
Beyond k-Space: Spectral Localization Using Higher Order Gradients
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Chemical shift imaging (CSI) often suffers from the inconvenient While all these techniques use conventional phase enco
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hape of its spatial response function (SRF), which affects both
ocalization and signal-to-noise ratio. Replacing the magnetic field
radients for phase encoding by higher order magnetic fields allows a
etter adjustment of the SRF to the structures in the sample. We
ombined this principle with the SLOOP (spectral localization with
ptimal pointspread function) technique to simultaneously obtain
pectra from several arbitrarily shaped compartments within a sam-
le. Linear combinations of the fields of the shim coils are used to
enerate the pulsed fields for phase encoding. Their shapes are
atched to the given sample geometry by numerical optimization.
sing this method, spectra from a phantom were obtained that show
higher signal-to-noise ratio and a strongly reduced contamination

ompared to an equivalent CSI experiment. © 1999 Academic Press

Key Words: localized spectroscopy; CSI; SLOOP; k-space;
igher order gradients.

INTRODUCTION

For almost 50 years, NMR spectroscopy has playe
mportant part in chemical and biological research. Many
logical and medical applications require spatially reso
pectra from different regions of the sample. This is o
chieved with chemical shift imaging (CSI), which allo
imultaneous acquisition of localized spectra across the w
ample with the aid of pulsed field gradients. They gene
agnetic fields with a linear spatial dependence, which s

o encode the spatial information (1, 2). Localized spectros
opy often suffers from its long duration and from a l
ignal-to-noise ratio. Both factors impose strong limitation
he number of voxels that can be observed in a CSI experim
urthermore, the inconvenient shape of the spatial resp

unction causes high contamination of the spectrum of
oxel by the signal of others. This effect can heavily dete
ate the results, in particular in experiments with relatively
hase encoding steps and a low spatial resolution. Se
lternative techniques have been developed to improv

ocalization of spatially resolved spectra. They either a
ptimizedk-space sampling schemes (3–5) or use prior knowl
dge about the structure of the sample to obtain impr
patial response functions from either rectangular voxels (6) or
rom volumes with shapes that are adjusted to the sa
eometry (7–9). The latter methods also improve the sens

ty of the experiment by maximizing the volume of each vo
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e now have extended SLOOP (Spectral localization
ptimal pointspread function (8)) to introduce a new way t
chieve spatial resolution: Instead of only using constant
ients with a linear dependence of the magnetic field on s
e apply fields with a wider variety of shapes that are o
ized for the geometry of the sample. For experiments w

ow spatial resolution, a better spatial response function ca
btained by this more flexible way to encode the spatial in
ation.
So far, pulsed magnetic fields with other than linear sp

ependence have mainly been used for volume selection.
f these techniques apply quadratic field shapes (10–13). Our
urrent implementation of the SLOOPN technique (SLOO
sing Nth order gradients (14, 15)) uses the shim coils
enerate the desired magnetic field shapes and thereby o
pectra with an improved localization and sensitivity comp
o CSI experiments.

SLOOPN can be beneficial for experiments in which spe
rom only a small number of large voxels are desired. T
pplies in particular to situations where a low SNR only all

or a large voxel size, but it can also be of interest when
ignal is high enough to already obtain a sufficient SNR
very small number of phase encode steps. SLOOPN employs

ulsed higher order gradient fields during free precessio
ays to obtain a phase modulation with a nonlinear variatio
pace. Such a nonlinear phase encoding can also be ob
pplying RF pulses in the presence of gradient fields. The
f potential applications of SLOOPN thus is similar to that o
ethods that use tailored pulses for volume selection, su
F-phase encoding (16), Hadamard imaging (17), or pinwhee
ulses (18).

