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ABSTRACT:

Spectroscopic imaging of a sample placed outside of both the radio fre-

quency and the imaging gradient coils is presented. The sample is placed in a field with a
permanent one-dimensional inhomogeneity. The imaging gradients used for phase encod-
ing are designed to produce a static field that depends only on the transverse direction,
uncoupling the effects associated with the single-sided nature of these coils. Two-dimen-
sional imaging coupled with chemical shift information is obtained via the ex situ matching
technique. Open-saddle geometry is used to match the static field profile for chemical shift

information recovery.
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INTRODUCTION

Nuclear magnetic resonance spectroscopy (NMR) can
nondestructively sense molecular dynamics, chemical
identity, transport phenomena, and mechanical proper-
ties. Magnetic resonance imaging (MRI) can penetrate
deep within most nonmetallic objects to yield images
and spatially targeted spectra. Despite its utility, the
requirements for conventional NMR limit the type of
systems that can be studied, demanding small samples,
inserted inside massive superconducting magnets in the
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laboratory, to ensure a homogeneous static magnetic
field in the case of spectroscopy and well-controlled
gradients in the case of imaging. The development of
outside-the-magnet or “ex situ” spectroscopy and imag-
ing would empower field deployment of magnetic res-
onance. These same technologies would also ease
present restrictions on sample size and enable remote
scanning of objects, as well as reduce the cost of NMR/
MRI systems for chemical analysis and online product
quality control. The benefits of such technologies have
long been recognized, and a continuous effort to im-
prove both the devices and the methods are being made.
Nonconventional NMR imaging and relaxation mea-
surements are being done routinely with devices such as
the NMR MOUSE and other unilateral sensors (/-38).
Recently, spectroscopy and spectroscopic imaging in
emulated ex-situ conditions have been conducted, and
the first high-resolution spectrum in a one-sided low-
field system was obtained using the ex-situ matching
methodology (9-12).
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Figure 1 The layout of the RF coil (left). Simulation results for the y component of the magnetic
field formed by the coil are shown on the right, in an Xy plane 5 mm away from the coil (middle).
These are contours half an inner radius away from the coil. Not shown, the x and z components are
inhomogeneous in the area where the sample is placed, but they are three orders of magnitude
smaller than the y component, which is homogeneous for that sample region. Also shown is the
dependence of the y component along z (away from the coil). The units shown for the value are
arbitrary, but the maximum field strength was measured to be 1 Gauss (for 100W of power). [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

In this article we present high-resolution spectros-
copy correlated with image information in a one-sided
NMR probe, where the sample is placed outside both
the RF and the imaging gradient coils, in the presence
of a constant one-dimensional static field inhomoge-
neity. The imaging gradients used for phase encoding
are designed to produce a static field that depends
only on the transverse direction. This allows for vol-
ume imaging as opposed to slice selection imaging. It
is a further step toward our final goal (i.e., phase-
encoded portable spectroscopic imaging [PEPSI])
while still using an artificially inhomogeneous mag-
net. Existing “inside-out” and portable NMR systems
possess large nonlinear gradients in more than one
direction, which make the application of the ex-situ
matching technique challenging (9—117). Considerable
effort is expended toward designing hardware, such as
developing dedicated RF-coil geometries suitable for
one-sided magnets, custom-made electromagnets,
permanent magnets, and one-sided superconducting
magnets to allow the technique to be used in real
ex-situ situations (/2—14). Application of ex situ in a
real one-sided system has yielded promising prelimi-
nary results (/2). Efforts in methodology develop-
ment are also underway (/5). Our goal here is to
describe the hardware design construction and results
of a system with a flat saddle RF and ladder gradient
coils to produce an RF gradient matched to the static
field gradient in combination with well-controlled
transverse gradients for imaging.

EQUIPMENT DESIGN

One of the requirements for the realization of an
ex-situ matching experiment is to have the RF field
matched with the static field, meaning that both
fields should have a similar space dependence. For
any given system, the coil-magnet design should be
such that the correlation is linear, even if the indi-
vidual field decays are nonlinear in space. Nonlin-
ear correlations can also be accommodated by pulse
sequence design (15).

