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Chemical shift imaging (CSl) often suffers from the inconvenient
shape of its spatial response function (SRF), which affects both
localization and signal-to-noise ratio. Replacing the magnetic field
gradients for phase encoding by higher order magnetic fields allows a
better adjustment of the SRF to the structures in the sample. We
combined this principle with the SLOOP (spectral localization with
optimal pointspread function) technique to simultaneously obtain
spectra from several arbitrarily shaped compartments within a sam-
ple. Linear combinations of the fields of the shim coils are used to
generate the pulsed fields for phase encoding. Their shapes are
matched to the given sample geometry by numerical optimization.
Using this method, spectra from a phantom were obtained that show
a higher signal-to-noise ratio and a strongly reduced contamination

While all these techniques use conventional phase encodir
we now have extended SLOOP (Spectral localization witl
optimal pointspread functiorB)) to introduce a new way to
achieve spatial resolution: Instead of only using constant gr:
dients with a linear dependence of the magnetic field on spac
we apply fields with a wider variety of shapes that are opti
mized for the geometry of the sample. For experiments with
low spatial resolution, a better spatial response function can |
obtained by this more flexible way to encode the spatial infor
mation.

So far, pulsed magnetic fields with other than linear spatic
dependence have mainly been used for volume selection. Mc

compared to an equivalent CSI experiment.  © 1999 Academic Press
Key Words: localized spectroscopy; CSI; SLOOP; Kk-space;
higher order gradients.

of these techniques apply quadratic field shag@®s-13. Our
current implementation of the SLOGRechnique (SLOOP
using Nth order gradientsl4, 15) uses the shim coils to
generate the desired magnetic field shapes and thereby obte
spectra with an improved localization and sensitivity compare
to CSI experiments.

SLOOP' can be beneficial for experiments in which spectr:

For almost 50 years, NMR spectroscopy has played fdm only a small number of large voxels are desired. Thi

important part in chemical and biological research. Many bé' plies in particular to situations where a low SNR only allow:

ological and medical applications require spatially resolvef r a large voxel size, but it can also be of interest when th

spectra from different regions of the sample. This is Oﬁesr}gnal is high enough to already obtain a sufficient SNR witl

a_chieved with che_m_i<_:a| shift imaging (CSI), which aIIOWSa]very small number of phase encode steps. SLO&@mploys
smultanepus acqu_lsmon of Ioca!|zed spe_ctra across the Wh%ﬁsed higher order gradient fields during free precession d
sample_wn_h the ".i'd of_pulsed f|e_|d gradients. They 9eNeraiys to obtain a phase modulation with a nonlinear variation i
magnetic fields W'th. a I_mear sp_atlal dependgnce, which Serggace. Such a nonlinear phase encoding can also be obtai
to encode the spatial |nf(_)rmat|0|1,(2). I__ocallzed spectros- applying RF pulses in the presence of gradient fields. The fie
copy often .SUffer.S from its Iong_ duration and fro_m a IOV\(’)f potential applications of SLOORhus is similar to that of
signal-to-noise ratio. Both factors impose strong limitations

an . .
. . ethods that use tailored pulses for volume selection, such
the number of voxels that can be observed in a CSI experim b

Furthermore, the inconvenient shape of the spatial respo%s?;zgafse) encoding ), Hadamard imagingl(?), or pinwheel