PRINCIPLE

The main difficulties of many localized spectroscopy ex
ments are the low concentration of the examined metabo
nd the low sensitivity of the observed nuclei. They allow o

or a crude spatial resolution in a tolerable duration. The re
hen are strongly affected by the inconvenient spatial resp
unction (SRF) of the Fourier technique: Because of the s
raction of k-space covered in the experiment, the signal
oxel does not fully originate in that voxel; strong contri
1090-7807/99 $30.00
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198 POHMANN, ROMMEL, AND VON KIENLIN
ions come from surrounding tissue. The SRF, which disp
he spatial origin of the signal of a pixel, is not square b
inc-like function (Fig. 1b). This effect is responsible for t
isadvantages of the CSI sequence: First, the wiggles o
inc-function outside the desired voxel cause signal con
ation from adjacent voxels, and second, not the entire
etization within a voxel contributes to its signal. This la
ffect results in an unavoidable signal loss of 13% per sp
imension (19) due to phase dispersal in extended samples
three-dimensional experiment, this adds to a total loss of
The inconvenient shape of the SRF is caused by the g

nts used for spatial encoding: They generate magnetic
ith a linear dependence on space, which induce a l
ariation of the phase of the magnetization. The reconstru
lgorithm then assigns for every phase encode step one
f the phase to each voxel. By doing so, it assumes a con
hase for the entire voxel. Due to the linear spatial depend
f the phase, however, only the center of the voxel has ex

hat value. The localization of the outer parts of the voxe
mperfect, part of their signal appears in other voxels, cau
ontamination by undesired signal. Furthermore, the p
ispersal within the voxel causes the reduction of its si
mplitude.
These problems could in principle be avoided if the sp

ncoding was performed with magnetic fields that are con
nside the voxels, but change rapidly at their borders. For a
xperiment with eight phase encode steps, an examp
hown in Fig. 1. The linear phase encoding fields are rep
y the same number of step-like fields (dashed line, only o

hem is shown in Fig. 1a). They are constant within each vo
eing equal to the corresponding linear fields in the v
enters. This way, the phase dispersal could be avoided a
RF would have the ideal rectangular shape (Fig. 1b).

heoretical example shows that magnetic fields with other

FIG. 1. A normal CSI experiment is performed by applying gradient p
inearily with space, the slope depending on the strength of the phase e
xperiment. The result is a sinc-shaped spatial response function, show
elds by step-like fields, which are constant inside each voxel but chan
he ideal SRF, eight such step-fields—each of them following one of th
s
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inear shapes for phase encoding can improve the perform
f spatially resolved spectroscopic experiments. When
tructure of the sample is taken into account, a variety of
hapes may enhance the quality of the localization. Allow
ore variable field shapes thus can improve both localiz
nd sensitivity of the spectra. The most flexible way to ge
te the desired fields is to use a set of fields, the shap
hich form a basis system. By superimposing many of t
igher order gradients, all possible field shapes can be g
ted. This allows a flexible adjustment of the geometry o
elds to that of the sample.
Possible field shapes, however, are restricted by the Ma

quations, which do not allow arbitrary changes of the
trength inside the sample volume. Generating fields clo
he optimal shapes is possible mainly for a small numbe
elatively large voxels. This kind of geometry is typical
LOOP experiments (7, 8, 20, 21), which allow the simulta
eous acquisition of spectra from several arbitrarily sha
oxels. Since this technique is often used with a very s
umber of compartments, it is particularly well suited for be
ombined with higher order gradients. Furthermore,
LOOP-reconstruction algorithm can easily be extende
over higher order field shapes.
Magnetic fields are governed by the Maxwell equations. T

tate that thez component of all fieldsBW , generated by a co
utside the volume of interest, must observe the Laplace equ

¹ 2Bz 5 0. [1]

ll possible magnetic fields consist of linear combination
he solutions to this equation. Neglecting those solutions
iverge at the origin and thus are not of interest in this ca

ollows in the spherical coordinatesr , q, andw:

s with varying strength before acquisition. The phase of the NMR signal
ding gradient. The straight lines in (a) show the phase variation in an e-step CS
(b). An ideal, rectangular SRF could in principle be obtained by replacig the linea

fast at their borders. One such field is indicated by the dashed line in (abtain
near fields in normal phase encoding—are required.
ulse
nco
n in
ge
e li
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Here,Ylm are the real spherical harmonics, which are der
rom the complex spherical harmonics by taking the real
maginary part for the positive integer values of the param
andm, with m # l . For each pair ofl andm there exist two

