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Abstract

Finite gradient pulse lengths are traditionally considered a nuisance in g-space diffusion NMR and MRI, since the simple Fourier
relation between the acquired signal and the displacement probability is invalidated. Increasing the value of the pulse length leads to
an apparently smaller value of the estimated compartment size. We propose that g-space data at different gradient pulse lengths, but
with the same effective diffusion time, can be used to identify and quantify components with free or restricted diffusion from multiexpo-
nential echo decay curves obtained on cellular systems. The method is demonstrated with experiments on excised human brain white
matter and a series of model systems with well-defined free, restricted, and combined free and restricted diffusion behavior. Time-resolved
diffusion MRI experiments are used to map the spatial distribution of the intracellular fraction in a yeast cell suspension during sedimen-
tation, and observe the disappearance of this fraction after a heat treatment.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Diffusion NMR and MRI experiments performed on
water in biological tissues almost invariably display non-
exponential signal decays. This is also true for the clinically
important case of water diffusion in brain tissues [1].
Because of the complexity of tissue, assignment of the var-
ious exponentials is far from trivial [2,3]. A proper assign-
ment is, of course, essential for the further development of
diffusion MRI as a tool for diagnosis of, e.g., ischemic
stroke, brain tumors, multiple sclerosis, and Alzheimer’s
disease [4].

Non-exponential echo decays could result from multi-
component free (Gaussian) diffusion, restricted (non-
Gaussian) diffusion, or a combination of both. Free or
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restricted diffusion is traditionally distinguished by per-
forming the diffusion experiment at different values of the
effective diffusion time z4. Free diffusion yields an apparent
diffusion coefficient D that is independent of 74, while
restricted diffusion is verified by a root-mean-square dis-
placement Z,,,; independent of 74 [5-7]. The finite perme-
ability of the cell membrane makes a clear-cut distinction
of free and restricted components difficult when using data
obtained at different values of ¢g.

In the short-gradient-pulse (SGP) limit, the diffusion
propagator can be obtained through an inverse Fourier
transform of the diffusion NMR signal acquired as a func-
tion of the wave vector ¢ defined by the strength and dura-
tion of the magnetic field gradient pulses [S]. The size and
shape of the confining geometry can be estimated from
the propagator in the limit of long ¢4 [7,8]. The breakdown
of the SGP limit has been studied in some detail using a
variety of approaches [9-11]. Increasing the value of the
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pulse length 6 results in an apparent shrinkage of the pore.
The pulse length is smaller than ¢4, often by an order of
magnitude, and is therefore less affected by molecular
exchange between the various compartments.

In this paper, we show how restricted components in
multiexponential echo decay curves can be identified by
varying J. The ratio between the Gaussian and non-
Gaussian components is a measure of the ratio between
the intra- and extracellular compartments. Such an esti-
mate could verify or disprove the various mechanisms
proposed for ischemic stroke [4,12,13]. The approach is
demonstrated on a series of systems with increasing
complexity: a polymer solution with multicomponent
Gaussian diffusion, a highly concentrated water-in-oil
emulsion with both Gaussian and restricted species, a
yeast cell system with water located both inside and
between the cells, and a sample of excised human brain
white matter.

2. Theoretical considerations

The basics of the diffusion NMR experiment are
described in several textbooks [14,15] and review articles
[16-18]. Below follows a short review of the pertinent the-
ory in order to provide a basis for the discussion of the
experimental results.

The schematic pulse sequence shown in Fig. 1 relies on
two rectangular gradient pulses of strength G and duration
0 to encode and decode the positions of the molecules [19].
The time between the onset of the pulses is denoted A. The
effect of the first gradient pulse is to wrap the x, y-magne-
tization into a helix with spatial frequency ¢ = yGd/2m,
where 7 is the magnetogyric ratio. After the second gradi-
ent pulse, which unwraps the magnetization helix, the sig-
nal is detected. Diffusion on a length scale comparable
to, or larger than, ¢~ ' during the time between the gradient

gradient
D
o
5‘.
(o]

= b m

position

%
time

\ /1E

v time

signal

Fig. 1. Schematic of the diffusion NMR pulse sequence. Top panel:
gradient modulation scheme with pulse length o, diffusion time A, and
gradient strength G indicated. Middle panel: evolution of the transverse
magnetization m,., (color coded according to the unit circle shown to the
right). ¢~! is the wavelength of the magnetization helix. Bottom panel:
NMR signal. E is the echo intensity normalized to the value obtained at
G=0.