INTRODUCTION

. . o U
function causes high contamination of the spectrum of one

voxel by the signal of others. This effect can heavily deterio-

rate the results, in particular in experiments with relatively few

phase encoding steps and a low spatial resolution. Several
alternative techniques have been developed to improve théhe main difficulties of many localized spectroscopy exper
localization of spatially resolved spectra. They either applynents are the low concentration of the examined metabolite
optimizedk-space sampling scheme&s-) or use prior knowl- and the low sensitivity of the observed nuclei. They allow only
edge about the structure of the sample to obtain improvéa a crude spatial resolution in a tolerable duration. The resul
spatial response functions from either rectangular vox@ler( then are strongly affected by the inconvenient spatial respon
from volumes with shapes that are adjusted to the samplmction (SRF) of the Fourier technique: Because of the sme
geometry {—9. The latter methods also improve the sensitiiraction of k-space covered in the experiment, the signal of .
ity of the experiment by maximizing the volume of each voxelioxel does not fully originate in that voxel; strong contribu-
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FIG. 1. Anormal CSlexperimentis performed by applying gradient pulses with varying strength before acquisition. The phase of the NMR signal then
linearily with space, the slope depending on the strength of the phase encoding gradient. The straight lines in (a) show the phase variatiostepa@®ight
experiment. The result is a sinc-shaped spatial response function, shown in (b). An ideal, rectangular SRF could in principle be obtainedyithedpiaain
fields by step-like fields, which are constant inside each voxel but change fast at their borders. One such field is indicated by the dashed linebtai(a). T
the ideal SRF, eight such step-fields—each of them following one of the linear fields in normal phase encoding—are required.

tions come from surrounding tissue. The SRF, which displalisear shapes for phase encoding can improve the performar
the spatial origin of the signal of a pixel, is not square but@af spatially resolved spectroscopic experiments. When tf
sinc-like function (Fig. 1b). This effect is responsible for twatructure of the sample is taken into account, a variety of fiel
disadvantages of the CSI sequence: First, the wiggles of steapes may enhance the quality of the localization. Allowin
sinc-function outside the desired voxel cause signal contamere variable field shapes thus can improve both localizatic
nation from adjacent voxels, and second, not the entire mad sensitivity of the spectra. The most flexible way to gene
netization within a voxel contributes to its signal. This latteate the desired fields is to use a set of fields, the shapes
effect results in an unavoidable signal loss of 13% per spatighich form a basis system. By superimposing many of thes
dimension 19) due to phase dispersal in extended samples. Hagher order gradients, all possible field shapes can be gen
a three-dimensional experiment, this adds to a total loss of 34&ted. This allows a flexible adjustment of the geometry of th

The inconvenient shape of the SRF is caused by the grafilelds to that of the sample.
ents used for spatial encoding: They generate magnetic field$ossible field shapes, however, are restricted by the Maxwi
with a linear dependence on space, which induce a linemguations, which do not allow arbitrary changes of the fiel
variation of the phase of the magnetization. The reconstructistiength inside the sample volume. Generating fields close
algorithm then assigns for every phase encode step one vahe optimal shapes is possible mainly for a small number c
of the phase to each voxel. By doing so, it assumes a constatatively large voxels. This kind of geometry is typical for
phase for the entire voxel. Due to the linear spatial dependerg&leOOP experiments7( 8, 20, 2}, which allow the simulta-
of the phase, however, only the center of the voxel has exaatigous acquisition of spectra from several arbitrarily shape
that value. The localization of the outer parts of the voxel igoxels. Since this technique is often used with a very sma
imperfect, part of their signal appears in other voxels, causingmber of compartments, it is particularly well suited for beinc
contamination by undesired signal. Furthermore, the phasembined with higher order gradients. Furthermore, th
dispersal within the voxel causes the reduction of its sign8LOOP-reconstruction algorithm can easily be extended !
amplitude. cover higher order field shapes.

These problems could in principle be avoided if the spatial Magnetic fields are governed by the Maxwell equations. The
encoding was performed with magnetic fields that are constatate that thez component of all field$, generated by a coil
inside the voxels, but change rapidly at their borders. For a G&ltside the volume of interest, must observe the Laplace equati
experiment with eight phase encode steps, an example is
shown in Fig. 1. The linear phase encoding fields are replaced
by the same number of step-like fields (dashed line, only one of
them is shown in Fig. 1a). They are constant within each voxel,
being equal to the corresponding linear fields in the vox&ll possible magnetic fields consist of linear combinations o
centers. This way, the phase dispersal could be avoided andttiee solutions to this equation. Neglecting those solutions th
SRF would have the ideal rectangular shape (Fig. 1b). Thd&erge at the origin and thus are not of interest in this case,
theoretical example shows that magnetic fields with other th&sillows in the spherical coordinates 9, and ¢:

V2B, = 0. [1]
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Bin(r,9,¢) = r'Y;m(9,¢). [2] the shapes of the encoding fields. Furthermore, the nonline
fields reduce the intravoxel dispersion of the magnetization ar
Here,Y,, are the real spherical harmonics, which are derivdflus cause an additional increase in sensitivity.
from the complex spherical harmonics by taking the real andTO get the signals oN compartments, an experiment with
imaginary part for the positive integer values of the parametdys= N phase encode steps has to be performeci(tj is the
| andm, with m = |. For each pair of andm there exist two time-domain NMR signal per unit volume emanating from the
functionsY,,,, which depend on either sim{) or cosfng) (22).  Nth compartment, the signal.(t) acquired in themth phase
A flexible way to generate arbitrary fields therefore is to ugghcode step is given by the sum of the signals from a
a set of coils which form magnetic fields with shapes th&ompartments:
correspond to one spherical harmonic each. By adjusting the

currents in each of these coils, any desired field shape can be N
generated as superposition of the individual fields. A set of Pm(t) = D gmCa(t), m=1,... M. [3]
coils which meets these conditions is present in every NMR- n=1

spectrometer: the shim coil2%-29. The consist of a set of

usually between 10 and 20 coils that are used to homogenjges regular SLOOP experiment, the factpy,, that contains

the B, field. Each of them corresponds to one of the functionge influence of the phase encoding gradients, is given by
in Eq. [2]. Using these field shapes for shimming ensures

maximum flexibility of the fields, a high orthogonality, and a
fast convergence toward the optimally homogene®usield. G = J L\ [4]
A review on shimming, including a list of usually available
shim coils with their mathematical expressions, can be found in
(26). All these advantages can also be exploited for forming

shaped magnetic fields for phase encoding. Shim coils ”S”‘%Wereﬁ = (y/2m)Gr (G is the constant gradient used in a

are, however, not designed for fast switching and cannot pgnventional experiment; the phase encoding time, ands
controlled by the pulse sequence. To use them for phagg 4y romagnetic ratio of the observed nucleus). In a SLOOF
encoding, some modifications of the NMR instrument aig ,oriment, the constant gradiet@sare replaced by higher
required. They are described below. order gradients, the vectdt is no longer defined and the
k-space description of spatially resolved experiments is r
longer valid. The higher order fields have to be taken int
account when calculating the factoy,,:

compartmenh

RECONSTRUCTION

The reconstruction of a SLOORXxperiment is derived from
that of a regular SLIM/SLOOP experiment, which has been
described in detail elsewheré, @, 20, 2). Here, we will give B )2 BT
only a short outline of the technique and its extension to Omn = e eIV, (5]
include nonlinear phase encoding fields.

SLOOP' exploits prior knowledge about the structure of the

sample that, for instance, can be obtained from a high-resolu- _
tion proton image. This image is used to define several cor?€ integral is performed over the whole volume of tite

partments, the spectra of which are to be found. The expdiRmpartmentB,(F) describes the spatial variation of the mag-

ment itself is similar to a CSI sequence, but with nonlinedtetic field

phase encoding gradients. The reconstruction algorithm de-

scribed below then finds the spectrum from each compartment. B,.T) = > Bi(7), [6]

Exploiting the knowledge of the exact shape and position of a i

compartment to determine its spectrum, partial volume effects

are avoided and contamination is reduced. Furthermore, Bebeing the individual magnetic fields generated byltkaim

sensitivity is higher than in a normal CSI experiment, since tloils to form the total magnetic fieB,, which may vary freely

whole compartment volume contributes to each spectrum. (within the limits set by the Maxwell equations) over the
The experiment can be affected by all kinds of inhomogsample volume. The sum is performed overlahim fields

neities inside each compartment that may cause contaminatised in the experiment. Thg,,, factor can also be used to

in the neighboring compartments. This effect can be minimizéaclude further information about spatial variations in the pa

by optimally adjusting the shape of the SRF to the comparameters of the sample or the instrument, I&kginhomoge-

ment. This is done by choosing an optimal set of phase encoities orT, differences, as described i2Q). These extensions

ing gradients. While in SLOOP this optimization is restrictedre not applied in our experiments.

to choosing the strengths of normal, constant gradients,The signalsc,(t) can be recovered from the measured sig

