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The low signal-to-noise ratio (SNR) is the single main factor limiting the spatial resolution that can be attained in nuclear magnetic resonance
spectroscopy (MRS) in animals or man. This work first reviews the fundamental relationship between metabolite concentration, spatial
resolution and SNR, which together define the frontier of sensitivity for MRS. It then presents SLOOP (Spectral Localization with Optimal
Pointspread-function) as a recipe to identify an optimal set of experimental parameters that will provide the most accurate results, in situations
where geometrical a priori information about the sample is available. SLOOP, which provides robust, quantifiable spectroscopic information, has
mainly been applied to study cardiac energy metabolism in healthy volunteers and in patients, and these results are briefly summarized. The
quality of localized spectroscopy may be further improved through the use of nonlinear pulsed magnetic field gradients. This technology, which
has been named SLOOPN, is outlined and discussed. The text provides advice on the practical implementation of these methods with a focus
on the high experimental quality required for localized MRS: even the most sophisticated postprocessing algorithm cannot fully compensate
shortcomings in data acquisition.
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Introduction
In the early 1980s, magnetic resonance imaging (MRI) began
invading the radiology suites of modern hospitals. At that time,
the same physical phenomenon of nuclear magnetic resonance
(NMR) had already been utilized for decades in analytical
chemistry, for determining the constituents of liquid samples
in test tubes. ‘Magnetic resonance spectroscopy (MRS)’ – as
this method now is commonly called in the biomedical envi-
ronment – was applied for the first time in living tissue in
the early 1970s, to measure the essential components of phos-
phorous energy metabolism.1 In the 40 years since the first
biological applications, in vivo MRS has seen tremendous tech-
nical developments and has made major contributions to the
elucidation of biochemical processes and pathways, in healthy
and disease states.

Despite the manifold success stories of MRI and MRS, one
of their major limitations is poor sensitivity, which is about
six orders of magnitude lower compared to nuclear imaging
methods. Fundamental physical principles, related to the spe-
cific physicochemical properties of living tissue, govern the
sensitivity of in vivo MRI and MRS and limit the achievable
signal-to-noise ratio (SNR). While the detected signal is propor-
tional to the amount of the compound to be measured, the noise
of in vivo measurements depends on the electric conductivity

of the tissue plus the losses in the detection system.2 Well-
functioning state-of-the-art MRI/MRS instruments operate
close to the natural sensitivity limit of sample-dominant noise
under most practical circumstances, and except, perhaps, for
hyperpolarization (see Hyperpolarization Methods for MRS)
no technological break-through can be expected to remedy the
situation by providing substantially higher sensitivity. Typi-
cally, to be detectable by in vivo MRS within an acceptable
experimental scan-time, a tissue constituent must be present at
a concentration in the millimolar range, in a volume of at least
several hundred microliters.

The availability of methods to control the spatial origin
of MRS signals, which like MRI are based on radiofrequency
and magnetic field gradient pulses, is a key asset of in vivo
MRS. They enable its use for ‘noninvasive biopsy’ in which
the chemical constituents are measured within a well-defined
region in the body (e.g., in a specific organ or lesion), remotely
and without injury. The SLOOP (Spectral Localization with
Optimal Pointspread-function) method, which is reviewed in
this article, is an approach aimed at achieving the highest-
possible accuracy for spatially localized MRS. The fundamental
concept is to optimally acquire the potential signal by exploiting
a priori information about the anatomical shape of the region-
of-interest (ROI). This article provides: (i) a recipe to determine
the best experimental parameters for the MRS measurement
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Figure 1. Example of a typical situation for localized MRS studies: (a) a lesion is detected on anatomical images and further diagnostic information is
wanted. The goal of the MRS study is to measure with the highest possible accuracy the constituents in this ‘region-of-interest (ROI).’ The operator can
position either (b) a small voxel well within the lesion to minimize contamination from adjacent tissue or (c) a large voxel centered on the lesion to
maximize the signal-to-noise ratio; it is also possible (d) to accumulate the signals from many small voxels positioned within the ROI

using SLOOP; (ii) the formulae for reconstructing the localized
MRS signals, taking into account the geometric shape of the ROI
and other experimental parameters; and (iii) quality criteria
for documenting the SNR efficiency and quality of localization
for a specific study. Selected examples of applications are
presented, advice on practical implementation is given, and
possible technical developments are outlined.