unctionsYlm, which depend on either sin(mw) or cos(mw) (22).
A flexible way to generate arbitrary fields therefore is to
set of coils which form magnetic fields with shapes

orrespond to one spherical harmonic each. By adjustin
urrents in each of these coils, any desired field shape c
enerated as superposition of the individual fields. A se
oils which meets these conditions is present in every N
pectrometer: the shim coils (23–25). The consist of a set o
sually between 10 and 20 coils that are used to homog

heBo field. Each of them corresponds to one of the funct
n Eq. [2]. Using these field shapes for shimming ens

aximum flexibility of the fields, a high orthogonality, and
ast convergence toward the optimally homogeneousBo field.

review on shimming, including a list of usually availab
him coils with their mathematical expressions, can be fou
26). All these advantages can also be exploited for form
haped magnetic fields for phase encoding. Shim coils us
re, however, not designed for fast switching and canno
ontrolled by the pulse sequence. To use them for p
ncoding, some modifications of the NMR instrument
equired. They are described below.

RECONSTRUCTION

The reconstruction of a SLOOPN experiment is derived from
hat of a regular SLIM/SLOOP experiment, which has b
escribed in detail elsewhere (7, 8, 20, 21). Here, we will give
nly a short outline of the technique and its extension

nclude nonlinear phase encoding fields.
SLOOPN exploits prior knowledge about the structure of

ample that, for instance, can be obtained from a high-re
ion proton image. This image is used to define several c
artments, the spectra of which are to be found. The ex
ent itself is similar to a CSI sequence, but with nonlin
hase encoding gradients. The reconstruction algorithm
cribed below then finds the spectrum from each compartm
xploiting the knowledge of the exact shape and position
ompartment to determine its spectrum, partial volume ef
re avoided and contamination is reduced. Furthermore
ensitivity is higher than in a normal CSI experiment, since
hole compartment volume contributes to each spectrum
The experiment can be affected by all kinds of inhomo

eities inside each compartment that may cause contamin
n the neighboring compartments. This effect can be minim
y optimally adjusting the shape of the SRF to the comp
ent. This is done by choosing an optimal set of phase en

ng gradients. While in SLOOP this optimization is restric
o choosing the strengths of normal, constant gradi
LOOPN uses an additional degree of freedom by also var
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elds reduce the intravoxel dispersion of the magnetization
hus cause an additional increase in sensitivity.

To get the signals ofN compartments, an experiment w
$ N phase encode steps has to be performed. Ifcn(t) is the

ime-domain NMR signal per unit volume emanating from
th compartment, the signalpm(t) acquired in themth phase
ncode step is given by the sum of the signals from
ompartments:

pm~t! 5 O
n51

N

gmncn~t!, m 5 1, . . . , M. [3]

n a regular SLOOP experiment, the factorgmn, that contain
he influence of the phase encoding gradients, is given b

gmn 5 E
compartmentn

e2ikWmrWdV, [4]

herekW 5 (g/ 2p)GW t (GW is the constant gradient used in
onventional experiment,t the phase encoding time, andg is
he gyromagnetic ratio of the observed nucleus). In a SLON

xperiment, the constant gradientsGW are replaced by high
rder gradients, the vectorkW is no longer defined and th
-space description of spatially resolved experiments i
onger valid. The higher order fields have to be taken
ccount when calculating the factorgmn:

gmn 5 E
compartmentn

e2~g/ 2p! Bz~rW!ztdV. [5]

he integral is performed over the whole volume of thenth
ompartment.Bz(rW) describes the spatial variation of the m
etic field