SLOOP' uses an additional degree of freedom by also varyimgls p,,(t) by constructing thei-dimensional vectoP,, and

compartment
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the N-dimensional vecto€,, which consist of the,,(t)’'s and localization criterion, Eq. [9], and maximizes the sensitivity,
the c,(t)’s, respectively. With theVl X N matrix G, whose Eq. [10], by varying the shim currents for each phase encodir

elements are thg,,, EQ. [3] becomes step. Since the two criteria are often opposed, a compromi
must be found. For this optimization, we used a simple Mat
Py(t) = GC\(1). [7] quardt-Levenberg algorithn2§), which is susceptible to local

minima. Local minima can in principle be avoided by applying
This equation can be solved by finding the pseudoinverse (Bfnore sophisticated algorithm (such as “simulated annealin
in the case oN = M the inverseH of G, for which HG = (29)). Because of the high computational demands of thos
1. H is a matrix of sizeN X M, which can be found numer- algorithms for the large number of parameters that must k

ically by performing a singular value decomposition (SVRJ)( ©Ptimized, they were not used in our calculati_ons. We therefor
Having foundH, the time domain signals from the variousannot know whether we have found the optimal set of paran

compartments can be obtained with eters, especially when a large number of phase encode step:
shim fields is used. To increase the probability of finding
E(t) = HP, (1) (8] good solution, the optimizations were repeated several tim

N - M .

with different starting values and the best solution was re

To evaluate the performance of the experiment and to fir%%md'
the optimal phase encoding fields for every phase encode step,
two criteria are defined, which assess the quality of the local-
ization and the signal-to-noise gain for the given geometrical

structure. The localization criterion describes the contributionsEXperlments were performed on a BRUKER AMX-500

of the SRFs of the other compartments to the signal of tﬁgectrometer with a field strength of 11.7 T and equipped wit

examined one. The reconstruction algorithm ensures that gaing gradients. This system is supplied with 17 shim coll

integral of the SRF of theth compartment $RF.) over the e mstrumentgnon displayed in Fig. 2 was built to en_able th
. use of these coils for pulsed phase encoding and to still be at

volumes of all other compartments is zero. To evaluate thée o . .
to perform normal shimming. A table containing a list of

susceptibility to inhomogeneities, the integral over the absolute " -
value of the SRE is taken: amplitudes for each of the coils in every phase encode step

loaded into a personal computer, which is equipped with tw

10-channel digital/analog converter cards (model AT-AO-1C

. National Instruments). One of their additional digital input

Lo = f [SRF(P)[d. [] channels is used for a trigger pulse from the spectrometer
synchronize the PC with the pulse sequence. A home-writte
computer program switches the output channels according

L, describes the largest possible degree of contamination atge values listed in the gradient table. The shape of the gradie

o ses is generated by one of the D/A output channels and
worst case criterion. A small value means a low degree By’ g y b

. L ) used to form the pulse shapes by multiplication with the
potential contamination in the signal of compartmentThe . .
o L onstant field amplitudes of each phase encode step. TI
phase encoding fields thus must be chosen as to minimize this . :
criterion allows a free adjustment of the waveform and the duration ¢

; . . . : the pulses as well as of the switching rate to minimize edd
The signal-to-noise efficiency of an experiment is assesse .
o . . cyrrents. These signals are added to the constant voltage u:
by a second criterion, which compares the SNR of the S|gnalfo : : o
. . ’ r the normal shim currents by means of summation units i
one compartment to that of a hypothetical, ideal experime

where no signal is lost because of phase dispersal inside rt}ﬁe shim amplifier. This procedure ensures that normal shir

£
compartments. It can be calculated as

INSTRUMENTATION

outside compartmemt

ming is still possible. To allow fast pulsing, the bandwidth of
the shim amplifier, which is usually small to avoid high-
frequency variations of the shim currents, had to be increas