The Spatial Frontier of In Vivo MR
Spectroscopy
The fundamental goal of localized in vivo MRS is to accurately
measure the chemical constituents in a target area, or ‘ROI’,
within the living body. This task is exemplified in Figure 1(a).
Assume that some lesion has been detected in the brain, but
its exact nature still needs to be verified. MRS in principle can
noninvasively biopsy it and determine its chemical constituents,
to potentially arrive at a more precise diagnosis and/or aid in
designing or monitoring an appropriate medical treatment.

There are many different possible experimental approaches
for controlling the spatial origin of the MRS signal by employing
sequences of radiofrequency and gradient pulses. A common
property of most methods is that the detected signal is confined
to a more-or-less cubic-shaped region, or ‘voxel’, which can
be readily positioned in the ROI as depicted in Figure 1(b).
The spectroscopic signal detected from such an experiment
largely originates from that voxel and thus will reflect the
chemical composition of that area. For a given experimental
setup, the signal amplitude detected from the voxel is directly
proportional to the concentration C of the substance, to the
volume V of the selected voxel, and to the total duration of
the measurement, Ttot (equivalent to the number of accumu-
lated transients). Noise being uncorrelated, increases with the
square root of the total experimental time. The SNR of the
measurement thus can be written:

SNR ∼ V · C · √
Ttot (1)

For an MRI or MRS measurement to be of practical use, its
SNR needs to be above a certain level, to ensure accuracy and
reliability. The dependency of the SNR on concentration, voxel
volume, and experimental duration described by equation (1)
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Figure 2. Schematic representation of the signal-to-noise ratio (SNR) of
MR studies in living tissue, as function of concentration and voxel volume
(equivalent to spatial resolution). Only in the green domain is the SNR
sufficiently high to allow the generation of useful MR results. Prolonging
the experimental duration to hours or days can push the ‘frontier of
sensitivity’ to somewhat higher spatial resolutions, but concentrations in
the micromolar range and below are clearly outside the reach of in vivo
MR methods

is schematically depicted in Figure 2. As ‘voxel volume’ is
equivalent to spatial resolution, Figure 2 is a visualization of
the spatial limits of MR based on its inherent sensitivity. The
two blue with blue labeled regimes indicate the operational
range of typical methods in this landscape. Conventional MRI
detects the resonance of hydrogens in tissue water present at
a concentration of about 80 M, which permits useful imaging
with resolution limits in the millimeter range at experimental
durations of minutes (blue area in the lower right). Cerebral
1H-MRS, in contrast, detects metabolites present in millimolar
concentrations: to achieve a useful SNR, the resolution is
limited to milliliter volumes (∼1000 mm3) for experiments
requiring up to 1 h (upper left).

Note that this schematic is just an order-of-magnitude
representation: the SNR depends on many other parameters
including magnetic field strength, detector, sample properties,
measurement protocol, etc. Nevertheless, these other param-
eters do not dramatically affect the fundamental resolution
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limits imposed by the inherent sensitivity of the MRS exper-
iment, which are determined by the electrical properties of
the living sample on the noise side, and the spin density that
generates the signal.2 In addition, for each line on the graph, the
product of the compound’s concentration and voxel volume is
constant. This means that the line represents a fixed absolute
amount of compound in the micromole range (10−6 mol). MR
is thus about six orders of magnitude less sensitive than nuclear
imaging modalities that are capable of detecting compounds
down to the picomole range (10−12 mol).

Returning to Figure 1, the operator of the MRI/MRS instru-
ment has to make a choice: he can choose a rather small voxel
that fits completely within the target region (Figure 1b) to
provide a result that is not contaminated by signals from the
surrounding tissue. However, owing to equation (1), the choice
of a small voxel volume leads to a low SNR, which may compro-
mise the accuracy of quantitation of the detected metabolites.
The operator could alternatively choose a larger volume provid-
ing a better SNR: the voxel in Figure 1(c) has a threefold larger
area so the detected signal will have proportionally higher SNR.
The accuracy in detecting the chemical composition within
the lesion is now nevertheless compromised by the insepara-
ble signal contamination originating from tissue outside the
lesion.