Bz~rW! 5 O
i

Bi~rW!, [6]

i being the individual magnetic fields generated by theI shim
oils to form the total magnetic fieldBz, which may vary freely
within the limits set by the Maxwell equations) over
ample volume. The sum is performed over allI shim fields
sed in the experiment. Thegmn factor can also be used

nclude further information about spatial variations in the
ameters of the sample or the instrument, likeB1 inhomoge
eities orT1 differences, as described in (20). These extension
re not applied in our experiments.
The signalscn(t) can be recovered from the measured

als pm(t) by constructing theM-dimensional vectorPW M and
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200 POHMANN, ROMMEL, AND VON KIENLIN
he cn(t)’s, respectively. With theM 3 N matrix G, whose
lements are thegmn, Eq. [3] becomes

PW M~t! 5 GCW N~t!. [7]

his equation can be solved by finding the pseudoinverse
n the case ofN 5 M the inverse)H of G, for which HG 5
. H is a matrix of sizeN 3 M, which can be found nume

cally by performing a singular value decomposition (SVD) (27).
Having foundH, the time domain signals from the vario

ompartments can be obtained with

CW N~t! 5 HPW M~t!. [8]

To evaluate the performance of the experiment and to
he optimal phase encoding fields for every phase encode
wo criteria are defined, which assess the quality of the lo
zation and the signal-to-noise gain for the given geomet
tructure. The localization criterion describes the contribut
f the SRFs of the other compartments to the signal o
xamined one. The reconstruction algorithm ensures tha

ntegral of the SRF of thenth compartment (SRFn) over the
olumes of all other compartments is zero. To evaluate
usceptibility to inhomogeneities, the integral over the abs
alue of the SRF is taken:

Ln 5 E
outside compartmentn

uSRFn~rW!udrW. [9]

n describes the largest possible degree of contamination
orst case criterion. A small value means a low degre
otential contamination in the signal of compartmentn. The
hase encoding fields thus must be chosen as to minimiz
riterion.
The signal-to-noise efficiency of an experiment is asse

y a second criterion, which compares the SNR of the sign
ne compartment to that of a hypothetical, ideal experim
here no signal is lost because of phase dispersal insid
ompartments. It can be calculated as

SNRn

SNRn,opt
5

1

VnÎ(m uhnmu 2 , [10]

hereSNRn andSNRn,opt are the SNRs of thenth compartmen
n the real and the hypothetical experiment, respectively (8). Vn

s the volume of the compartment and thehnm are the matrix
lements ofH in Eq. [8]. This criterion must be maximized
chieve the highest possible sensitivity.
These two criteria are used to find the optimal values o

hase encoding fields for a given sample structure. This is
y a numerical optimization algorithm which minimizes
r,

d
ep,
l-

al
s
e
he

e
te

s a
of
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ed
of
t,

the

e
ne

q. [10], by varying the shim currents for each phase enco
tep. Since the two criteria are often opposed, a compro
ust be found. For this optimization, we used a simple M
uardt–Levenberg algorithm (28), which is susceptible to loc
inima. Local minima can in principle be avoided by apply
more sophisticated algorithm (such as “simulated annea

29)). Because of the high computational demands of t
lgorithms for the large number of parameters that mus
ptimized, they were not used in our calculations. We there
annot know whether we have found the optimal set of pa
ters, especially when a large number of phase encode st
him fields is used. To increase the probability of findin
ood solution, the optimizations were repeated several
ith different starting values and the best solution was

ained.

INSTRUMENTATION

Experiments were performed on a BRUKER AMX-5
pectrometer with a field strength of 11.7 T and equipped
maging gradients. This system is supplied with 17 shim c
he instrumentation displayed in Fig. 2 was built to enable
se of these coils for pulsed phase encoding and to still be

o perform normal shimming. A table containing a list
mplitudes for each of the coils in every phase encode s

oaded into a personal computer, which is equipped with
0-channel digital/analog converter cards (model AT-AO
ational Instruments). One of their additional digital in
hannels is used for a trigger pulse from the spectromet
ynchronize the PC with the pulse sequence. A home-w
omputer program switches the output channels accordi
he values listed in the gradient table. The shape of the gra
ulses is generated by one of the D/A output channels a
sed to form the pulse shapes by multiplication with
onstant field amplitudes of each phase encode step.
llows a free adjustment of the waveform and the duratio

he pulses as well as of the switching rate to minimize e
urrents. These signals are added to the constant voltage
or the normal shim currents by means of summation uni
he shim amplifier. This procedure ensures that normal s
ing is still possible. To allow fast pulsing, the bandwidth

he shim amplifier, which is usually small to avoid hig
requency variations of the shim currents, had to be incre
o allow time constants of less than 1 ms.