SNR, _ 1 [10] to allow time constants of less than 1 ms.
SNRopt Vo= [Noed 2 Since Eq. [6] contains the spatial dependence of all the shi
fields B;(f) throughout the sample, those fields first must b
whereSNR, andSNR, , are the SNRs of theth compartment measured. This was done by performing a normal spin-ecl
in the real and the hypothetical experiment, respecti@®lyM, imaging sequence on a homogeneous water sample, wher
is the volume of the compartment and thg, are the matrix pulse into one of the shim coils is applied before, and a secor
elements oH in Eq. [8]. This criterion must be maximized toinverted one after the refocusing 180° pulse (Fig. 3b). Thel
achieve the highest possible sensitivity. the same experiment is repeated, with an inverted sign of t
These two criteria are used to find the optimal values of tlsdim pulses. By subtracting the phases of the two resultir
phase encoding fields for a given sample structure. This is ddarmeages, a field map of the respective shim coil can be con
by a numerical optimization algorithm which minimizes thguted. It is vital that these images are acquired with the san
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FIG. 2. The instrumentation used for performing phase encoding with the shim coils. An external PC stores the field strengths for every phase encc
After receiving a trigger pulse from the spectrometer, the amplitudes of the higher order phase encoding gradients are read from a table, coraleged
values, multiplied by a waveform shape generator, and added to the constant shim currents. The bandwidth of the shim amplifiers is increasguido all
field changes.

shim coils

timing (i.e., echo time, length, shape, and position of th&him coils, that are much weaker than normal imaging gradie
gradient pulses) as the spectroscopic experiments, sigods, imply a rather long duration of the phase encodin
switching the unshielded shim coils generates strong edgsadients. To minimize eddy currents, a long rise time of 2.!
currents, whose influence on the magnetic field has to be takea was used, the total phase encoding tinveas 20 ms. By
into account for the calibration. The measured field strengthsgglitting the phase encode gradient into two halves, one befc
some of the shim coils are listed in Table 1. and a second, inverted one after the refocusing pulse, the to

Before the spectroscopic experiment is performed, the opticho time could be reduced. Nevertheless, an echo time of
mal values for all shim currents and phase encode steps mmustwas necessary because of the long phase encoding peri
be found. Since this optimization depends on the geometrieadd to allow for decay of the eddy currents. The structure
structure of the sample, a proton image is taken, from whiahformation from the proton images was then used to recor
the necessary spatial information is extracted. An image sefruct the spectra from the various compartments with the a
mentation is performed to define the compartments from whiolfihome-written IDL (“Interactive Data Language,” RSI, Boul-
spectra are to be obtained. Then, the quality criteria defineddat, Colorado) routines.
the end of the previous section are used to numerically deterTo allow an evaluation of the new technique, CSI experi
mine the optimal phase encoding fields. The g&achomo- ments with the same number of phase encoding steps (p
geneity of the applied birdcage resonator in the plane usedfanmed with the normal gradient coils) and identical timing
the two-dimensional experiments allows to neglect correctiomere performed and their results were compared to tho:
for B, inhomogeneities, which would require additional factorsbtained with the SLOOPtechnique.
in Eq. [5], without severe degradation of the localization.

The spectroscopic experiments in two and three dimensions
were performed with the pulse sequence of Fig. 3a. For the RESULTS
two-dimensional experiments, a slice-selective excitation pulse
was applied in the presence of a constant gradient in sliceWe performed two- and three-dimensional experiments u:
direction, followed by a hard 180° refocusing pulse. Halhg the SLOOP technique on a simple two-compartment
echoes were sampled. For the three-dimensional experimgftantom, consisting of tubes filled with water (inner tube) an
the excitation pulse was replaced by a nonselective pulse dmirication oil (outer tube, Fig. 4). The water was heavily
the slice gradient was omitted. The low field strengths of tldoped with copper sulfate to get a similar shdgt in both
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FIG. 3. The pulse sequence used for SLOQ® similar to that of a normal spin-echo CSI experiment, where the phase encode gradients are replac
pulses into the shim coils. For three-dimensional experiments, the excitation pulse is nonselective and the slice gradient is omitted. Afitexperme
performed using a repetition time ®, = 1 s, an echo time of ¢ = 50 ms, and a phase encoding timeref 20 ms. The 2D-experiment consisted of 16 phase
encoding steps with four phase-cycled (EXORCYCLE) averages, the 3D experiment of 64 steps without averaging. All experiments thus took ahatet one
Panel (b) shows the additional imaging gradients needed to measure the field maps of the shim coils.

