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Abstract

Inadequate signal-to-noise ratio is a major factor limiting applications of magnetic resonance microscopy. The “Diffusion En-
hancement of Signal and Resolution” (DESIRE) scheme promises potential sensitivity enhancements of between one and three or-
ders of magnitude, but images using this mechanism have not been shown to date. Here, we report the first images obtained using
the DESIRE method, and obtain excellent agreement between numerical simulations and experimental data with signal-to-noise

enhancements of close to one order of magnitude.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Despite advances made in the last several years in
terms of its spatial resolution [1,2] the application of
MR microscopy to the study of very small samples such
as single biological cells [3-6] is still limited by a low sig-
nal-to-noise ratio (SNR) and long data acquisition
times. Molecular diffusion has a strong influence on
both the SNR and spatial resolution in magnetic reso-
nance microscopy due to the fact that, on the time scale
(ms) of the acquisition of individual I?—space lines, water
molecules diffuse a distance on the order of the desired
spatial resolution. Although diffusion limits the spatial
resolution [7,8], it also has potential advantageous prop-
erties in terms of generating image contrast on a micro-
scopic length scale through edge enhancement due to
motional narrowing [9-11] and diffusive relaxation
[12]. Moreover, it has been speculated that diffusion
can possibly be used to increase significantly the sensitiv-

* Corresponding author. Fax: 1-217-244-1330.
E-mail address: Iciobanu@uiuc.edu (L. Ciobanu).

1090-7807/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmr.2004.07.005

ity in magnetic resonance microscopy. Lauterbur and
co-workers [13-15] have proposed a scheme termed dif-
fusion enhancement of signal and resolution (DESIRE)
to enhance the sensitivity by one to three orders of mag-
nitude [5,16], although to date minimal experimental re-
sults have been reported.

The concept of diffusional enhancement is to saturate
the nuclear spins within a small volume for an extended
period of time. The molecules initially located in the sat-
urated volume diffuse out and are replaced by new mol-
ecules which become saturated. As a result, after a
certain saturation period the magnetization will be sup-
pressed in a larger volume outside the directly saturated
volume. The “missing” magnetization corresponds to all
the spins that have been, at some point during the satu-
ration period, within the saturated volume, even though
these spins are now distributed over a larger volume.
MR images are produced by detecting this missing mag-
netization via subtraction of images with and without
saturation [16]. The expected enhancements, as well as
the experimental requirements for the “DESIRE” meth-
od have been described in detail elsewhere [16]. Similar
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“hole-burning” techniques have been used in spectro-
scopic measurements of diffusion in various media
[17-20]. In this paper, we report the first MR images
obtained using the DESIRE technique, attaining signal
enhancements of about one order of magnitude.

2. Experimental

All experiments were performed using a Varian Uni-
ty/Inova 600 MHz NMR spectrometer equipped with
gradients with a maximum strength of 90 Gauss/cm.
All experiments were performed at room temperature
using a 3mm diameter solenoidal radiofrequency (RF)
coil.

The imaging sequence used is shown in Fig. 1; pulse
and delay timings are defined in this schematic. The
pulse sequence is based on a standard spin-echo se-
quence preceded by a saturation module. The role of
this prepulse is to saturate the magnetization in a certain
plane, in this case in the y direction. A constant slice-se-
lect gradient G, is applied during a long, low-power RF
pulse. The duration ¢, and power of the pulse were cho-
sen such that they correspond to a m/2 tip angle. The
nominal thickness (2a) of the saturated plane, in the ab-
sence of significant diffusion during the saturation pulse,
is defined to be the full-width-half-maximum (FWHM)
of the frequency-domain sinc function:
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After the pulse, any transverse magnetization is deph-
ased using a spoiler gradient G;. The prepulse is then re-
peated in order to keep saturating the magnetization in
the selected plane for a time period on the order of T;.
After saturation, a conventional spin-echo imaging
readout is used. Two images are acquired: one with sat-
uration and a second with no saturation, and the images
are subtracted on a pixel-by-pixel basis: the result is the
diffusion enhanced image.

3. Results and discussion

Using the pulse sequence described in the previous
section we obtained DESIRE enhanced images of a plant
stem with a diameter of 1.5mm. The images were ac-
quired with a prepulse of total saturation time
tsar = 900 ms (consisting of 30 7/2 pulses) and a gradient
G, = 60 Gauss/cm. After each pulse a gradient G is ap-
plied to spoil any remaining transverse magnetization.
In the standard spin-echo imaging module, the slice
thickness defined by the gradient Gy is chosen so that
it encloses the entire area affected by the saturation pulse.
From Eq. (1), the nominal saturation thickness is
2a =8.16um. The actual saturation thickness is very
close to the nominal thickness if the duration of the sat-
uration pulse is sufficiently short so that the typical mo-
lecular distance (Dt,)° is much less than the value of a.
In this particular case z, = 5.8ms and D = 1.4 x 10~ m?/s

