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Abstract

Purpose—Segmented 2D-selective radiofrequency excitations can be used to acquire irregularly
shaped target regions, e.g., in single-voxel MR spectroscopy, without involving excessive
radiofrequency pulse durations. However, segments covering only outer k-space regions nominally
use reduced B1 amplitudes (i.e., smaller flip angles) and yield lower signal contributions, which
decreases the efficiency of the measurement. The purpose of this study was to show that applying
the full flip angle for all segments and scaling down the acquired signal appropriately (signal
scaling) retains the desired signal amplitude but reduces the noise level accordingly and, thus,
increases the signal-to-noise ratio.

Methods—The principles and improvements of signal scaling were demonstrated with MR
imaging and spectroscopy experiments at 3 T for a single-line segmentation of a blipped-planar
trajectory.

Results—The observed signal-to-noise ration gain depended on the 2D-selective radiofrequency
excitation’s resolution, field-of-excitation, and its excitation profile and was between 40 and 500%
for typical acquisition parameters.

Conclusion—Signal scaling can further improve the performance of measurements with
segmented 2D-selective radiofrequency excitations, e.g., for MR spectroscopy of anatomically
defined voxels.
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INTRODUCTION

Principles

Spatially 2D-selective radiofrequency (2DRF) excitations are able to excite arbitrarily
shaped profiles within the plane defined by their trajectory (1-3). This capability can be
used, for instance, to image curved slices (e.g., (4)) and inner fields-of-view (e.g., (5-7))
without aliasing artifacts in the phase encoding direction, to compensate B; inhomogeneities
(e.g., Ref. 8), and to minimize partial volume effects in MR spectroscopy (MRS) by
acquiring tailored voxels (e.g., (9-11)). In particular for the latter application, the desired
profile should be realized with a high spatial resolution, i.e., a good profile sharpness.
However, corresponding 2DRF excitations may require long pulse durations and can have a
pronounced sensitivity to relaxation effects, magnetic field inhomogeneities, and chemical
shifts.

To reduce this sensitivity and avoid excessive 2DRF pulse durations, segmentation can be
used (e.g., (12,13)). Thereby, the full 2DRF excitation is split into several, short sections that
are applied in successive acquisitions. Averaging the complex signals of all segments then
yields the desired excitation profile. However, some of the segments may cover only outer k-
space regions, e.g., when using a blipped-planar trajectory. These segments have a lower
nominal flip angle compared with the segment(s) covering the k-space center and, thus,
provide only small signal contributions, which decreases the signal efficiency significantly
(e.g., Ref. 14). In the case averaging is performed, like in single-voxel MRS, the efficiency
can be improved significantly by applying weighted averaging with flip angle adaptation
(15). But for a typical number of averages, the flip angles of some or many segments will
remain reduced yielding a nonoptimum efficiency (15).

In this study, it is shown that the efficiency of the measurement, i.e., its signal-to-noise ratio
(SNR), can be further increased by using a signal scaling approach. The full flip angle is
used for all segments, and prior to averaging, the signals are scaled down to obtain the
desired signal amplitude. This upscaling of the flip angle and downscaling of the acquired
signal reduces the acquired noise, i.e., increases the SNR. This is demonstrated for single-
voxel MRS of tailored target volumes in the human brain in vivo.

2DRF excitations based on a single-line segmentation of a blipped-planar trajectory are used
to demonstrate the crucial advantage of the proposed signal scaling (see Fig. 1). For this
trajectory, the unwanted side excitations are limited to a single direction and, thus, can be
easily eliminated with a refocusing RF pulse (13,14). Furthermore, and more importantly, it
provides a high bandwidth in the blip direction which minimizes chemical shift
displacement artifacts (14). For clarity and simplicity, a rectangular excitation profile (Fig.
1a) was considered as an example. It yields a two-dimensional sinc function for the B;
weighting in k-space (Fig. 1b) and sinc-shaped RF envelopes for all lines (Fig. 1c) in the
low-flip-angle approximation (3). But the RF amplitude and, thus, the flip angle a,;varies for
the different segments according to their relative B; weighting in k-space as is sketched in
the adapted PRESS sequence (Fig. 1d).
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In a conventional experiment, the same number of averages (n;= ) is used for all segments,
independent of their relative B; weightings and flip angles a.;. However, this is quite
inefficient, as segments covering outer k-space lines provide only a small flip angle, i.e.,
minor signal contributions. Nevertheless, they are required to define the higher spatial
frequencies of the excitation profile and realize the desired profile sharpness.