compartments. The oil signal consisted of two lines from fat atippressed. Furthermore, a strong gain in the signal-to-noi
0.4 and 0.8 ppm, containing no additional contributions in thatio is observed. In this case, SLOORIlows one to obtain
region of the water frequency (4.7 ppm). Signals from botimuch better results than the classical CSl sequence. The rea
compartments can therefore be distinguished clearly to detémt this difference is shown in Fig. 5, which displays the SRF
contamination. A segmented image of the phantom was useafahe two experiments for the outer compartment: For bot
optimize the phase encode fields for a two-dimensional experethods the absolute values of the SRF show significant co
iment with 16 phase-encode steps. Only six of the 17 availattemination from the water compartment. The rapid phas
shim coils show considerable variation in the selected trarshtanges in that compartment in the SLOGRperiment, how-
versal plane and were used in the experiment. The field aever, ensure that the positive contributions from the wate
plitudes found by the optimization algorithm are listed in Tablsignal are exactly cancelled by negative contributions. Furthe
1. To be able to compare the SNR of the spectra, a low flipore, the SRF of the SLOORequence shows that the entire
angle of about 1° was used. The slice thickness was 0.5 mmjadume of the oil compartment contributes to its signal, caus
phase cycle (EXORCYCLE) required four averages. ing a much better signal-to-noise efficiency.

The acquired signals were then reconstructed by theThis result is confirmed by the quality criteria: For the
SLOOP' algorithm. To compare the results to convention®LOOP' experiment, the localization criterion (Eq. [9]) for the
methods, a normal CSI experiment with the same total numbmrter compartment is 0.15, the sensitivity criterion (Eq. [10]) i
of phase encode stepdl(= 4 X 4, FOV = 18 mm) and 0.42. The corresponding values for the CSI experiment al
identical other parameters was performed. Typical CSI spec@&&2 for localization and 0.15 for sensitivity. Both criteria thus
of both compartments can be seen in Fig. 4a. Especially thgree with the improved results for the SLOOBequence.
outer fat compartment shows a strong contamination by watinceB, andB, inhomogeneities as well as inaccuracies in the
signal and a low signal-to-noise ratio. shim maps have not been considered in the reconstruction, t

In the SLOOP spectra of the two compartments, Fig. 4baccuracy of the sensitivity criterion is limited, causing an only
the contamination by unwanted signals is almost completejyalitative agreement with the measured SNR difference.
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TABLE 1 DISCUSSION
Shim Fields Used in the 2D Experiment

The results displayed in Figs. 4 and 6 demonstrate tf

H _ 2 2 o A . ) )
Shim X y X~y Xy xz Y2 possibility of using the new technique to improve the quality o
Bou/uT® 137 47.0 8.6 13.9 47.0 9.2 localized spectra. However, its application for experiments o
biological and medical systems is limited by several restric
pe-step Percent of maximum amplitéide tions. The main limitation is imposed by Eq. [1]: All magnetic
fields inside a coil are linear combinations of the spherice
1 145  -0538 -20.1 112 -3.77 198 ics Eq. [2]. Thev d tall bit h fh
5 15.8 0147 —224 0733 -372 -276 harmonics, q._[ ]_. ey do not allow arbitrary changes of th
3 -8.17 0.758 -5.26 -237 291 —247 mMmagnetic field inside the volume-of-interest. This is demon
4 -1.37 -0220 -1.00 -2.27 1.44 5.21 strated in Fig. 7: The step function necessary for the optim:
5 232 -0318 6.99 117 -159 450 CSI experiment depicted in Fig. 1 is expanded in 49 spheric
6 262 -0440  -0.147 0465 -0416 863 harmonics. Obviously, even for such a low resolution, the
7 306  -0.733 253 125 -1.08  —355 it deviat v sliahtly f i field f | |
8 0171 0.196 5133 161 -122 -so00 resultdeviates only slightly from a linear field for a large par
9 196 —0.440 253  —1.71 597 -—208 Ofthe FOV. This shows that the necessary field shapes for
10 -151  -0.122 250 —1.08 281 -18.6 SLOOP' experiment can only be generated for a small numbe
11 —-12.3 085 251 -130 152 —-6.87 of large voxels. For an increasing number of compartments, tf
12 -122 0.905 9.76  —154 6.09 3.28 performance of the new technique will slowly degrade and &