pulses leads to an attenuation of the detected signal E. In
the SGP approximation, the winding and unwinding of
the magnetization helix is assumed to take place instanta-
neously. Neglecting nuclear relaxation processes, E is given

by [5]
E(q,A) = /P(Z7 A) exp(i2ngZ) dZ, )

where P(Z, A) is the average propagator, i.e., the probabil-
ity density that the spins move the distance Z during the
time A. According to Eq. (1) there is a Fourier relation be-
tween the measured signal and the displacement probabil-
ity. From a series expansion of Eq. (1) it can be shown
that the initial, low-¢, decay of E is given by

limg0E(q, A) = exp(=21°q"Z}y,,), (2)
where Z,.,s is the root-mean-square displacement during
the time A, i.e., the width of the distribution P(Z, A). As
long as the conditions for the SGP approximation are ful-
filled, Eq. (2) is valid irrespective of the actual shape of
P(Z, A). For Gaussian diffusion the effect of the gradient
pulse length can be taken into account by introducing an
effective diffusion time 74 = A — /3. If this correction is
attempted for molecules experiencing restricted diffusion
on the time scale of o, the estimated value of Z,, will de-
crease with increasing 6 [10,20]. The reason for this de-
crease can be understood from Fig. 2. The particle is
labeled for a position given by the center-of-mass average
of the path during the application of the gradient pulse.
With infinitely short pulses the particle can be labeled for
any position within the pore, even next to the pore wall.
As the pulse length is increasing it is less likely that the par-
ticle will be labeled for a position close to a pore wall. In
the limit of very long pulses the particle will be labeled
for the center of the pore since the entire pore space has
been sampled during the application of the pulse.

Fig. 2. Trajectory of a particle confined in a pore. The position for which
the particle is encoded is given by the center-of-mass average of the path
during the application of the gradient pulse (shown with bold lines).



282 C. Malmborg et al. | Journal of Magnetic Resonance 180 (2006) 280-285

3. Experimental details
3.1. NMR experiments

NMR experiments were performed at 25 °C, unless other-
wise stated, on a Bruker DMX-200 spectrometer operating
at200.13 MHz proton resonance frequency. Pulsed field gra-
dients were generated by a Bruker DIFF-25 gradient probe
driven by a BAFPA-40 current supply. This setup can pro-
duce magnetic field gradients with a maximum strength of
9.6 T/m in the z-direction. Diffusion was measured with
the pulsed field gradient stimulated echo pulse sequence
[21]. Spatial resolution in the z-direction was achieved by
applying a 48 mT/m read gradient during signal direction.
Variable-6 experiments were performed with constant sepa-
ration between the RF pulses and constant ty = A — 6/3. The
gradient strength was adjusted to keep the g-values indepen-
dent of the value of . Explicit values of 74 and 0 are given in
the figure captions. Because of the wide distribution of diffu-
sion coeflicients in the studied systems the gradients were
increased in a geometric sequence in contrast to the custom-
ary linear one. With 8 scans and 2 s recycle delay the whole
set of spectroscopic experiments was performed in approxi-
mately 20 min (polymer, yeast, and brain) or 40 min (emul-
sion) per sample. The imaging experiments were performed
with a spatial resolution of 190 um and a time resolution of
20 min (including a 10 min waiting time).

3.2. Preparation of samples

The highly concentrated water-in-oil emulsion was pre-
pared by adding a water solution containing a H,O/D,O
mixture (20 g H,O in 50 ml solution) and 0.2 M tetramethyl
ammonium chloride (TMACI) to an oil/surfactant mixture
consisting of heptane (57.5 wt%), lecithin (7.5 wt%), and
C1,EOQy4 (35 wt%). The H,O/D,O composition was chosen
to have a reasonable ratio between the signals of the H,O
and the TMA™ ions. The water solution was added slowly
to the oil phase while shaking on a vortex mixer and, when
the emulsion became more viscous, by hand. The final emul-
sion contained 96 wt% of the water phase. Emulsion stability
during the course of the NMR experiments was verified by
recording ““diffusion diffractograms™ [22].

The aqueous polymer solution contained 50 wt% polyeth-
ylene glycol (PEG) with molecular weight between 1305 and
1595 g/mol (supplier specification) dissolved in H,O.

The yeast sample was prepared by suspending ordinary
baker’s yeast in H>,O and letting the yeast cells sediment in
the NMR tube overnight at 4 °C. NMR experiments started
after 1 h equilibration at 25 °C. Yeast activity resulted in gas
bubble formation in the sediment on the time scale of 12 h.
No visible bubble formation occurred during the NMR
experiments (20 min). Time-resolved MRI experiments were
performed while a sediment was formed from an initially
homogeneous yeast cell suspension in a standard 5 mm
NMR tube at 4 °C. Heat treatment was performed by raising
the temperature within the magnet to 70 °C for 1 h.