In the work presented herein, we approach the
scenario of a one-sided magnet with a gradient
along the direction of the field (the field drops as we
move away from the surface where the sample is
placed). In a traditional high-field NMR instrument
we created an inhomogeneity along the z direction
to emulate the single-sided portable NMR system.
The ex-situ methodology requires that the RF field
be perpendicular to the static field and decay along
the same direction. In the work presented here, the
first experimental trial used a conical saddle coil to
produce the required RF field, which has now
evolved to the current open, truly single-sided sad-
dle coil. This open-saddle geometry creates an in-
tense RF field parallel to the plane of the coil, as
shown in Fig. 1. This transverse field is constant in
the x and y directions over the region where the
sample is placed. There are some nonidealities in
the design, as shown in the contour plot, but for a
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Figure 2 Left: photograph of a ladder gradient coil. The full ladder gradient set has two coils like
the one shown here, positioned in the opposite direction (see diagram in Fig. 4), ensuring that the
x gradient is centered in the middle of the overall setup. Right: the simulated z component of the
magnetic field produced when a 1 Amp current flows through the coil. Gradients at various distances
from the coil through the length of the coil are shown (the lines in the plot are from 0.6 cm from
the surface of the coils, and 1 to 5 in increments of 0.5 cm). The stronger gradient (violet) is closest
to the coils, and it decreases as we move away from them. The inductance of the each gradient coil
set (two ladder pair) was about 4 wH. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

specified distance from the coil the y component of
the magnetic field produced in the center of the coil
is homogeneous. The x and y components are not
homogeneous, but they are three orders of magni-
tude smaller than the x and z components. The B,
field decays along the z axis in a linear fashion for
that region containing the sample. Imaging with or
without spectroscopic correlation requires gradient
coils that yield linear gradients along a single di-
mension for all directions that need to be imaged.
For example, a simple flat coil will produce field
gradients in more than one spatial direction, a par-
ticularly vexing problem when one is considering
single-sided magnet systems. This is not a problem
when, due to large ex-situ gradients, only a small
slice of the sample is excited, but becomes an issue
if one corrects for the main static gradient (73,
16—-18). This will come into account for volume
imaging in single-sided systems, and it is the main
focus of the work presented here. Consider a simple
double-ladder coil such as the one shown in Fig. 2
(19). This coil will produce a desirable gradient in
the x direction, but the gradient will also depend on
the z direction, thereby distorting the resulting im-
age. As we move to slices of the sample away from
the coil surface, the gradient is smaller, resulting in
a narrower image. The phase gained by an element
at position (x, z) by the first, ¢,, and second, ¢,
gradients separately is dependent on both the x and
z position; however the total phase (subtracting the
effect of the second gradient from the first), ¢,
is determined by only the x position (Eq. [1]). If,

however, a second double-ladder coil at a distance
Az from the first ladder coil is arranged such that
the current supplied is opposite to the first ladder
coil, one can correct for the unwanted z gradient.
This is shown in more detail in Fig. 3, where the
results of a simple density matrix calculation show
the distortions present for the case where a ladder
coil produces x and z gradients. Figure 3(A) shows
the image of a sphere when a standard gradient is
present (the gradient depends on one coordinate).
Figure 3(B) shows the case where the gradient has
a dependence on more than one coordinate, as
would be the case for single-sided gradient (one is
the desired and the second is the one caused by the
natural decay away from single-sided geometries),
and Fig. 3(C) is the image by “double” single
gradients (i.e., two identical sets of coils whose
combined field is a pure one dimensional gradient).
One can extrapolate this technique to other single-
sided gradient coils:

¢, = Gxzt [1.1]

&, = Gxz’t, where 7 =z
+ Az (coordinate transformation) [1.2]
total — G-XAZt [1 3]

With these geometries, the gradient and RF coils can
be located underneath the sample (Fig. 4). The RF coil
is shown to be positioned immediately underneath the

Concepts in Magnetic Resonance Part B (Magnetic Resonance Engineering) DOI 10.1002/cmr.b
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Figure 3 (A) Standard one-dimensional image of a sphere. Here we assume a “perfect” constant
gradient. (B) One-dimensional image of the same sphere with a gradient along one side (here we
assumed x) that has a coupled dependence on z (the dimension away from the gradient coils). (C)
The corrected image. The field of view of the image is larger because the overall gradient has
decreased for the same amount of current. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

sample. Two sets of gradients are placed under the RF
coil (gradient set 1 and 2 as shown in Fig. 4). In Fig.
4, the reader can also see that each gradient set con-
sisted of two ladders (named ladder and opposite
coil). Each ladder was 4 X 4 cm and had 16 turns.
Finally, a compressed solenoid coil of 5 cm diameter
placed under the second x-gradient coil was used to
induce a fixed gradient along the z axis emulating
ex-situ conditions. A finite element calculation was
used to determine the magnetic fields due to the ladder
and saddle coils. The designs however, are intuitive,
and a small number of parameters were varied for
manual optimization of the final design (e.g., number
of steps, width, and total length).