The signal efficiency can be improved by weighted averaging with flip angle adaptation
(15). The number of averages for segments covering outer lines is decreased to a segment-

specific value (7)), and their flip angles are adapted (a;), i.e., increased accordingly, to obtain
the same signal amplitude within fewer averages. The time saved can be used to increase the
number of averages of the central segment that provides the highest flip angle (amax) and
signal amplitude. Thus, the signal efficiency can be increased considerably (15). This
approach yields an optimal efficiency in the limit of many acquisitions, where the full flip
angles (amay) is applied for all segments, and the different weightings required for the
individual segments are only reflected in their number of averages 7, (15). But otherwise,

i.e., for a low or medium number of acquisitions, most segments will still have a low(er) flip

angle a;<ama.x that corresponds to a reduced efficiency. This holds in particular for the
minimum number of acquisitions, i.e., if the number of acquisitions is equal to the number
of segments (n;=1). Then, no weighted averaging can be performed, and the approach
degrades to the conventional experiment.

To increase the efficiency, a signal scaling approach can be used. It involves the application
of the full flip angle for all segments, which maximizes the signal amplitude for each
segment. To retain the relative weightings of the different segments and avoid profile
distortions, the signals must be scaled down prior to averaging. This upscaling of the flip
angle and downscaling of the acquired signal does not affect the signal amplitude but
decreases the acquired noise that is independent of the segment’s flip angle. Thus, the SNR
can be improved considerably, as is demonstrated in Fig. 1e for the rectangular excitation
profile. The signal amplitude decays toward outer segments according to their relative B;
weightings in both experiments. But whereas the noise level does not change in the
conventional experiment, it decreases considerably for the signal scaling approach yielding a
significant SNR improvement for the rectangular profile that is obtained after averaging all
acquisitions. Thus, the approach improves the measurements even with the minimum
number of acquisitions, which is in contrast to the flip angle adaptation.

It should be noted that the nonlinear relationship between the flip angle and the signal must
be considered for the scaling. For instance, scaling up the flip angle a.;of a segment to amax
requires scaling the acquired signal with a factor of (sin a )ASin amax). Only for lower flip
angles where sin a; & a j the signal scaling factor becomes a. /amay, i.€., the reciprocal
value of the flip angle scaling.

METHODS

Measurements were performed on a 3T whole-body MR system (TIM Trio, Siemens
Healthcare, Erlangen, Germany) equipped with a 40-mT m~! gradient system using a 12-
channel receive-only head coil. Spherical water phantoms containing either NiSO,4 or
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NaC,H30, (0.10 M) and LiC3H303 (0.10 M) for MRS experiments were investigated.
Healthy volunteers were examined after they declared their informed consent.

A blipped-planar trajectory was used for the 2DRF excitations (cf. Fig. 1c). For this
trajectory, the unwanted side excitations appear as periodic copies of the desired profile in
the blip direction and can easily be eliminated by a refocusing RF pulse (see later). Their
distance, the so-called field-of-excitation, increases with the the trajectory’s sampling
density in the blip direction. Isotropic resolutions between 5.0 and 1.0 mm and fields-of-
excitation between 25 and 45 mm were used.

The 2DRF envelopes were calculated with the low-flip-angle approximation (3), i.e., using
the Fourier transformation of the defined profile for the B; weighting in k-space. A Gaussian
filter with an amplitude of 0.15 at the extreme k-space values on each axis was multiplied to
the Fourier transformation to minimize ringing artifacts. The full 2DRF envelope was split
into single-line segments to minimize chemical-shift displacement artifacts, yielding
between nine and 45 segments for the chosen combinations of resolution and field-of-
excitation. For the central segment, a maximum flip angle amax 0f 50° was used.

A variable-amplitude (16-18) rather than trapezoidal line gradient pulses was applied (see
Fig. 1d). During the central plateau (duration 2000 ps), the amplitude was 2.6 mT m™1.
Outside of this plateau, a maximum gradient amplitude of 16.2 mT m~1 was used that was
ramped with 18.9 mT m~! ms~1. Thus, excessive RF peak amplitudes for the central part of
the 2DRF pulse were avoided and outer parts were covered more rapidly to shorten the
2DRF pulses.

Rectangular profiles with sizes between 15 x 35 and 35 x 35 mm? (blip x line direction)
were applied to demonstrate the basic properties of signal scaling. A profile covering
parietal gray matter was used as an anatomically defined voxel for MRS acquisitions. It was
determined on the basis of a 7;-weighted data set (voxel size 1.0 x 1.0 x 1.0 mm?3) with a
spatial resolution of 1.0 x 1.0 mm2. Its maximum dimensions were 35 mm in the left-right
direction (blip direction) and 54 mm in the posterior—anterior direction (line direction). For
all profiles, the direction of the smallest size was always chosen for the 2DRF’s blip
direction to reduce the field-of-excitation, i.e., the number of trajectory lines and segments.