To find a better compromise between sensitivity and signal
contamination, one may also propose using chemical shift
imaging (CSI; see CSI and SENSE CSI) with high spatial
resolution, then sum the signals from all the voxels within the
ROI (Figure 1d). While this may be a valuable approach in high
SNR situations, there is a severe penalty in sensitivity to pay, as
demonstrated in the following. In a first thought experiment,
let the signal of the whole ROI be S1, and the standard deviation
(SD) of the noise be σ , for a fixed total scan time with N scans.
The theoretically optimal SNR1 of the whole ROI thus is:

SNR1 = S1

σ
(2)

In a second experiment, let us now divide the ROI into N
subvoxels of equal size, which are spatially encoded using a CSI
sequence with N phase-encoding steps, so that the total scan
time is the same as the first experiment (Figure 1d). The signal
in each voxel is ∼S1/N, and the summed signal SN from all N
voxels is:

SN =
N∑

i=1

Si

N
= S1 (3)

just as in the first experiment. The SD of the noise of the
spectrum in each subvoxel is again σ , as the noise is not
affected by the phase encoding. When summing the signals
from the N subvoxels, the noise adds incoherently with

√
N,

and the SNR2 from the whole ROI for the second experiment is:

SNR2 = S1

σ · √
N

= SNR1√
N

(4)

Comparing equations (2) and (4), the penalty in sensitivity
to be paid by summing N voxels in the second experiment thus
amounts to

√
N, which might only be acceptable in high SNR

situations.

This example also substantiates the conclusion that the
sensitivity of an MRS measurement is predetermined during
the experiment, at the time the signals are acquired: if a
measurement is run with unsuitable parameters – in particular,
with too high a spatial resolution – the loss in sensitivity cannot
be regained by postprocessing, and the result will always remain
suboptimal. The question addressed by the SLOOP technique
therefore is: what is the optimal data acquisition strategy to
obtain the MR signal from a noncubical-shaped ROI, and
how can signal contamination be minimized and sensitivity be
simultaneously optimized?

Localization of Anatomically Matched
Regions
It is a common principle of experimental physics to utilize all
information known about a system with the aim of increasing
the accuracy of the result of a measurement. This a priori
information, together with the experimental parameters of the
measurement protocol, is used to construct a simulated model
of the system. This mathematical model is then utilized during
data processing to determine with higher accuracy the desired
parameters from the measured signals. The better the model
reliably captures all of the known properties of the experimental
situation, the higher the potential gain in accuracy.

This concept of using a priori information has been pro-
posed for processing localized in vivo spectra from noncubically
shaped regions in an ingenious idea from Hu et al.,3 which they
named ‘spectral localization by imaging (SLIM)’. The basic idea
is to compute a model of the spectroscopic experiment based
on information obtained from an anatomical image. On this
image, all ROIs, and all other regions that make contributions
to the detected spectroscopic signal, are identified by a segmen-
tation process, wherein each point in space is assigned to one
out of a list of N specific compartments. The guiding principle
in this segmentation procedure is to conglomerate all subvoxels
or ‘pixels’ within a homogeneous region, i.e., all pixels gen-
erating a more-or-less identical spectroscopic signal, into one
compartment. This compartment information is then used in
computing a model of the detected signal in a phase-encoded
spectroscopic (CSI) experiment. Let cn be the (unknown) spec-
troscopic signal of the nth compartment in the absence of phase
encoding and M the number of phase-encoding steps (M > N).
The signal pm detected for the mth phase-encoding step can
then be written as the sum of the phase-encoded signal from
all N compartments:

pm =
N∑

n=1

gmn · cn (5)

In this equation, the variable gmn captures the effects of phase
encoding on the nth compartment:

gmn =
∫

compartment n

e−i·�km·�r · d3�r (6)

with �km as the mth phase-encoding gradient. [The effect of
inhomogeneous RF B1 field transmission or detection coils can
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also be captured4 in equation (6), but this has been omitted
in this article for the sake of simplicity.] All variables gmn
can be written as the M × N matrix G. This is the mathe-
matical model of the SLOOP experiment, relating the signal
from each compartment to the available information from
the experiment: the phase-encoding gradients from the MRS
acquisition and the anatomical distribution of the subject under
study. As detailed in Ref. 3, the spectroscopic signals cn from
the N compartments can be reconstructed by computing the
pseudoinverse of the matrix G, thereby obtaining the spectra
of anatomically matched ROIs.

