffusion coeffi-
cients is large and (ii) and the diffusion time is not negligibly small
compared to the inverse of the exchange rate. For heteronuclei, the
sole magnetization exchange mechanism is cross-relaxation and
that, being typically slower than the longitudinal relaxation and
particularly so in systems with large mobility differences [42,43],
should have negligible effect. Possible exceptions are ionic liquids
and liquid crystals [44] with hydrogenated/fluorinated ion pairs.
On the other hand, depending on experimental conditions proton
exchange may have significant effects on the observed 1H water
diffusional decays in, for example, aqueous solutions of sugars.
Fig. 5. The 1H NMR spectrum of the investigated water–agarose gel.
3. Experimental demonstration

For testing our method, we chose to study agarose gel which is a
rather well-known system with (i) significant T2 difference
between water and agarose 1H NMR signals, (ii) magnetization ex-
change that proceeds on the time scale of customary NMR diffu-
sion experiments and (iii) an immobile macromolecular
component with Db = 0. Agarose and water exhibit a rather com-
plex system [45]. First, the agarose double helix incorporates inter-
nal water molecules that exchange with the external water
molecules on the time scale of 10�8–10�6 s. This exchange process
is fast on the NMR time scale and sets the observed water proper-
ties (both spin relaxation and self-diffusion) to the population
averages of the respective bound end external properties. Hence,
the water peak remains narrow as compared to the macromolecu-
lar peak because of the low proportion of those internal waters.
The water and macromolecular 1H nuclear magnetization pools ex-
change both by proton exchange (with hydroxyl groups, fast at
acidic pH) and by cross-relaxation [46].

3.1. Experimental conditions

Agarose was purchased from BDH Chemicals (Poole, England). It
was equilibrated at room temperature in a closed container con-
taining a saturated aqueous solution of KNO3 (RH 95%) for approx-
imately a week. Then the humid agarose was gently compacted to
the bottom of a 5-mm o.d. NMR tube that was then closed air-tight
and left to equilibrate for 5 additional days.

All NMR experiments were performed at 22.0 ± 0.1 �C as veri-
fied and intermittently monitored by a Pt100 thermometer placed
in the sample space of the NMR probe. 1H (300.09 MHz) diffusion
and the Goldman–Shen [38] experiments were performed on a
Bruker Avance II console equipped with a Diff25 diffusion probe
capable of delivering z-gradients up to 9.7 T m�1 (with 40 A input
current). The 90� pulse length was set to 10.5 ls. The dwell time
was 1 ls and typically 4k complex points were recorded during
less than 5 ms acquisition time. The NMR spectrum (see Fig. 5)
was composed of a narrow and a broad peak having line widths
of 1.2 and 53 kHz, respectively.

To measure cross-relaxation, a Goldman–Shen experiment [38]
was performed with the t0 preparation delay (see notation in
Fig. 4 of the original paper [38]) incremented in 10 ls step between
10 ls and 150 ls and the s evolution delay incremented in 20 geo-
metrically-spaced steps from 1.0 ms to 2.2 s. The longitudinal eddy
delay (LED) version [40] of the PGSTE experiment was performed
with trapezoidal-shape gradient pulses of 800 ls followed by a gra-
dient recovery delay of 100 ls. The diffusion time D was varied be-
tween 5 and 50 ms. The gradient strength was incremented in 32
linear steps from 1% to 98% of the maximum gradient value. The
LED delay was set to 5 ms including a 2 ms sine-shape spoil gradi-
ent at �1.3 T m�1; a 2 ms sine-shape gradient pulse of �1.7 T m�1

was also applied at the beginning of the s2 period, see Fig. 2. The



Fig. 6. (a) The signal intensities obtained in Goldman–Shen experiments [38] on a
water/agarose gel (see text). The initial decay t0 was increased from top to the
bottom in 10 ls step from 10 ls to 150 ls. The lines represent fits of Eq. (11) to the
data. The dips in the middle of the curves are characteristic of cross-relaxation. (b)
Fitting Eq. (12) in the composite parameter space derived from the fits in (a)
provides the exchange rate kf from the intercept of at the vertical axis.
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PGSTE-LED experiments were also performed with T2-filters added.
The number of T2-filters varied from 1 to 4 with magnetization kept
in the transverse plan for srel = 20 ls. Sine-shape 1 ms spoil gradi-
ent pulses at �1.7 T m�1 were applied after each T2-filter to elimi-
nate unwanted echoes. The recycle delay time was set to 5T1.