A case with clinically and neuropathologically diag-
nosed vascular dementia and ischemic white matter pathol-
ogy was chosen for post-mortem NMR measurements. For
clinical/neuropathological analysis, the brain was fixed in
6% formaldehyde solution for 6 weeks and later cut in
10 mm whole-brain coronal slices that were sectioned and
stained for microscopy. Utilising the 5 mm OD NMR sam-
ple tube, a sample from the deep frontal white matter was
taken from the cut whole brain and placed in formaldehyde
solution. For the NMR experiments the excess formalde-
hyde solution was removed and the tissue sample was put
in an NMR tube. Post-mortem NMR investigations were
made with permission from the ethics committee at Lund
University (LU 685-01 and LU 926-02).

4. Results and discussion

Experimental results for the highly concentrated emul-
sion are shown in Fig. 3. This system has been thoroughly
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Fig. 3. Effect of finite gradient pulse length for oil (red), water (blue), and
salt (green) in a highly concentrated water-in-oil emulsion. (A) Experi-
mental echo intensity £ vs. the wave vector ¢ using the parameters
tq =40 ms and 6 = 2.0 (circles), 4.3 (squares), 9.3 (triangles), and 20 ms
(diamonds). (B) Root-mean-square displacement Z,,,,s vs. pulse length ¢
evaluated from the initial slope of the data in (A). (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this paper.)
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characterized by diffusion NMR methods [20,22-25]. The
diffusion of oil, water, and salt can be studied simulta-
neously since the different species give rise to resolved res-
onances in the NMR spectrum. The emulsion consists of
discrete water droplets in a continuous oil phase. The drop-
let radius is estimated to about 1 pm from “diffusion dif-
fractogram”™ coherence peaks (not shown) [23]. Due to
the high volume fraction of water, in excess of 90%, the
thickness of the oil film separating adjacent droplets is only
about 10 nm. The long-range diffusion of water-soluble
substances depends on the ability of the substance to pen-
etrate through the oil film. Water has a small, but finite, oil
solubility, while charged species, like the TMA™ ions stud-
ied here, are practically insoluble in the oil. Consequently,
the long-range water diffusion is reduced a factor ~10 from
the bulk value [25], while the salt displacement is limited by
the droplet size. The reduction of the oil diffusion from the
bulk value is related to the tortuosity of the pore space in
which the oil is located.

Asshown in Fig. 3A the signals from the water and the oil
are independent of the value of J indicating Gaussian diffu-
sion. The water signal displays a coherence peak outside
the scale of the figure. The influence of ¢ on this peak is stud-
ied in [20]. Increasing J leads to a shift of the decay of the salt
signal towards higher g-values indicating an apparently
smaller value of Z,. Fig. 3B displays Z,,s evaluated by
fitting Eq. (2) to the data in Fig. 3A using data points
fulfilling £ > 0.8. The values for the oil and the water are
constant while the value for the salt is decreasing with o.
For spherical pores with radius r the limiting value of Z
equals (2/5)1/ %r ~ 0.63r [14]. A crude extrapolation of the
data for the salt indicates that it is necessary to use pulse
lengths below 0.3 ms to measure the correct value of Z,
for spherical pores with 1 pm radius. It is quite likely that
the exact dependence of the apparent Z,,,, on d could yield
useful information about the pore geometry in the same
manner as time-dependent apparent diffusion coefficients
give the surface-to-volume ratio of the pore space [26]. This
subject is outside the scope of the current paper, but is well
worth future studies.

The data in Fig. 3 clearly show that by performing
experiments with different §, but constant g-range, ¢4, and
relaxation weighting, it can be determined whether the dif-
fusion of a substance obeys Gaussian statistics. The aim of
this work is to identify and quantify the amount of a single
substance located in different compartments, the morphol-
ogy of which gives rise to different diffusion statistics. In
this case there is no spectroscopic resolution of the various
components contributing to the multiexponential echo
decay. Extracting the various exponentials from a feature-
less decay curve through either numerical Laplace inver-
sion or multiexponential curve fitting is a difficult
problem that suffers from non-uniqueness of the solution
[27]. An experiment that gives easily interpretable informa-
tion without requiring an inversion of the decay curve
would be highly useful. For experiments on water in cellu-
lar systems the initial, low-¢, part of the decay curve orig-

inates from the extracellular space with fast diffusion, and
the final, high-g, part of the decay results from water con-
fined in the cells [28]. Neglecting molecular exchange and
differences in relaxation, the fraction of water located
inside the cells can then simply be estimated from the point
where the decay curves measured at different values of ¢
start to deviate. This fact is illustrated in Fig. 4 showing
experiments performed on three different samples exhibit-
ing multiexponential signal decays, but with different diffu-
sion statistics. Consequently the signal decays are affected
differently by the value of 6.