Some caution is warranted in the numerical implementation
of these equations, to appropriately account for intravoxel
dephasing when evaluating equation (6). Phantom studies have
demonstrated that it is not sufficiently accurate to compute
just the central phase change �km · �r for each pixel on the
anatomical image (at location �r in laboratory space). The
intravoxel phase dispersal along each phase encode direction
and the subsequent amplitude change need to be accounted
for by integrating the effect in the interval [r − Δr/2, r + Δr/2]
over each of the three orthogonal voxel edges of length Δr.
The precise coordinates of the pixels in the anatomical image
also need to be known, in order for the model to accurately
reflect experimental conditions. Typical implementation of the
fast Fourier transform (FFT) algorithm, for example, shifts the
image to the left by half a pixel dimension in each direction so
that the zero frequency falls exactly in the center of one pixel.
The exact coordinates of the left and right edges of an image
about the isocenter are thus

[−FOV− Δr
2 , FOV− Δr

2

]
rather than[−FOV

2 , FOV
2

]
, with FOV and Δr the field-of-view and the digital

resolution of the image in each dimension, respectively.

Spatial Response Function: The Optimal
Experiment
The SLIM approach to solving equation (5) for the desired
local signals cn, by computing the pseudoinverse of the matrix
G, will return a result in most practical circumstances, but in
degenerate situations there may be no mathematical solution.
This section addresses three fundamental questions about the
quality of the result thus obtained: (i) What is the localization
quality, i.e., how much contamination from surrounding tissue
may have leaked through? (ii) What is the SNR efficiency of the
approach? (iii) What are the optimal experimental parameters,
i.e., which set of phase-encoding gradients will minimize spa-
tial contamination and maximize SNR? The SLOOP method5

addresses these questions; it provides quantitative criteria to
evaluate the quality of localization and SNR efficiency, and a
strategy to identify the best data acquisition parameters for a
specific experimental situation.

The appropriate tool to analyze the properties of a localized
spectroscopic experiment is to compute its spatial response func-
tion (SRF), based on the anatomical segmentation, the SLIM
reconstruction coefficients, and the phase-encoding gradients
[equation (10) in Ref. 5]. The original SLOOP publication5

misappropriated the term pointspread function (PSF) for what
should have been called SRF: the two have quite different
physical meanings, although their mathematical functions may

often look very similar. It is a frequent inaccuracy to equate
‘laboratory space �r’ with ‘image space r̂’, but one should realize
that – together with �k-space – there are indeed three relevant
spaces in MRI! The laboratory space is the universal space
we work in, with its three continuous dimensions x, y, and
z. Image space in contrast is a space with one, two, or three
discrete dimensions, stored somewhere in a computer memory
or visualized on a computer screen: it is easily confounded
with laboratory space as the former is a more or less accurate
representation or ‘image’ of the latter. Both the PSF and the
SRF establish the relationship between laboratory space and
image space, but from reciprocal perspectives. The PSF is the
mathematical function that describes how the signal from a sin-
gular point in laboratory space propagates across image space.
Given a point �r in laboratory space, the PSF is thus a discrete
function with a value for each pixel in the image. The SRF on
the other hand is the function that – for a singular pixel in the
image – describes the weighted contribution to its signal arising
from each point in laboratory space. Given a pixel r̂ in image
space, the SRF is thus a continuous function in laboratory space.

SLOOP is an exemplary case where the PSF and SRF are not
alike. In an experiment with N compartments defined on an
anatomical image, there is a PSF for any point in laboratory
space, and any PSF has exactly N discrete values. On the other
side, there are exactly N SRFs, one for each compartment, and
each SRF is a continuous function over laboratory space.