Data were imported in Mathematica 7.0 (Wolfram, Champaign,
IL) for fitting using home-made packages and programs (available
upon request from the authors). Mathematica 7.0 was also used to
solve all differential equations presented in the theory section.

3.2. Goldman–Shen experiments

For detailed analysis of longitudinal relaxation in presence of
magnetization exchange because of cross-relaxation and/or proton
exchange the reader is referred to the seminal paper of Edzes and
Samulski [47]; here we re-capitulate the main features of a two-
site (water and agarose, see Fig. 1) exchange model relevant for
us. The longitudinal magnetization (i.e., during the s delay) in
the water phase Mf compared to the equilibrium value M0

f during
GS experiment is:

Mf ðsÞ ¼ M0
f ð1þ cþe�Rþs þ c�e�R�sÞ ð11aÞ

with

2R
 ¼ kf þ Rf þ kb þ Rb 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkf þ Rf � kb � RbÞ2 þ 4kf kb

q
ð11bÞ

c
 ¼ 
mf ðt0Þ
kf þ Rf � R�

Rþ � R�
�mbðt0Þ

kf

Rþ � R�
ð11cÞ

where

mf=bðt0Þ ¼
Mf=bðt0Þ �M0

f=b

M0
f=b

ð11dÞ

is the normalized deviation from equilibrium, with relaxation and
exchange rates as defined in the theory section with f correspond-
ing to the water and b to the agarose phase. To avoid recording any
signal corresponding to agarose, an acquisition delay of 50 ls was
inserted after the detection pulse. Fig. 6a represents obtained signal
evolution with delay s for different preparation delays t0; the ob-
served dip is the typical sign of magnetization exchange. The large
difference between the data obtained by the two shortest t0 delays
10 ls and 20 ls, top curves, is a sign that macromolecular magne-
tization, as expected, has not decayed completely at t0 = 10 ls and
those data were excluded from further analysis. Extracting the ex-
change rate from such data is easiest by first fitting these data to
Eq. (11) which yields a dataset of c± and R± for each preparation
time t0. Choosing t0 values long enough to suppress macromolecule
magnetization (mb = �1), the following expression can be derived
[12]:

ðRþ � R�Þðcþ � c�Þ ¼ Kðcþ þ c�Þ þ 2kf ð12Þ

where K is a constant composed of the other constants. Hence, plot-
ting as in Fig. 6b the left side expression as a function of (c+ + c�)
yields the exchange rate kf from the value of the intercept. Since fac-
tor K is also extracted from the slope, the other parameters can be
derived as [12]:

kb ¼
ðRþav � R�avÞ

2 � K2

4kf
ð13aÞ

Rf ¼
Rþav þ R�av þ K

2
� kf ð13bÞ

Rb ¼
Rþav þ R�av � K

2
� kb ð13cÞ
where index ‘‘av’’ indicates the average value of the fitted R+ and R�

parameters. The different parameters extracted from the fits per-
formed in Fig. 6 are represented in Table 1. The intercept in
Fig. 6b is precisely defined (note the relative scale on the vertical
axis). However, one should keep in mind that the model is based
on a number of assumptions (among others, a single exchange
event with a unique exchange rate) and therefore precision does
not necessarily imply the validity of the model. Hence, the longitu-
dinal relaxation rate of the agarose obtained via Eq. (13c) is negative
which is unphysical and is a clear indicator of the incompleteness of
the simple two-phase model. As we shall discuss below, this has
important implications concerning experimental strategies.