For the rectangular profile, some combinations of 2DRF resolution, field-of-excitation, and
profile size in the blip direction yielded single-line segments that cover zero crossings of the
By weighting (sinc) function. For instance, for the 35x35-mm? profile with a 2DRF
resolution of 1 mm and a field-of-excitation of 45 mm, four of the 45 segments were zero
crossings. Such segments have a flip angle of 0°, i.e., do not generate an MR signal, and
were not applied to shorten the acquisition time. Similarly, a threshold was used for the
segments of the gray matter profile. Segments that had an original flip angle as determined
from the B; weighting below this threshold (typically 1% or less of that of the central
segment) were not applied, as their contributions to the profile are marginal.

Images of the excitation profiles were acquired with a spin-echo sequence under fully
relaxed conditions (pulse repetition time >4 7;) with an in-plane resolution of 2.0 x 2.0 mm?
(slice thickness 20 mm) unless stated otherwise. Single-voxel spectra were measured with an
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adapted PRESS (19) sequence (Fig. 1d). As in Ref. 15, the second refocusing RF pulse is
applied to eliminate the unwanted side excitations that appear as periodic copies of the
desired excitation profile in the blip direction. A pulse repetition time of 6 s, a echo time of
30 ms, a slice thickness of 20 mm in the phantom and 10 mm in vivo, and four preparation
intervals to achieve steady-state conditions were used. One thousand and twenty-four data
points were acquired in 1024 ms. In both sequences, the unwanted side excitations of the
2DRF pulse were eliminated by a refocusing RF pulse in the blip direction (see Fig. 1d).
Unless stated otherwise, its width was chosen to be the profile size in the blip direction plus
5 mm and varied between 20 and 40 mm. The field-of-excitation of the 2DRF pulse was
always obtained by adding another 5 mm, i.e., it usually exceeded the profile size in the blip
direction by 10 mm. This setup was used to ensure that even in the presence of slice profile
imperfections of the refocusing RF pulse (i) the desired excitation profile is fully refocused
and (ii) the side excitations are completely eliminated.

In conventional experiments, the flip angle obtained from the B; weighting of each segment
was applied, and an identical number of averages was used for all segments. For weighted
averaging with flip angle adaptation, the number of averages was minimized for each
segment, and the flip angle adapted accordingly to obtain the desired signal amplitude
without exceeding the flip angle of the central segment (15). Signal scaling was
implemented as an extension of this approach, i.e., weighted averaging was used (shown to
be beneficial later). But the maximum rather than an adapted flip angle was used for all
segments, and the acquired signals were scaled with a positive factor (<1) to restore the
required signal amplitudes.

Signal amplitudes and noise levels were determined to estimate the SNR. In the images, the
signal amplitude was determined as the mean intensity in a homogeneous region of the
profiles and noise levels were obtained from the mean intensity in a background region. For
the spectra, the area of the largest peak as determined with LCModel (20) was used for the
signal amplitude. The noise level was the standard deviation of the real component from
acquisitions with all RF pulses turned off.

To evaluate the SNR improvement of signal scaling compared with flip angle adaptation
over a large range of acquisitions, an IDL algorithm (version 7.1, ITT Visual Information
Solutions, Boulder, CO, USA) was used. In addition to the scaling factors of the individual

=,/ L f2
segments £ the square root of their weighted sum-of-squares, fsum= Zim fi , was

determined as a measure for the overall noise scaling. Accordingly, the SNR is expected to
scale with 1/&ym.

Figure 2 shows the dependency of the SNR gain for signal scaling (compared to flip angle
adaptation) on the total number of acquisitions N for the 2DRF excitation of Fig. 1e. The
three examples of Fig. 2a reflect the overall trend present. For only a few (MV=9)
acquisitions, the SNR gain is quite prominent (about 200%). For a medium N (16
acquisitions), it is reduced but still significant (about 25%), whereas for a large NV (64
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acquisitions) only a minor SNR gain (about 3%) is present that cannot be seen with the
naked eye.

In Fig. 2b, the signal scaling factors of the individual segments and their weighted average
are plotted. For the central segment (segment #5), the factor is fixed to 1, because this
segment has the maximum B; weighting. For the minimum A= 9, each segment is acquired
only once, so the scaling factors of the other segments are determined by the relative 5;
weighting in k-space. Increasing /;Vmeans that more averages are used for the central
segment, so larger signal amplitudes and larger scaling factors for other segments are
required to retain the relative weightings. This trend continues until a higher signal
amplitude is required for a segment than could be delivered by a single average with a
scaling factor of 1.0. Then, two averages are used, and the scaling factor of this segment is

1
reduced accordingly, i.e., could be reduced to > shown by the initial discontinuities in the
outer segment plots. For even larger AV, it increases again until a third average is necessary,

2
which then could reduce the scaling factor to 3 and so on. In the limit of a large A, all
scaling factors approach 1, and the different B; weightings required are only reflected in
their relative number of averages. Signal scaling is then equivalent to flip angle adaptation.