The data for the aqueous polymer solution in Fig. 4A
contains contributions from both water and slowly
diffusing polymer. The polymer diffusion depends on the
molecular size [29] and is further reduced by chain entan-
glement since the polymer concentration is well above the
value at which the individual polymer molecules start to
overlap. The data for different ¢ collapse on a single curve
verifying Gaussian diffusion of all components, both fast
and slow.

The situation is rather different for the yeast cells in
Fig. 4B. In this case there is an initial Gaussian decay cor-
responding to the free water outside the cells, and a final
non-Gaussian decay originating from the restricted intra-
cellular component [6]. The curves start to deviate at
E =~ 0.35, which can be interpreted as a relaxation-weighted
intracellular fraction P, of 35%. Work is in progress to
quantify the relaxation effect by performing diffusion-re-
laxation correlation experiments [30].

In Fig. 4C the data for the brain tissue is shown. Also in
this case there is an initial Gaussian and a final non-Gauss-
ian decay. This is in accord with the recent observation by
Nossin-Manor et al. [31] that longer values of § lead to a
larger signal from the slow-diffusion component. The bor-
der between the two types of behavior is located at about
E=0.5, but the exact location is less well defined than
for the yeast sample. This is the result of the local anisotro-
py of the structure. Whereas the yeast cells are roughly
spherical, nerve fibers are cylindrical. The amount of
restricted water depends on the direction of the applied
gradients. When the gradients are oriented in parallel with
the fiber direction all water appears to be free. The true
intracellular fraction can only be determined from mea-
surements perpendicular to the fibers. In a macroscopic
sample there is a distribution of fiber orientations, thus
smearing the transition between Gaussian and non-Gauss-
ian decay as observed in Fig. 4C. The NMR equipment
used here only allows for measurements in one direction.
Characterizing the anisotropy of the effect of variable ¢ is
important for studies of nerve fiber orientation and will
be the subject of future studies. It is quite likely that adding
the information from the effect of § to current 3D g-space
experiments [28] would improve the accuracy of the estima-
tion of the direction and distribution of nerve fiber
orientations.

The results of the diffusion MRI experiments are shown
in Fig. 5. The intracellular fraction P;,  was estimated for
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Fig. 4. Experimental echo intensity E vs. the wave vector ¢ for a polymer
solution (A), yeast cells (B), and brain white matter (C). The following
parameters were used: 7y = 100 ms and ¢ = 1.0 (circles), 2.2 (squares), 4.6
(triangles), and 10 ms (diamonds). The fraction intracellular water P, is
given by the value of E where data obtained at different values of J start to
deviate.

each pixel by comparing E(g) for two values of é (0.5 and
5 ms). A simple algorithm was written to identify P;, as the
largest value of FE(q,0=15ms) where the ratio
E(g, 6 =5ms)/E(gq, 6 = 0.5 ms) exceeded 1.2. One-dimen-
sional maps of P;,; are shown in Fig. 5A for the polymer
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Fig. 5. Mapping the fraction intracellular water P;,, using a diffusion
MRI sequence with z3 = 50 ms and 6 = 0.5 and 5 ms. (A) P, as a function
of position z for a yeast cell sediment (solid) and a polymer solution
(dashed). (B) Pj, as a function of z and time for a yeast cell suspension
during sedimentation. Heat treatment was applied after 75 h.

solution and the yeast sediment. Since the diffusion is
Gaussian for all components in the polymer solution,
E(g) for the two values of ¢ coincide, cf. Fig. 4A, and
the algorithm returns P;, = 0 for all values of z. The top
surface of the yeast sediment was located at z=0.
Although the diffusion coefficients are similar for the poly-
mer and the yeast systems, the non-Gaussian behavior of
the intracellular water results in a sharp step in P, at
z=0. Larger values of P;, are obtained further down in
the sediment where the cells are more tightly packed.
Time-resolved Pj,-profiles for a yeast cell suspension in a
standard 5 mm NMR tube are displayed in Fig. 5B. The
sample is initially homogeneous with P, = 8%. At times
between 10 and 30 h a sediment of cells gradually fills the
part of the tube located in the active volume of the RF coil.
As time goes on the sediment becomes more packed, finally
reaching P, = 32%. After 75 h, the temperature within the
magnet is temporarily raised to 70 °C. This “pasteurization”
of the sample leads to a disruption of the cell membranes
and the complete disappearance of the intracellular fraction.
Thus, P, estimated from diffusion NMR/MRI with vari-
able J could be a sensitive measure for tissue integrity.
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5. Conclusions

NMR diffusometry experiments performed with varying
gradient pulse length, all other relevant parameters being
constant, are capable of identifying Gaussian and non-
Gaussian components in multiexponential echo decay
curves. For tissue such measurements can be used to esti-
mate the fraction intracellular water and, for anisotropic
structures, the direction of the cells. This study also shows
the great utility of well-defined colloidal model systems
when designing new MR methods for clinical applications.
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