From the data, an average exchange time Tex can be calculated
on the conventional manner as

Tex ¼
kf þ kb

kf kb
ð14Þ

We obtained Tex = 8.1 ms which was in the same order as previ-
ous measurements for water in aspen wood (16 ms) [48], in poly
[2-hydroxyethyl-methacrylaye] (21.1 ms) [12], in polyelectrolyte
multilayers (24.6 ms) [37] and in filter paper (44 ms) [4].

3.3. Experiments with PGSTE

Since the water transverse relaxation time T2 in this system was
short (<1 ms), water diffusion experiments in the agarose-water
gel require stimulated-echo experiments where the diffusion time
D used can be up to the much longer longitudinal relaxation time
T1 (	400 ms). Fig. 7a presents the results of diffusion
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measurements with D varying from 5 ms to 50 ms and fitted using
Eq. (1). As shown in Fig. 7b (red square), the fitted apparent diffu-
sion coefficients using Eq. (1) decrease with increasing diffusion
time, a feature that could easily be misinterpreted as a sign of re-
stricted or obstructed diffusion. Fitting the data to Eq. (7a) with ex-
change rates set to the values in Table 1 (purple square in Fig. 7b) is
supposed to correct for the exchange [4,6–9,12] effects in the dif-
fusional decay. Indeed, this provides higher apparent diffusion
coefficients which is as expected, since magnetization exchange
with immobile agarose decreases average displacement compared
to that with magnetization residing exclusively in mobile water
molecules. Under our experimental conditions, the approximation
D � s2 may have been invalid for our shortest diffusion times; for
those cases, it was therefore important to use a signal expression
[6] which did not rely this approximation

EðqÞ ¼ e�A D�d
3ð Þe

As2
2

cosh Bs2
2

� �
� AþC

B sinh Bs2
2

� �
cosh B0s2

2

� �
� C

B0
sinh B0s2

2

� � ð15Þ

with constants A, B, B0 and C defined in Appendix A. As a result, the
D-dependence of the obtained diffusion coefficients became much
reduced as shown in Fig. 7b.

3.4. Experiments with exchange-suppressed PGSTE by T2-filters

As an alternative to the method outlined above, we performed
experiments with different number of T2-filters employed within
the s2 evolution period in the PGSTE experiment (see Fig. 2). As
shown in Fig. 8, the experiments qualitatively performed as
Fig. 7. (a) Experimental water signal attenuation obtained in a water/agarose gel
with conventional PGSTE experiments performed with the diffusion time D set to
5 ms (blue), 10 ms (red), 15 ms (purple), 20 ms (green); 30 ms (orange), 40 ms
(brown) and 50 ms (black). Points represent experimental data and the lines are fits
of the Stejskal–Tanner expression in Eq. (1). For clarity, data points are presented
only for the two extreme D values. (b) The apparent water diffusion coefficients
obtained from the data recorded at different D (red); the decrease of the ADC with
increasing D could be misinterpreted as sign of restricted or obstructed diffusion.
The diffusion coefficients obtained by fitting Eq. (7a) to the data with exchange
rates as provided by Table 1 (purple) provide a less pronounced decrease upon
increasing D. b in (a) is the conventional Stejskal�Tanner factor, (cgd)2(D�d/3).
expected and yielded steeper and steeper diffusional decays with
increasing number of filters applied.

To obtain a clearer quantitative picture, in Fig. 9 we present the
diffusion coefficients obtained by fitting the classical Stejskal–Tan-
ner expression to data obtained by different number of T2-filters
embedded into the stimulated echo sequence as given by Fig. 2.
Without any filter applied, the apparent diffusion coefficient was
much lower than the true Df value. Just a few filters provided a
rough correction for this effect and, as illustrated with the
D = 10 ms data, the obtained diffusion coefficients seemed to con-
verge to a constant level when sex became comparable to the in-
verse of the exchange rate, a behavior predicted in Fig. 4a. One
should also note that diffusion coefficients obtained with different
D but with the same sex are, within error, identical.