Since Eq. [6] contains the spatial dependence of all the
elds Bi(rW) throughout the sample, those fields first mus
easured. This was done by performing a normal spin-

maging sequence on a homogeneous water sample, wh
ulse into one of the shim coils is applied before, and a sec

nverted one after the refocusing 180° pulse (Fig. 3b). T
he same experiment is repeated, with an inverted sign o
him pulses. By subtracting the phases of the two resu
mages, a field map of the respective shim coil can be c
uted. It is vital that these images are acquired with the s
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iming (i.e., echo time, length, shape, and position of
radient pulses) as the spectroscopic experiments,
witching the unshielded shim coils generates strong
urrents, whose influence on the magnetic field has to be
nto account for the calibration. The measured field strengt
ome of the shim coils are listed in Table 1.
Before the spectroscopic experiment is performed, the
al values for all shim currents and phase encode steps
e found. Since this optimization depends on the geome
tructure of the sample, a proton image is taken, from w
he necessary spatial information is extracted. An image
entation is performed to define the compartments from w

pectra are to be obtained. Then, the quality criteria defin
he end of the previous section are used to numerically d
ine the optimal phase encoding fields. The goodB1 homo-
eneity of the applied birdcage resonator in the plane us

he two-dimensional experiments allows to neglect correc
or B1 inhomogeneities, which would require additional fac
n Eq. [5], without severe degradation of the localization.

The spectroscopic experiments in two and three dimen
ere performed with the pulse sequence of Fig. 3a. Fo

wo-dimensional experiments, a slice-selective excitation p
as applied in the presence of a constant gradient in
irection, followed by a hard 180° refocusing pulse. H
choes were sampled. For the three-dimensional experi

he excitation pulse was replaced by a nonselective puls
he slice gradient was omitted. The low field strengths of

FIG. 2. The instrumentation used for performing phase encoding wit
fter receiving a trigger pulse from the spectrometer, the amplitudes of
alues, multiplied by a waveform shape generator, and added to the co
eld changes.
e
ce

dy
en
of

ti-
ust
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h
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h
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s

ns
e
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nt,
nd
e

him coils, that are much weaker than normal imaging gra
oils, imply a rather long duration of the phase encod
radients. To minimize eddy currents, a long rise time of
s was used, the total phase encoding timet was 20 ms. By

plitting the phase encode gradient into two halves, one b
nd a second, inverted one after the refocusing pulse, the
cho time could be reduced. Nevertheless, an echo time
s was necessary because of the long phase encoding p
nd to allow for decay of the eddy currents. The struct

nformation from the proton images was then used to re
truct the spectra from the various compartments with th
f home-written IDL (“Interactive Data Language,” RSI, Bo
er, Colorado) routines.
To allow an evaluation of the new technique, CSI exp
ents with the same number of phase encoding steps

ormed with the normal gradient coils) and identical tim
ere performed and their results were compared to t
btained with the SLOOPN technique.

RESULTS

We performed two- and three-dimensional experiments
ng the SLOOPN technique on a simple two-compartm
hantom, consisting of tubes filled with water (inner tube)

ubrication oil (outer tube, Fig. 4). The water was hea
oped with copper sulfate to get a similar shortT2 in both

e shim coils. An external PC stores the field strengths for every phase e
higher order phase encoding gradients are read from a table, converanalog

ant shim currents. The bandwidth of the shim amplifiers is increased tpid
h th
the
nst
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ompartments. The oil signal consisted of two lines from f
.4 and 0.8 ppm, containing no additional contributions in
egion of the water frequency (4.7 ppm). Signals from b
ompartments can therefore be distinguished clearly to d
ontamination. A segmented image of the phantom was us
ptimize the phase encode fields for a two-dimensional e

ment with 16 phase-encode steps. Only six of the 17 avai
him coils show considerable variation in the selected tr
ersal plane and were used in the experiment. The field
litudes found by the optimization algorithm are listed in Ta
. To be able to compare the SNR of the spectra, a low
ngle of about 1° was used. The slice thickness was 0.5 m
hase cycle (EXORCYCLE) required four averages.
The acquired signals were then reconstructed by