EXPERIMENTAL

The pulse sequence used for the experiments has been
described previously and is shown in Fig. 5 (/7). It
consists of a conventional hard excitation pulse fol-
lowed by a delay, T = 8 ms, and two adiabatic
pulses, each 4 ms long, separated by double the time
interval, 21. The maximum amplitude of the first
adiabatic pulse is scaled by a value A relative to the
maximum amplitude of the second adiabatic pulse.
The overall phase given to the signal after the appli-
cation of two adiabatic pulses with the same fre-
quency sweep but different maximum amplitude is
proportional to the RF field and a scaling factor \ but

Concepts in Magnetic Resonance Part B (Magnetic Resonance Engineering) DOI 10.1002/cmr.b
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Figure 4 Experimental setup: the RF coil is an open saddle coil, producing a field parallel to its
surface. The gradient coils placed underneath it are two sets of opposing ladder coils producing
constant gradients along the x direction. (To simplify the drawing, the sketch on the right does not
have the correct amount of steps.) There are 16 steps in each ladder coil in order to obtain the linear
profile close to the coils and increase the gradient strength. An additional compressed solenoidal
gradient coil is used to produce a static field inhomogeneity along the z direction. A cartoon of two
tubes is added in the photograph to show where the samples were placed. The samples consisted of
two capillary tubes, one filled with water and the other with oil, and they were placed over the region

where the correlation holds.

is independent of the frequency offset Aw = wy, — ,
as long as it is within the range where the adiabatic
condition holds (8, 10, 12, 13).

Experiments were conducted in a superwide bore
180-MHz (4.2 T) magnet. A one-dimensional gradient
along the z direction (G, = 2 G/cm) is applied
throughout the experiment to emulate the inherent
inhomogeneity of a true ex-situ magnet. The gradient
is produced by a compressed solenoid coil of 5 cm
diameter placed 2 cm below the sample. The gradient,
even though not linear overall (standard field decay),

2 adiabatic »
scaled adiabatic n
ha «
of w

z-Gradient | I

x-Gradient Set 1 ﬁ

x-Gradient Set 2 E

Figure 5 Pulse sequence: the RF instructions consist of a
conventional hard excitation pulse, followed by a delay, T =
8 ms, and two adiabatic  pulses, each 4 ms long, separated
by double the time interval, 27. The maximum amplitude of
the first adiabatic pulse is scaled by a value \ relative to the
maximum amplitude of the second adiabatic pulse. The
z-gradient coil is persistent during the sequence to emulate
the inhomogeneity inherent in single-sided systems. Gradi-
ents along the x direction for phase encoding were imple-
mented using the two-ladder gradient sets. The two sets are
pulses at the same time, with reversed polarity.

was assumed to be approximately linear over the
region where the sample was placed. The amplitude
of the gradient pulses along the x direction is varied to
obtain image information along this dimension.
Eighty phase encoding steps (the step gradient value
was 0.025 G/cm) were performed, and a complete set
of imaging experiments is repeated for 50 different
values of N (\ is incremented between 1 and 0.8). For
each scaling value A\, B, inhomogeneities compensate
for B, inhomogeneities, but the refocusing corre-
sponds to a different evolution time for the chemical
shift. Incrementing A thus introduces a new time-
domain dimension for chemical shift evolution,
which, after Fourier transformation, yields the NMR
spectral information (70).