13 -9.95 0.000 6.94 —1.03 3.67 500 L ib | to that obtained with | ant
14 0538 0073 -0538 0260 —0904 104 lastbecome equal to that obtained with normal, constant gr
15 13.4 0.000 —8.36 0.489 —-5.33 6.43 dient fields. This can already be observed for the three-dime
16 9.56 —0.807 —4.77 —0.562 -2.40 7.04 sional case (Fig. 6), where the geometrical limitations on th

possible field shapes are much stricter than in two dimensior
* Maximum field strengths of the six shim coils used for the two-dimeq:esumng in a less drastic performance gain

sional experiment as difference between maximum and minimum field vaIuesAdd.t. | bl introd d when th t ter
over the FOV of the 2D-experiment. Itional problems are introaduced when the spectrometer

b Shim fields used in the 16 phase encode steps of the two-dimensioBRIM coils are used to generate the necessary fields. They .
SLOOP' experiment. The values are listed as percent of the maximum amot designed for fast switching and therefore are not shielde

plitudes, shown above. They are the results of numerical optimization.  Switching the fields on and off induces strong eddy currents i
conducting parts of the magnet and instabilities of the gene
ated field. These effects must be taken into account whe
calibrating the experiment: The maps of the shim coils must k

The shape of the inner compartment is much better suited fquired with exactly the same timing as that used in th

CSI experiments: Here, the localization criterion for CSI igxperiment. However, to avoid varying magnetic fields while

0.48 and therefore better than for SLOORvhere it is 0.95. sampling the echoes, one must make sure that these ec

However, since the integral of the SRF over the volume outsid@rrents have decayed to a large extent before acquisition. T

of the compartment is zero for SLOOFbut not for CSI, the spacing between gradient pulse and acquisition therefore m

contamination of the SLOOPspectrum of this compartment ishe long, which implies long echo times. Furthermore, the fiel

still considerably smaller than for that acquired by CSI. The&trengths are much smaller than those of normal imagir
sensitivity criterion furthermore confirms the higher SNR igradients (Table 1). The length of the gradient pulses cons
the SLOOP experiment (0.61 for SLOOR 0.39 for CSI).  quently must be quite long. Both arguments lead to the ect
For three-dimensional structures, the limitations on the fietine of 50 ms that was used in our experiments. Such a lor
shapes that are imposed by the Maxwell equations allow ordgho time causes a strodg-weighting and signal loss. Fur-
for a less accurate approximation of the optimal values. Thigermore, the accuracy of the desired field shapes is restrict
effect can be seen in Fig. 6. It shows the results of a threagy the small number of shim coils, which limits the number of
dimensional experiment on a similar phantom as before. Sixpherical harmonics available to form the fields.

four phase encode steps were performed and compared to All problems that are caused by using the shim coils can

4 X 4 X 4 CSI| experimentFOV = 18 X 18 X 45 mn7). relieved by the construction of dedicated coils, which genera

Twelve shim coils were used to generate the higher order phéise magnetic fields necessary for one particular sample geol

encode fields. The optimization of the field shapes then impliegy. This is of course only worth the effort if a similar

to find a minimum in a 64x 12 dimensional parameter spacegeometry is used in many experiments. The flexibility then i

Although the difference in the quality of the CSI and theeduced as price for a higher degree of localization.