LOOPN algorithm. To compare the results to conventio
ethods, a normal CSI experiment with the same total nu
f phase encode steps (N 5 4 3 4, FOV 5 18 mm) and

dentical other parameters was performed. Typical CSI sp
f both compartments can be seen in Fig. 4a. Especiall
uter fat compartment shows a strong contamination by w
ignal and a low signal-to-noise ratio.
In the SLOOPN spectra of the two compartments, Fig.

he contamination by unwanted signals is almost compl

FIG. 3. The pulse sequence used for SLOOPN is similar to that of a nor
ulses into the shim coils. For three-dimensional experiments, the ex
erformed using a repetition time ofTR 5 1 s, an echo time ofTE 5 50 ms, a
ncoding steps with four phase-cycled (EXORCYCLE) averages, the 3D
anel (b) shows the additional imaging gradients needed to measure t
t
e
h
ct
to
r-
le
s-

-

ip
, a

e
l
er

tra
he
er

,
ly

uppressed. Furthermore, a strong gain in the signal-to-
atio is observed. In this case, SLOOPN allows one to obtai
uch better results than the classical CSI sequence. The r

or this difference is shown in Fig. 5, which displays the S
f the two experiments for the outer compartment: For
ethods the absolute values of the SRF show significant

amination from the water compartment. The rapid ph
hanges in that compartment in the SLOOPN experiment, how
ver, ensure that the positive contributions from the w
ignal are exactly cancelled by negative contributions. Fur
ore, the SRF of the SLOOPN sequence shows that the en

olume of the oil compartment contributes to its signal, c
ng a much better signal-to-noise efficiency.

This result is confirmed by the quality criteria: For
LOOPN experiment, the localization criterion (Eq. [9]) for t
uter compartment is 0.15, the sensitivity criterion (Eq. [10
.42. The corresponding values for the CSI experimen
.32 for localization and 0.15 for sensitivity. Both criteria th
gree with the improved results for the SLOOPN sequence
inceB0 andB1 inhomogeneities as well as inaccuracies in
him maps have not been considered in the reconstructio
ccuracy of the sensitivity criterion is limited, causing an o
ualitative agreement with the measured SNR difference

l spin-echo CSI experiment, where the phase encode gradients are rep
tion pulse is nonselective and the slice gradient is omitted. All experints were
a phase encoding time oft 5 20 ms. The 2D-experiment consisted of 16 ph
periment of 64 steps without averaging. All experiments thus took aboutute.
eld maps of the shim coils.
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The shape of the inner compartment is much better suite
SI experiments: Here, the localization criterion for CS
.48 and therefore better than for SLOOPN, where it is 0.95
owever, since the integral of the SRF over the volume ou
f the compartment is zero for SLOOPN, but not for CSI, the
ontamination of the SLOOPN spectrum of this compartment
till considerably smaller than for that acquired by CSI.
ensitivity criterion furthermore confirms the higher SNR
he SLOOPN experiment (0.61 for SLOOPN, 0.39 for CSI).

For three-dimensional structures, the limitations on the
hapes that are imposed by the Maxwell equations allow
or a less accurate approximation of the optimal values.
ffect can be seen in Fig. 6. It shows the results of a th
imensional experiment on a similar phantom as before. S

our phase encode steps were performed and compare
3 4 3 4 CSI experiment (FOV 5 18 3 18 3 45 mm3).
welve shim coils were used to generate the higher order p
ncode fields. The optimization of the field shapes then im

o find a minimum in a 643 12 dimensional parameter spa
lthough the difference in the quality of the CSI and
LOOPN spectra is not as striking as in Fig. 4, the contam

ion is still significantly reduced and the SNR in the ou
ompartment is increased. These results suffer from the h
nhomogeneousB1 field of the resonator over the large FO
hich was not considered in the reconstruction.