The SRF is the appropriate tool to analyze the properties of
a localized MRS experiment. It depicts the spatial origin of all
contributions to the spectrum, both in amplitude and phase.
One particular feature inherent to the SLIM reconstruction
method is that the integral of the SRF over the ROI is exactly 1,
while the integral over each other compartment defined on the
segmented anatomical image is exactly zero. A first application
example is shown in Figure 3: the three compartments ‘cortex’,
‘papilla’, and ‘renal pelvis’ have been outlined on the anatomical
image of a rabbit kidney. The SRF for each compartment
(obtained after a SLOOP optimization of the experimental
parameters, as described below) is visualized in panel b: the
amplitude of the SRF (left column) is high within each ROI
but low on the outside, whereas its phase (right column) is
uniformly close to zero within each ROI but dispersed over the
full range elsewhere.

In an ideal experiment, the amplitude of the SRF is at some
constant level within the ROI, and zero across all other com-
partments. The resulting localized spectrum then reflects the
mean of the metabolites within the ROI with equally weighted
contributions from each point in the ROI, whereas all signals
from outside the ROI are efficiently suppressed. In real life,
this ideal situation cannot be achieved, because phase encoding
with linear magnetic field gradients cannot induce local phase
discontinuities. The suppression of nonzero amplitude signals
originating from outside the ROI is instead achieved compart-
ment by compartment, through phase cancellation of the con-
tributions within each compartment. Put simply: each positive
signal is compensated by a negative signal of equal amplitude.

This phase cancellation, however, can only work if the
signal from each point in the compartment has equal strength.
Consequently, the SLIM reconstruction method is vulnerable
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Figure 3. Example for localized spectroscopy from anatomically matched compartments: (a) on the structural image of an excised rabbit kidney, three
major anatomical compartments can be readily identified, i.e., the cortex, the papilla, and the renal pelvis. Panel (b) shows the SRFs obtained for each of
the compartments in a SLOOP experiment: the amplitude of the SRF matches quite well the outline of each ROI, while its phase is homogeneous within
but greatly dispersed outside the ROI. (Reprinted from Journal of Magnetic Resonance 94: 268–287; M. von Kienlin and R. Mejia: ‘‘Spectral Localization
with Optimal Pointspread Function’’ (1991), with permission from Elsevier)

to any inhomogeneities in the distribution of metabolites
that are not taken into account in the segmentation process.
Violations of the assumption of homogeneous compartments
can lead to spatial contamination with signal contributions
from other regions. In practice, one indication for such spatial
contamination is aberrant phasing behavior of the localized
spectra. If a whole set of localized SLOOP spectra cannot be
easily phase corrected into pure absorption line spectra with a
single set of zero- and first-order phase correction parameters,
then poor localization may be the culprit.

A localization method that generates an SRF with low
amplitude outside the ROI is less prone to spatial signal con-
tamination caused by local inhomogeneities. A quantitative
criterion L for comparing the localization quality of SLOOP
experiments, based on the amplitude of the SRF outside the
nth ROI, can thus be defined as:

Ln = 100% ·
∫

outside ROIn

|SRFn(�r)| d�r (7)

The smaller L is, the better the SRF matches the anatomical
shape of the region of interest, the less is the experiment prone
to spatial contamination, and the more reliable is the result.
At the same time, the SNR efficiency of the experiment should
be as close to optimum as possible. This efficiency, E, can be
calculated using the formula derived in Ref. 5, with Vn the
volume of the nth ROI, M the number of phase-encoding

steps, NAm and NAtot the number of acquisitions for the mth
phase-encoding step or the total experiment, respectively, and
hnm the reconstruction coefficients obtained from the SLIM
reconstruction process:

En = 100%

Vn · √
NAtot ·

√√√√ M∑
m=1

(NAm · |hnm|2)
(8)