It is important to note that the Df values obtained by the
method proposed here seem to be close but significantly above
the corresponding value obtained by performing the well
accepted correction method [4,8,37], that is estimating the
exchange rate by the Goldman–Shen experiment and correcting
for the effects of the exchange by inserting that exchange rate
into the Kärger model. To our opinion, this difference highlights
that the exchange-suppression method has the capacity to pro-
vide more accurate diffusion data. Namely, the correction method
has several shortcomings. First, as has been thoroughly discussed
and also demonstrated by simulations for specific cases [49], the
Kärger model is based on several assumptions that may not be
valid for the system investigated [2,30,50]. Secondly, as is typical
for the specific case of water in macromolecular materials (but
usual also in other heterogeneous systems) the 1H NMR spectrum
can seldom be characterized in detail that would permit one to go
beyond a simple two-state model. In other words, one can only
distinguish between a narrow and a broad signal component,
even if either or both are in reality composites of contributions
from molecules with slightly different characteristics such as
mobility. In other words, there might be a distribution of molec-
ular properties such as exchange. In a two-state model, it is diffi-
cult to account for the effect of such distributions, particularly so
if they are correlated (such as exchange rates and relaxation rates
varying in parallel). Thirdly, as we already mentioned more than
Fig. 8. Experimental data points and fits (dashed lines) of the Stejskal–Tanner
expression in Eq. (1) to experimental water signal attenuation data obtained by
PGSTE experiments with one (blue, sex = 4.5 ms), two (red, sex = 3.0 ms), three
(purple, sex = 2.2 ms), and four (orange, sex = 1.8 ms) T2-filters and with D = 10 ms.
Full black line indicates the results with conventional PGSTE, while the dashed
black line is the simulated curve with the diffusion coefficient as obtained at the
same D value after the exchange-correction procedure in Fig. 7. For clarity, data
points are presented only for two experiments. b is as defined in Fig. 7.



Fig. 9. Diffusion coefficients as provided by the fits presented in Fig. 8 (blue,
D = 10 ms). The red data points represent diffusion coefficients obtained from
measurements with longer diffusion times D = 15 ms and D = 20 ms and with
sex = 4.5 ms (setting the number sex intervals to 3 and 4, respectively). The purple
lines are the ADC range estimate (incorporating also the uncertainty propagated
from the uncertainty in the exchange rate kb) provided by the exchange-correction
procedure for data recorded at D = 10 ms, see Fig. 7. Error bars represent the 95%
confidence levels.
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one magnetization exchange mechanisms might simultaneously
be present, such as proton exchange and cross-relaxation for aga-
rose. The method presented here does not correct for exchange,
but suppresses its effects irrespective of source and heterogene-
ity. Moreover, in the small sex limit the results provided are inde-
pendent of the Kärger model. As an alternative to the correction
method, one could instead measure the variation of the diffu-
sional decay by the diffusion time and extract, within the Kärger
model, the site specific diffusion coefficient [24,25]. However, the
same limitations as above would apply because of model depen-
dence. In addition, if the system exhibited restricted diffusion [3]
the variation with the diffusion time would certainly lead to arti-
facts in the extracted diffusion coefficients.

The other issue besides accuracy is precision. It would seem
that the method presented here has a clear disadvantage in this
respect since it suppresses the effects of exchange at the cost of
a large intensity loss (recall Eq. (10)). One should note, however,
that the signal loss per unit experimental time is far less severe
since the correction method requires an accurate estimate of
the magnetization exchange rate that in turn requires a series
of Goldman–Shen-type experiments. Performing experiments
with several different diffusion times similarly carries a time
penalty.

In the limit of fast exchange 1/kb� D, none of the methods
work well, albeit for different reasons. The T2-filter method would
suffer from excessive signal loss. On the other hand, the diffu-
sional signal decay from conventional experiments would ap-
proach the functional form given in Eq. (1) with D set to the
population- and relaxation-weighted average of the two involved
diffusion coefficients. While that average certainly depends on Df

the actual value of Df could not be extracted by the correction
method alone. In that case, one should resort to experiments per-
formed at different compositions and one could obtain Df from
the variation of D with composition. However, this is not only te-
dious but is not always permitted since it may lead to structural
changes.