20 =121 2n (1) (measured using a standard Stejskal-Tanner pulsed field
yGyt, gradient sequence), corresponding to (Dty)o'5 ~2um.
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Fig. 1. Planar DESIRE pulse sequence. The first module consists of a long rectangular pulse applied simultaneously with G, to saturate a thin slice
through the sample. A short spoiler gradient pulse, G, is applied to destroy any transverse magnetization. Following saturation a regular spin-echo
imaging sequence is run. The strength of the slice selection gradient, G, is chosen so that the slice thickness is slightly greater than the dimension of
the saturated volume.
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Experimental verification of the saturation thickness
is challenging due to its very small value. One can ac-
quire a 1D spatially resolved projection along the axis
from which the plane was saturated, but in order to be
able to measure the saturation thickness accurately a
spatial resolution much finer than the thickness is clearly
necessary. Alternatively, one can compare results from
thicker, more easily measurable saturation planes, and
then use these values to extrapolate to the 1-10um
range. We followed this latter approach. By keeping
the gradient duration constant (¢, = 5.8 ms) and increas-
ing its strength we produced saturation planes with
thicknesses varying from 405 to 27um. A typical slice
profile is shown in Fig. 2. In accordance with previous
publications [17] the measured saturation width (2acp)
can be defined by the FWHM of a Gaussian fit to the
corresponding profile. The calculated and experimental
slice thickness values, 2a¢,c and 2a.,, are plotted in
Fig. 3A. The fit shown is a straight line demonstrating
a high degree of correlation between experimental and
calculated values. A systematic overestimation is appar-
ent from the 5% deviation of the slope with respect to
unity. By extrapolating the linear fit (Fig. 3B) to the
nominal saturation thickness (2d., = 8.16um) we ex-
tract 2aey, = 7.83 um.

Having established the saturation thickness, we can
now proceed to estimate the corresponding signal en-
hancement. According to Eq. (3) in [16], the enhance-
ment E(¢) of the signal as a function of the saturation
time is given by:

1
B = [ [1-MG.0 /M) 0V, @)
€ J>a
where dV is the volume element, ¢ is the volume of the
directly saturated region, M(7,¢) is the z component of
the magnetization, and M is the magnetization at ther-
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Fig. 2. 1D MR image of a plant stem showing the plane in which the
magnetization was saturated. Data acquisition parameters: field-of-
view 7.5mm, number of complex data points 800, eight signal
averages, TR = 2s, TE = 14ms, G, = 4Gauss/cm, ¢, = 5.8 ms, the total
duration of the DESIRE prepulse was ¢ = 30 x 30ms = 900ms, satu-
ration thickness ~100um.
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Fig. 3. (A) Comparison between the calculated slice thickness (2acyic)
and the experimentally measured slice thickness (2acyp). The experi-
mental values, are fitted by a straight line passing through the origin
with slope = 0.95, and show a high correlation with the calculated
values (7 = 0.999). @, experimental points; A, extrapolated point. (B)
An enlarged view of the region which contains the slice thickness of
interest (2dcqic = 8.16 um). By extrapolating we obtain 2a.x, = 7.83 pm.

mal equilibrium. In Eq. (2) the time dependence of the
magnetization is governed by the diffusion equation:

<Dv2 - %)M(?, £) =0, (3)

where D is the diffusion coefficient. The initial condition,
before the RF is turned on, is thermal equilibrium, with
M = M, for all |7 |> a. Beginning at =0, we impose
the boundary conditions M =0 at | 7 |=a and M = M,
for r — oo . For the 1D case considered here the solu-
tion of Eq. (3) is given by

M(y,0) = My erf[ (2= 1) /2¢/Difa?]. @)

a

From the experimental parameters used we calculate
a theoretical signal-to-noise enhancement of ~10. This
result, however, neglects T effects. Inclusion of 7 ef-
fects limits the expected enhancement [21]. For
T, = 1.17s (the measured value for our sample) the as-
ymptotic limit is found to be E~8.64.

The 2D diffusion enhanced MR images are shown in
Figs. 4A and B. For comparison Fig. 4C shows a 2D im-
age obtained using a regular spin-echo pulse sequence
(the same data acquisition parameters TE and TR have
been used and the slice thickness in this case is 1 mm).
The displayed images are ZX plane slices with the Z-di-
rection parallel to the applied magnetic filed. The Y di-
rection is parallel to the axis of the plant stem. The
image in Fig. 4A is obtained with a module consisting
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Fig. 4. DESIRE MR images of a plant stem. (A) 30ms diffusion time
(one localized m/2 pulse). Other data acquisition parameters: field-of-
view 4x2mm, data matrix 256x64, two signal averages,
G = 4Gauss/cm TE = 11 ms, TR =4.55, G, = 60 Gauss/cm,
1, = 5.8ms, resulting in a saturation thickness of ~8um. The SNR of
the image, measured using the average signal in the region indicated by
the box, was 2.06. (B) 900ms diffusion time (30 ©/2 pulses, 30 ms apart
by). The SNR of the image was 16.3, giving an enhancement of 7.9
over the image in (A). (C) Conventional spin-echo image (1 mm thick
slice). The SNR of the image was 210.