Shim Fields Used in the 2D Experiment

Shim x y x2 2 y2 xy xz2 yz2

max/mTa 13.7 47.0 8.6 13.9 47.0 9.2

pe-step Percent of maximum amplitudeb

1 14.5 20.538 220.1 1.12 23.77 19.8
2 15.8 0.147 222.4 0.733 23.72 22.76
3 28.17 0.758 25.26 22.37 2.91 22.47
4 21.37 20.220 21.00 22.27 1.44 5.21
5 2.32 20.318 6.99 1.17 21.59 24.50
6 2.62 20.440 20.147 0.465 20.416 8.63
7 30.6 20.733 25.3 1.25 21.08 23.55
8 20.171 0.196 5.33 1.61 21.22 25.00
9 219.6 20.440 25.3 21.71 5.97 22.08

10 215.1 20.122 25.0 21.08 2.81 218.6
11 212.3 0.856 25.1 21.30 1.52 26.87
12 212.2 0.905 9.76 21.54 6.09 3.28
13 29.95 0.000 6.94 21.03 3.67 5.00
14 0.538 20.073 20.538 0.269 20.904 210.4
15 13.4 0.000 28.36 0.489 25.33 6.43
16 9.56 20.807 24.77 20.562 22.40 7.04

a Maximum field strengths of the six shim coils used for the two-dim
ional experiment as difference between maximum and minimum field v
ver the FOV of the 2D-experiment.

b Shim fields used in the 16 phase encode steps of the two-dimen
LOOPN experiment. The values are listed as percent of the maximum
litudes, shown above. They are the results of numerical optimization.
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The results displayed in Figs. 4 and 6 demonstrate
ossibility of using the new technique to improve the qualit

ocalized spectra. However, its application for experiment
iological and medical systems is limited by several res

ions. The main limitation is imposed by Eq. [1]: All magne
elds inside a coil are linear combinations of the sphe
armonics, Eq. [2]. They do not allow arbitrary changes of
agnetic field inside the volume-of-interest. This is dem

trated in Fig. 7: The step function necessary for the opt
SI experiment depicted in Fig. 1 is expanded in 49 sphe
armonics. Obviously, even for such a low resolution,
esult deviates only slightly from a linear field for a large p
f the FOV. This shows that the necessary field shapes
LOOPN experiment can only be generated for a small num
f large voxels. For an increasing number of compartments
erformance of the new technique will slowly degrade an

ast become equal to that obtained with normal, constant
ient fields. This can already be observed for the three-di
ional case (Fig. 6), where the geometrical limitations on
ossible field shapes are much stricter than in two dimens
esulting in a less drastic performance gain.

Additional problems are introduced when the spectrome
him coils are used to generate the necessary fields. The
ot designed for fast switching and therefore are not shie
witching the fields on and off induces strong eddy curren
onducting parts of the magnet and instabilities of the ge
ted field. These effects must be taken into account w
alibrating the experiment: The maps of the shim coils mu
cquired with exactly the same timing as that used in
xperiment. However, to avoid varying magnetic fields w
ampling the echoes, one must make sure that these
urrents have decayed to a large extent before acquisition
pacing between gradient pulse and acquisition therefore
e long, which implies long echo times. Furthermore, the
trengths are much smaller than those of normal ima
radients (Table 1). The length of the gradient pulses co
uently must be quite long. Both arguments lead to the

ime of 50 ms that was used in our experiments. Such a
cho time causes a strongT2-weighting and signal loss. Fu

hermore, the accuracy of the desired field shapes is rest
y the small number of shim coils, which limits the numbe
pherical harmonics available to form the fields.
All problems that are caused by using the shim coils ca

elieved by the construction of dedicated coils, which gene
he magnetic fields necessary for one particular sample g
try. This is of course only worth the effort if a simi
eometry is used in many experiments. The flexibility the
educed as price for a higher degree of localization.