SLOOP" spectra is not as striking as in Fig. 4, the contamina- A last problem of the technique is finding the optimal field

tion is still significantly reduced and the SNR in the outeshapes for the different phase encode steps: We are usin

compartment is increased. These results suffer from the highlymerical optimization algorithm which, since a high numbe
inhomogeneous,; field of the resonator over the large FOV of parameters must be adjusted, is quite lengthy and suscej
which was not considered in the reconstruction. ble to being trapped by local minima. The optimization for the



204 POHMANN, ROMMEL, AND VON KIENLIN
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FIG. 4. Results of a two-dimensional experiment on a two-compartment phantom (center) filled with water (inside) and mineral oil (outside). (a) F
from a 4x 4 CSl experiment, (b) results of a SLOOExperiment with the same number of phase encode steps. The 2D-S1pefra show the improvement
in localization, mainly for the outer compartment, where the unwanted water signal is completely suppressed. The SNR of thespe@@Rare improved

by 57 and 74% for the inner and outer compartments, respectively. For the SL&@&riment, linear combinations of six shim fields ¢, x> — y?, Xy, Xz,
yZ’) were used for phase encoding (see Table 1).

three dimensional experiments of Fig. 6 took more than a dagcessarily been found for this experiment and even bett
and had to be performed repeatedly with different initial paesults than those depicted in Fig. 6 might be possible. The u
rameter values. However, the best set of parameters has afdSLOOP" for routine applications would therefore require a

a: CSI-SRF (amplitude) b: SLOOP"-SRF (amplitude) c: SLOOP"-SRF (phase)

FIG. 5. Spatial response functions for the spectra from the oil compartment of the two-dimensional experiment of Fig. 4. For both sequences the :
value is displayed, for SLOOPalso the phase of the SRF is displayed (for CSI the SRF is purely real). The CSI experiment (a) shows the typical sinc-s
SRF, causing contamination from the water compartment and a low signal-to-noise ratio. For the "Sie@®@Rjue (b), the contamination from the water
compartment is compensated by the (c) phase changes inside that compartment, which cause total cancellation of the unwanted signal. Insigartheeoit co
no significant phase changes occur and the whole compartment contributes to the signal, resulting in a high SNR.
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a) 3D-CSI | water

_ fat
SNR= 157 SNR=71 a

k I
J / ' water

b) 3D-SLOOP"

water
SNR= 131 SNR= 100 fat
T
J fat water
i i M " . J ‘ o
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FIG. 6. Results from a three-dimensional experiment with (a)>a 4 X 4 CSI, and (b) a SLOOPexperiment with 64 phase encode steps. Except for the
SNR in the water spectrum, which is slightly reduced, the SLO&#ctra show significant improvements compared to those obtained by CSI. The shim fi
applied for the 3D-SLOOPsequence werg, y, z, x> — y?, Z%, xz, xy, xZ, yZ, 2%, z*, andz°.

better (if possible analytical) algorithm to find the optimascheme. The nonlinear fields thus allow maximum flexibility o
parameter values. the experimental parameters and leave the concéepspace.

The results obtained with this technique show the capabiliyhile we have applied these principles to localized spectro
of SLOOP" to achieve a considerable gain in the quality of theopy, there may also be other applications, where going b
localization of spatially resolved spectroscopic experiments
with a low spatial resolution. The increased sensitivity and the 4
reduced contamination allow better results in less time than is
possible with conventional methods.

The approach presented here offers wider possibilities to
adjust the experiment to the sample than conventional spatia
resolved NMR techniques: While they apply the Fourier transg
form to obtain signals from a grid of rectangular voxels without=
inserting any additional information, newer methods use‘% 0
knowledge about the sample for the reconstruction to improve
the localization. The data on which these algorithms are ap=
plied are in most cases obtained in conventionally performed*
experiments. A much better adjustment of the experiment to
the sample is possible, when tlaepriori information is in-
cluded not only in the reconstruction, but in the experiment
itself. The most accurate way of doing so is by matching the 4 2 4
shape of the fields for spatial encoding to the sample geometry. Voxel
This is not possible with the constant gradients used normally , _ _ o ,
forimaaing. but hiaher order fields must be applied. Since th FIG. 7 A s_tep function (dashed line) and. its expansion in 49 spherlc_a

ging, . g - . PP . H¥rmonics (solid line) by a least-squares algorithm. For a large part of the fie
cannot be described with thespace formalism, this conceptof view, the result differs only slightly from a straight line, demonstrating the
exceeds the limits df-space, using a more flexible localizationimited capability of the spherical harmonics to form arbitrary field shapes.
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yond k-space allows one to better adjust the experimentd. E. Wu, G. Johnson, S. Hilal, and Z. Cho, A new 3D localization
parameters to the examined geometry.
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