The ideal value for E is 100%, which would correspond to a
situation where all signal available in the ROI is detected and
none is lost to phase dispersal. SNR efficiency, however, is in
conflict with localization quality. Phase-encoding gradients are
required to achieve localization, and stronger gradients produce
better spatial resolution, but also lead to higher phase dispersal
and consequently lower signal amplitudes. The optimal experi-
ment has to seek the best compromise between simultaneously
minimizing spatial contamination and maximizing SNR effi-
ciency. No analytical solution is presently known for identifying
the optimal experimental parameters that yield the best accu-
racy. However, a numerical optimization algorithm was used
for this purpose in the original SLOOP implementation. In
a computationally brute force approach, the strength of each
phase-encoding gradient was set, and the quality criteria L and
E were calculated. In an iterative process, the phase-encoding
gradients were then modified until no further improvement of
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Figure 4. The five steps in the SLOOP process for accurate quantitative localized MRS. First, all available information about the experimental setup is
gathered in a mathematical model, which captures the particular geometries of the ROIs. The optimal experimental parameters for that setup are then
determined in a numerical optimization algorithm, which also computes measures of the quality of localization and signal-to-noise efficiency. With
these parameters, the spectroscopic measurement is conducted. Local spectra are reconstructed by computing the inverse of the mathematical model and
applying these coefficients to the phase-encoded raw data. Results should always be checked for signs of measurement artifacts, in particular for phase
anomalies.

the quality criterion could be obtained, to yield the optimal
gradient set for the experiment.

The full process of obtaining localized spectra with the
SLOOP approach is depicted in Figure 4. It consists of
these essential steps: all available a priori information of the
studied object and the experimental setup are captured in
a mathematical model. In particular, the anatomical images
are segmented, assigning every signal-contributing pixel to
one of a list of compartments. If coils with inhomogeneous
radiofrequency fields are used for transmission or reception,
they are also captured in the model.4 A numerical algorithm

then searches the best experimental parameters for this given
experiment. In particular, it determines a set of k-values for the
phase-encoding experiment, which yields the best compromise
between spatial resolution and signal-to-noise efficiency. If
needed, further parameters such as excitation flip angle or
the number of averages per phase-encoding step can also be
included in the optimization. Finally, the actual measurement
is conducted with the experimental parameters computed
by this optimization algorithm. To reconstruct the localized
spectra, the mathematical model that describes the measured
signals is inverted; the local signals then can be computed by
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a linear combination of the measured signals, weighted by the
reconstruction coefficients of the model inversion.

Biological Applications in Kidney, Eye,
and Heart
The SLOOP method for localized spectroscopy achieves its full
potential in situations where meaningful a priori information
on compartments with different metabolic content can be
derived from structural images. The first biological sample in
which this was successfully demonstrated was an excised rabbit
kidney.5 Figure 5 shows the two main resonances that can be
detected by 1H-MRS: the signal of trimethylamine (at 3.1 ppm)
and a strong lipid signal (around 1.3 ppm); lipids are only
found in the renal pelvis. The excellent localization quality of
the measurement can be judged from the absence of the strong
lipid signal in the spectra originating in the renal cortex or the
papilla.

Another initial study conducted in the rabbit eye perhaps
had more biomedical relevance: 19F-spectroscopy was used to
measure the enzymatic activity of aldose reductase in the lens.6

The eye again is readily amenable to SLOOP, as the various
signal-contributing compartments can be easily segmented on
anatomical images. This method can be used to measure the
efficacy of aldose reductase inhibitors, which have the potential
to prevent cataract formation in diabetic patients.

The major subsequent application for SLOOP has been in
human cardiac phosphorous (31P) spectroscopy. SLOOP was
initially implemented and validated4 for this application on
a clinical MR scanner by Ralf Löffler in collaboration with
Siemens Medical Systems. This experiment is illustrated in
Figure 6: on each plane of the three-dimensional anatomical
image, the main compartments such as ‘chest wall’, ‘liver’, ‘left
ventricle’, or ‘left ventricular blood’ are identified (Figure 6a).
Figure 6(b) and (c) show two planes of the 3-D SRF of the
optimized experiment for the left ventricular wall: the origin of
the signal is well contained within the ROI and with uniform
phase; the decreasing amplitude toward the dorsal portion of
the heart is due to the decreasing sensitivity of the surface coil.
The localized spectra originating in the various anatomical
compartments show the expected patterns confirming the high
quality of localization. In particular, no phosphocreatine (PCr)
signal is seen in the spectrum assigned to the liver, the PCr-to-
adenosine triphosphate (ATP) ratios in the chest wall and the
heart correspond to the expected values, and no PCr nor ATP
is detected in the blood compartments.