4. Conclusions

As is well known, exchange of magnetization between different
molecular pools has a strong influence on stimulated-echo-type
NMR diffusion measurements [4,6,7,10–13,24–26]. Often, this
effect is unwanted and acts as a source of error. We proposed and
presented a detailed analysis of a new stimulated-echo-type exper-
iment where we introduced T2-filters in the longitudinal evolution
period. The purpose of this modification was to suppress the dele-
terious effects of magnetization exchange on the obtained diffu-
sion coefficient data. Indeed, as demonstrated by experiments
made on water in agarose gel, the method performs well and yields
the water diffusion coefficient free of artifacts that, in a conven-
tional stimulated-echo experiment, would arise due to magnetiza-
tion exchange between water and agarose either because of proton
exchange or because of cross-relaxation. We also found that the T2-
filtered PGSTE method provides, for water in an agarose gel, larger
diffusion coefficient than that obtained by a correction method
[4,8,37] where exchange rates extracted from Goldman–Shen-type
experiments are inserted into the Kärger model [29–32,36] in or-
der to retain the water diffusion coefficient. We take this as an
indication that the suppression method is inherently more accu-
rate because it is less dependent on the actual model and on the
validity of the model assumptions.

In which systems is the method applicable depends, among
other things, on the signal intensity loss that accompanies it. Ulti-
mately, if the exchange rate is too high the intensity loss will be
prohibitively high. Investigating the range of applicability of both
this exchange-suppression method and the more familiar methods,
either that correct for exchange or that explore a large range of dif-
fusion times [24,25], requires further studies. Further work is also
required to see if the other suppression method based on decou-
pling and proposed above has, if any, valid areas of application.
As concerning the T2-filtered PGSTE method we expect it to be use-
ful in complex materials like wood and cellulose where exchange
rates and mechanisms as well as relaxation properties can be very
heterogeneous. The applicability in other systems like tissues
where large T2 differences (though, smaller than here) exist be-
tween various compartments [51] is an intriguing question. We as-
sume that the pulse sequence presented here would provide there
another way for relaxation-filtering and relaxation-correlated dif-
fusion studies [52,53] where the main objective could be a more
complete characterization of both exchange and diffusion.
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Appendix A.

In the main text, we provide the results that are formally simple
and apply in the limit of vanishing s1 and D � s2 (see Fig. 2) and,
moreover, vanishing srel. If these conditions do not exist, the
expression that replaces Eq. (8b) is

Sf ðq;DÞ¼ e�ð2pqÞ2Df D�ðnþ1Þsex�d
3ð Þ P0e�ð2pqÞ2D1sex þð1�P0Þe�ð2pqÞ2D2sex

h inþ1

ðA1Þ

To fit data, Eq. (A1) has to be corrected by the signal expression in
absence of gradients, i.e. to be divided by the same expression with
Df and Db set to 0. The following equation represents the normalized
signal attenuation during the pulse sequence drawn in Fig. 2:

EðqÞ¼ e�Af D�d
3�s2þnsrelð Þ B0e

1
2ðDþB0Þsex ðB�FÞe�1

2ðEþBÞsex þðBþFÞe�1
2ðE�BÞsex

h i
B½B0ð1þeB0sex ÞþCð1�eB0sex Þ�

8<
:

9=
;

nþ1

ðA2Þ



G. Pagès et al. / Journal of Magnetic Resonance 234 (2013) 35–43 43
with

Af ¼ Df ð2pqÞ2

Ab ¼ Dbð2pqÞ2

C ¼ kf þ Rf � ðkb þ RbÞ
D ¼ kf þ Rf þ kb þ Rb

B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAf � Ab þ CÞ2 þ 4kf kb

q
B0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 þ 4kf kb

q
E ¼ Af þ Ab þ D
F ¼ Ab � ðAf þ CÞ

We recall that in Eq. (15), the macromolecular system was con-
sidered immobile, i.e. Db = 0 and so, Ab = 0 and A = Af.
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