of only one n/2 pulse, while the image in Fig. 4B is ob-
tained with a 900ms long module, consisting of thirty
pulses. The repetition time was 4.5s, and the number
of averages was two, resulting in a total experiment time
of 10min. The long repetition time was necessary only to
avoid heating of the gradient coils. The in-plane resolu-
tion for all images is 31 x 31 um. The SNRs of the imag-
es in Figs. 4A and B were 2.06 and 16.30, respectively,
giving an enhancement of 7.9, significantly less than
the value ~10 predicted in the absence of T effects,
and close to the T} asymptotic limit of £ of 8.64. We no-
tice that the theoretical value obtained for the enhance-
ment (E~8.64) is an excellent estimate. The slightly
lower value obtained in practice could be due to the im-
perfection of the RF pulses and the inaccuracy in the es-
timation of the slice thickness. The SNR of the image in
Fig. 4C, 1 mm thick slice, is 210. As expected, the SNR
for the unenhanced, 8 um saturated slice (Fig. 4C), is
two orders of magnitude smaller. However, for the dif-
fusion enhanced image (Fig. 4B) the SNR is only 12
times smaller.

4. Conclusion

This work demonstrates the feasibility of enhancing
the signal-to-noise ratio and resolution in MR microsco-
py and localized NMR spectroscopy using a gradient—
localized approach to DESIRE. We have produced
MR images with a very small nominal saturation thick-
ness (~8um) obtaining signal enhancements greater
than a factor of eight. Out of the many possible DE-
SIRE modalities, the particular one presented here
might be quite useful in magnetic resonance histology
(MRH) where MR images often need to be compared
with very thin histological slides.

The image intensity obtained with the DESIRE se-
quence presented here is determined both by the proton

density distribution in the saturated plane and the diffu-
sion properties of spins within the image detection slice.
In fact this unusual contrast mechanism is one of the po-
tentially most interesting aspects of DESIRE. In con-
ventional imaging sequences, diffusion contrast is
represented by different degrees of signal loss within
the imaging slice, whereas in DESIRE these are mani-
fested by different degrees of signal enhancement. This
should allow, in principle, extremely sensitive detection
of regions of non-isotropic or restricted diffusion. In this
paper, we used a simple plant stem sample which has ex-
tensive longitudinal symmetry, and unrestricted diffu-
sion along the axis. Since the results obtained
represent the first DESIRE images produced, the focus
of the paper was to compare theoretical and experimen-
tal signal enhancements: in future publications we in-
tend to explore image contrast in more challenging,
heterogeneous systems.

A potentially mitigating factor in generating DE-
SIRE images is that of magnetization transfer (MT). It
is well known that MT effects are present in many
standard imaging sequences in which slice-selective exci-
tation and refocusing pulses can be considered as off-
resonance pulses for neighboring slices. Since water
associated with macromolecules has a very broad
frequency spectrum, these effective off-resonance pulses
saturate the macromolecular pool, which in turn
exchange magnetization with the free water via dipole—
dipole interactions, thus reducing the image intensity.
In the DESIRE sequence the presaturation pulses are
off-resonance for spins located outside the directly satu-
rated plane but within the 1 mm thick detection slice.
The degree of MT is a complicated function of pulse
length and power, resonance offset, macromolecular
content and rate of magnetization exchange, and is
likely to be quite different for different samples. The lit-
erature places an upper bound on MT effects of ~20%
for multi-slice imaging of biological samples, and ~2%
for gels [22,23]. It should be noted that, whereas in mul-
ti-slice imaging MT reduces the signal intensity, in the
DESIRE sequence any MT effect will actually cause
greater enhancement. Since the enhancement achieved
in our experiments was roughly 10% less than the theo-
retical value, we can conclude that MT effects for our
particular data acquisition scheme and sample can prob-
ably be neglected. One possible experimental method to
determine the degree of MT is to vary the thickness of
the detection slice: the degree to which the enhancement
factor decreases with slice thickness would potentially be
an indication of the importance of MT.

Enhancements can be dramatically increased by satu-
rating smaller regions and extending the method to lo-
cally saturating 2D and 3D regions. The task of
generating an excitation locally in 2D or 3D can be ac-
complished using the %—space approach to excitation first
given by Pauly et al. [24] and more recently developed by
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Stenger et al. [25,26]. Obtaining higher enhancements
will require larger gradient strengths of 10’s to 100’s of
T/m from systems which have been developed in the last
few years [1,27].
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