This experimental setup for optimized 31P-MRS of the
human heart was then further refined to demonstrate accurate
quantification of absolute high-energy phosphate concentra-
tions in the left ventricular wall.7 These successful pilot studies
finally lead to a series of clinical studies in healthy volunteers
and patients. Köstler et al.8 found no difference in the con-
centration of high-energy phosphates in the left ventricular
wall between male and female volunteers, but a significant
reduction was found in volunteers older than 40 years. A study
of left ventricular 31P metabolites in patients with hypertro-
phied or failing myocardium by Beer et al.9 demonstrated
the importance of absolute quantification: both PCr and ATP

were found to be significantly reduced in patients with dilated
cardiomyopathy, with reductions correlating with measures of
declining function, whereas changes in the relative PCr/ATP
ratio underestimated the pathologic changes in absolute high-
energy phosphate levels. Recently, the same group reported
that the SLOOP approach can not only detect the impaired car-
diac high-energy phosphate metabolism in patients with Fabry
disease, but also the improvement in levels after treatment with
enzyme replacement therapy.10

Beyond k-Space: Nonlinear Gradients
As already briefly mentioned in the section titled ‘Spatial
Response Function: The Optimal Experiment’, the linear gra-
dients used in conventional MR instruments can only induce
linear phase gradients across the object, which leads to a nat-
ural limitation both for avoiding spatial contamination and
for achieving the best sensitivity. A higher quality of both
localization and SNR efficiency might be achievable if more
pronounced phase discontinuities were inducible at the com-
partment boundaries. In principle, this is possible to some
extent with gradient coils that generate nonlinear field depen-
dencies in space. Rather than designing and building dedicated
gradient coils for each experimental situation, a more prac-
tical approach is to utilize the shim coils installed on most
MR systems to homogenize the static magnetic field. These
shim coils are typically built to generate fields decomposed
in spherical harmonics, which can efficiently match any spe-
cific field dependence (see Magnetic Resonance Spectroscopy
Instrumentation). The electronics of the scanner need to be
modified to allow controlled pulsing into the shim coils, and
precautions may be necessary to prevent or compensate for
eddy currents (which may already exist on some state-of-the-
art MR instruments). In any case, it has been shown that
applying nonlinear phase encoding with pulsed currents to
the channels of a shim coil system can improve the quality of
the SLOOP-localized spectroscopic experiment. This approach
has been named ‘SLOOPN’ to indicate the use of higher-order
gradients.11

The k-space formalism, which is very convenient for math-
ematically describing imaging methods as well as SLOOP
[equation (6)], is unsuitable for analysis of the effects of
nonlinear phase-encoding gradients – in this sense SLOOPN

reaches beyond k-space. A more general formalism can cap-
ture the local effect of all nonlinear gradient coils combined.
The dynamic local field generated at time t during the mth
phase-encoding step can be expressed as:

Bm(t,�r) =
∑

s

Im,s(t) · Bs(�r) (9)

with Is the current in the sth coil, which generates the local field
Bs(�r) per unit current. If phase-encoding currents are pulsed
during the time interval [t1, t2], the local phase change ϕm(�r)
in the mth phase-encoding step is given by:

ϕm(�r) = γ ·
t2∫

t1

Bm(t′,�r) dt′ (10)
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Figure 5. Localized 1H-SLOOP spectra obtained in excised rabbit kidney in the experimental setup shown in Figure 3: the renal pelvis contains very
strong lipid signals around 1.3 ppm, whereas the signal of trimethylamine (at 3.1 ppm) is detected in the cortex and the papilla. The high quality of
localization is demonstrated by the good suppression of lipid signals in the latter two compartments. (Reprinted from Journal of Magnetic Resonance 94:
268–287; M. von Kienlin and R. Mejia: ‘‘Spectral Localization with Optimal Pointspread Function’’ (1991), with permission from Elsevier)

with γ the gyromagnetic ratio. The variable gmn – just as in
equation (6) in the case of linear phase-encoding – describes
the signal contribution of the nth compartment, and is com-
puted by integrating the local phase over the volume of the
compartment:

gmn =
∫

compartment n

e−i·ϕm(�r) · d3�r (11)

The reconstruction process for obtaining localized spectra
remains identical to the linear case: a pseudoinverse of the
matrix G is computed, and the detected signals are combined
with the complex reconstruction coefficients.