SIMULATIONS

We have simulated the application of this pulse se-
quence to a virtual spherical sample containing two
chemical species placed in the setup described above,
with a constant one-dimensional linear gradient in
both the static and the RF field (Fig. 6[A]). Figure
6(B) shows the correlation data. The correlation for
the matched B, and B, field gradients displays two
straight lines, each representing one chemical species.
This correlation map shows the properly sheared data
and the projected spectrum. Figure 6(C) shows the
standard image (phase encoding in the transverse di-
rection), which is blurred due to the superposition of
two spheres. Figure 6(D) shows the selective images

Concepts in Magnetic Resonance Part B (Magnetic Resonance Engineering) DOI 10.1002/cmr.b
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Figure 6 Simulated correlation results of a spherical virtual spin distribution of two chemical species.
(A) Top left: the sample is assumed to be in the presence of a static field (4.2 T) with a constant gradient
along the z direction (G, = 2 G/cm). The excitation field is assumed to also have a constant gradient
along the same direction. All the parameters for the simulations were set according to the experimental
values. (B) Top right: the 2D subset (scaling and direct dimension) after shearing shows two lines,
corresponding to the two different chemical species. The projection of the data gives a two-peak
spectrum. (C) Bottom left: the standard image (phase encoding in the transverse direction) is blurred as
a result of the superposition of two “spheres.” (D) Selective images of the individual species. The images
are the same, only shifted in frequency in the direct dimension. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 7 (A) The direct and scaling dimensions are selected to yield the correlation of the B, field
and the static magnetic field. They show linear correlation indicated by the two lines for both
chemical species. (B) The sheared data showing that the spectrum can be recovered upon projection.
(C) The recovered spectrum of the water and oil sample (chemical shifts not referenced, but the
spacing is 4 ppm, as expected). Oscillations are truncation artifacts of the Fourier transform. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 8 YZ projections and two-dimensional images of the sample (as a subset of the 3D data
set) correlated with chemical shift. (A) Both tubes are shown at the 3 ppm trace. (B) The water
image is shown at the 5 ppm trace. (C) The oil image is shown at the 1 ppm chemical shift trace
(again, these shifts are not referenced). [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

of the individual species. The images are the same,
only shifted in frequency in the direct dimension.

RESULTS

Using the setup in Fig. 4 and the pulse sequence
described earlier (Fig. 5), we recovered the full chem-
ical shift dimension, as well as a two-dimensional
image, of two capillary tubes (1 mm diameter and 3
mm length), one filled with water and the other with
mineral oil. Figure 7(A) depicts the correlation of B,
with B, by using the direct and the N\ scaling two-
dimensional subset of the three-dimensional data. The
correlation is linear, as expected because of the
matching of the RF and static fields, and two lines are
distinct, one for each chemical species present in the
sample. A first-order phase correction or shearing
transformation is then applied to this 2D data set
before the final Fourier transform with respect to t; to
remove the tilting in (w,, w,) and produce S'(t’|,»’)
(Fig. 7[B]) (20). The sheared data upon projection
produce the high-resolution proton chemical shift
spectrum of water and oil (Fig. 7[C]).

S,(t,hw,) = ei¢(t1,m2) = S(tl’wZ)’ and (b(tl’(’*)Z) =

slope w,t; [2]

Figure 8 shows the spectrum-correlated two-dimen-

sional images. Both cylinders are shown, along with
water and oil images upon their chemical shift selec-
tion. Two 2D data sets are selected for the values of
the scaling dimension for the different chemical shifts
observed.

CONCLUSIONS

This article describes the design and construction of a
model ex-situ system for spectroscopic imaging. We
present chemical shift-selected sagital images (i.e.,
with one of the imaging dimensions being away from
the sample via application of an ex-situ imaging se-
quence in a system where the sample is external to
both the RF and imaging gradient coils). The exten-
sion to a truly single-sided system is expected to be
straightforward with the present experimental config-
uration of RF and gradients coils. The double-op-
posed gradient coils were carefully designed to pro-
duce only transverse gradients even though they are
single sided and have a natural field decrease with
distance from their surface. This was accomplished by
having two identical coils placed at a set distance and
being run with opposite currents. This idea can be
extended in designs different than the one selected
here. We are currently working in the next step, which
is single-sided systems and larger sample dimensions,
where the nonlinearities of the gradients need to be

Concepts in Magnetic Resonance Part B (Magnetic Resonance Engineering) DOI 10.1002/cmr.b



144 DEMAS ET AL.

considered. For this experiment, based on a combina-
tion of the matching and shimming approach, work is
underway (9, 13).
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