A last problem of the technique is finding the optimal fi
hapes for the different phase encode steps: We are u
umerical optimization algorithm which, since a high num
f parameters must be adjusted, is quite lengthy and sus
le to being trapped by local minima. The optimization for
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hree dimensional experiments of Fig. 6 took more than a
nd had to be performed repeatedly with different initial
ameter values. However, the best set of parameters ha

FIG. 4. Results of a two-dimensional experiment on a two-compartm
rom a 43 4 CSI experiment, (b) results of a SLOOPN experiment with the sa
n localization, mainly for the outer compartment, where the unwanted w
y 57 and 74% for the inner and outer compartments, respectively. For
z2) were used for phase encoding (see Table 1).

FIG. 5. Spatial response functions for the spectra from the oil comp
alue is displayed, for SLOOPN also the phase of the SRF is displayed (fo
RF, causing contamination from the water compartment and a low si
ompartment is compensated by the (c) phase changes inside that comp
o significant phase changes occur and the whole compartment contrib
y
-
not

ecessarily been found for this experiment and even b
esults than those depicted in Fig. 6 might be possible. Th
f SLOOPN for routine applications would therefore requir

t phantom (center) filled with water (inside) and mineral oil (outside). (
number of phase encode steps. The 2D-SLOOPN spectra show the improveme
r signal is completely suppressed. The SNR of the SLOOPN spectra are improve

SLOOPN experiment, linear combinations of six shim fields (x, y, x2 2 y2, xy, xz2,

ent of the two-dimensional experiment of Fig. 4. For both sequences t
SI the SRF is purely real). The CSI experiment (a) shows the typical sin
l-to-noise ratio. For the SLOOPN-technique (b), the contamination from the wa
ent, which cause total cancellation of the unwanted signal. Inside the oimpartmen

s to the signal, resulting in a high SNR.
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205SLOOPN: BEYOND k-SPACE
etter (if possible analytical) algorithm to find the optim
arameter values.
The results obtained with this technique show the capa

f SLOOPN to achieve a considerable gain in the quality of
ocalization of spatially resolved spectroscopic experim
ith a low spatial resolution. The increased sensitivity and

educed contamination allow better results in less time th
ossible with conventional methods.
The approach presented here offers wider possibilitie

djust the experiment to the sample than conventional spa
esolved NMR techniques: While they apply the Fourier tr
orm to obtain signals from a grid of rectangular voxels with
nserting any additional information, newer methods
nowledge about the sample for the reconstruction to imp
he localization. The data on which these algorithms are
lied are in most cases obtained in conventionally perfor
xperiments. A much better adjustment of the experime

he sample is possible, when thea priori information is in-
luded not only in the reconstruction, but in the experim
tself. The most accurate way of doing so is by matching
hape of the fields for spatial encoding to the sample geom
his is not possible with the constant gradients used norm

or imaging, but higher order fields must be applied. Since
annot be described with thek-space formalism, this conce
xceeds the limits ofk-space, using a more flexible localizat

FIG. 6. Results from a three-dimensional experiment with (a) a 43 4 3
NR in the water spectrum, which is slightly reduced, the SLOOPN spectra s
pplied for the 3D-SLOOPN sequence werex, y, z, x2 2 y2, z2, xz, xy, xz2
l

ty

ts
e
is

to
lly
-
t
e
e

p-
d

to
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ry.
lly
y

cheme. The nonlinear fields thus allow maximum flexibilit
he experimental parameters and leave the concept ofk-space

hile we have applied these principles to localized spec
opy, there may also be other applications, where going

FIG. 7. A step function (dashed line) and its expansion in 49 sphe
armonics (solid line) by a least-squares algorithm. For a large part of th
f view, the result differs only slightly from a straight line, demonstrating

imited capability of the spherical harmonics to form arbitrary field shap

SI, and (b) a SLOOPN experiment with 64 phase encode steps. Except fo
significant improvements compared to those obtained by CSI. The shim

2, z3, z4, andz5.
4 C
how
, yz



yond k-space allows one to better adjust the experimental
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arameters to the examined geometry.
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