It has been demonstrated in phantom studies that SLOOPN

encoding with higher-order gradients can produce superior
localization performance.11 Coils that are positioned on the
outside of the sample nevertheless have a limited ability to
generate very steep local gradient fields. This approach therefore
works best when only very few and large ROIs that lie relatively
close to the magnet system’s isocenter are to be selected within
the sample volume.

Discussion and Conclusions
A few practical remarks are warranted. First, it should be
pointed out that the above assessment is primarily theoretically
based. Just as in spectroscopic imaging (CSI) – or any other
MRS protocol for that matter – the spectral quality that

can be achieved with SLOOP depends on the stability of the
system and the experimental setup. Motion of the patient is
as much a concern as for any other technique, as it will lead
to subtraction errors that affect the accuracy of the result.
All possible measures to minimize or compensate for residual
patient motion are advised. As noted earlier, the ease of phasing
of SLOOP spectra with zero- and first-order phase coefficients
is a fair indicator of the quality of localization. Whenever the
phase changes from one spectrum to the other or when spectra
can only be looked at in ‘magnitude’ mode, there is likely to be
some unaccounted for effect that should raise suspicion.

The optimization of individual phase-encoding gradients
described in the section titled ‘Spatial Response Function: The
Optimal Experiment’ involves some significant computational
power to determine the best value in a high-dimensional
space, which was not practical in the early SLOOP studies
while a subject was waiting in the instrument. Experience has
taught us that the optimal solution typically approximates to
an acquisition-weighted bell-shaped distribution of the phase-
encoding steps, just as has been proposed for conventional
CSI.12,13 A much faster optimization procedure thus can consist
of fixing a constant distribution shape of the samples in k-space
and optimizing only two (or three) parameters of nominal
spatial resolution in each direction. Finally, for replicated
measurements in setups with similar geometries – say a 1H
brain study or a 31P cardiac exam – a single optimization may
well provide the best solution for each measurement, which
would avoid optimization for every individual case.
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Figure 6. Application of SLOOP for 31P-MRS in the human heart. (a) A priori information on the main anatomical compartments can be obtained on
structural images. (b, c) Two planes of the SRF for the left ventricular wall. The decreasing amplitude toward the dorsal portion of the heart is due to the
decreasing sensitivity of the surface coil, which has been accounted for in the model of this experimental setup. (d) Anatomically matched localized spectra,
color coded for the various compartments chest wall (yellow), left ventricle (red), liver (blue), left ventricular blood (orange), and right ventricle (green).
(Reprinted from Journal of Magnetic Resonance 134: 287–299; R. Löffler, R. Sauter, H. Kolem, A. Haase and M. von Kienlin: ‘‘Localized Spectroscopy from
Anatomically Matched Compartments: Improved Sensitivity and Localization for Cardiac 31P MRS in Humans’’ (1998), with permission from Elsevier)

SLOOP has another very convenient property: localized
spectra are by definition scaled to unit volume. Even if reso-
nance signals have been detected in ROIs of largely different
size, their spectra can be directly compared in terms of tissue
concentration; the necessary spatial scaling is inherent in the
reconstruction process.

In conclusion, SLOOP is an example of how a priori infor-
mation can be successfully utilized to improve the accuracy
of an experimental MRS assay. Ultimately, experimental suc-
cess will depend on the conduct of the experiment including
the data acquisition parameters: processing methods can only
recover information present in the measured data, and cannot
compensate for suboptimal experimental conditions. With the
criteria presented for localization quality and SNR efficiency,
and a recipe for obtaining an optimal set of experimental
parameters, SLOOP may help advance another notch on the
frontier of spatial resolution in MRS.
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