Because the scaling factors define the noise reduction with signal scaling, their weighted
average %ym reflects the overall decrease of the noise level compared with flip angle
adaptation. From a start value of about 0.35 for V=9 (which corresponds with the
experimental data of Fig. 2a), it increases to almost 1 for &/ >100. The intermediate values
at V=16 and V=64, about 0.75 and 0.93, respectively, are also in agreement with those
observed experimentally (see earlier). The exact values of the SNR gain achieved depend on
the segments’ B; weightings and, thus, on the size and shape of the excitation profile as well
as the trajectory used and its parameters, as is demonstrated in Fig. 3. To increase the 2DRF
resolution (Fig. 3a), additional lines in outer k-space (with low B; weightings) must be
covered. This implies that (i) the signal amplitude remains almost unaffected, (ii) the noise
level increases because more acquisitions are performed, and (iii) the averaged scaling factor
decreases. Therefore, the SNR gain with signal scaling increases with finer resolution, which
is clearly visible in Fig. 3a. For a resolution of 5 mm, the SNR is improved by about 200%
but by about 500% for a resolution of 1 mm. This also means that the range in which a
considerable improvement can be observed is shifted toward larger A/ for finer resolutions.
This can be seen in Fig. 3b where a resolution of 1 mm was used: for 64 acquisitions, the
SNR gain is about 50%, which is considerably more than the about 3% observed for a
resolution of 5 mm (Fig. 2a, see earlier).

For the smallest profile size in the blip direction considered (Fig. 3c), the noise level is
reduced for flip angle adaptation, because fewer acquisitions are performed (more segments
cover a zero crossing and are discarded). In contrast, the noise level for signal scaling
increases, because the weighting function in k-space is broadened and the B; weightings of
outer segments are increased, which decreases their scaling factors. This means that the SNR
gain of signal scaling is reduced for smaller profile sizes (from about 500% for 35 mm to
about 230% for 15 mm).
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Figure 3d shows that weighted averaging is beneficial for signal scaling, i.e., it is
advantageous to minimize the number of averages for each segment. For 82 acquisitions, the
SNR is increased by about 20% for weighted averaging compared with conventional
averaging.

Figure 4 shows an anatomically defined 2D target profile that was derived from the shape of
the gray matter in a healthy volunteer (Fig. 4a), and corresponding excitation profiles created
in a uniform phantom (Fig. 4b). For signal scaling, some minor reduction of the signal
amplitude was observed (about 5% compared with the conventional approach), but the noise
level was reduced by about 80%, i.e., the SNR was increased by about 370%. In Fig. 4c, the
effect of discarding segments with small B; weightings is shown. For thresholds (relative to
peak B; weighting) of 0.50% and above, a difference compared with the acquisition with all
segments is clearly present. But for the lower thresholds, the deviation is marginal, e.g., the
peak difference for a threshold of 0.25% was only twice the peak intensity in a background
noise region. Thus, the contributions of the thresholded segments can be considered to be
negligible, and a threshold of 0.25% was used for all other acquisitions with the gray matter
profile. This reduced the number of segments from 45 to 39 without affecting the signal
amplitude.

Figure 5 summarizes the results of single-voxel MRS acquisitions that were performed with
typical numbers of acquisitions (64 and 68). The reduced noise level with signal scaling can
be clearly seen in the amplified noise part of the spectrum and the extra noise acquisitions,
respectively. The SNR increase was estimated to be about 65% for the rectangular profile,
and about 55 and 60% for the gray matter profile in the phantom and in vivo, respectively.

DISCUSSION

In signal scaling, the full flip angle is applied for all segments of a 2DRF excitation,
independent of their B; weighting. To restore the relative signal amplitudes that are required
to realize the desired profile without distortions, the acquired signal must be scaled
accordingly. Although upscaling the flip angle and downscaling the acquired signal does not
affect the relevant signal amplitude, the noise level that is independent of the flip angle is
reduced correspondingly, which ultimately improves the SNR. This has been demonstrated
in phantom and in vivo measurements for a single-line segmentation of a blipped-planar
trajectory targeting tailored MRS voxels.

Signal scaling performs better with weighted averaging (15) as compared to conventional
averaging. It involves minimizing the number of averages for each segment and increasing
the scaling factor appropriately. The saved time can be used to increase the number of
averages of the central segment accordingly. This elevates the noise level but increases the
signal amplitude much more yielding a higher SNR.

But weighted averaging also improves the flexibility. In conventional averaging, the total
number of averages must be a multiple of the number of segments, e.g., 39 for the used gray
matter profile. With weighted averaging, the number of acquisitions can be increased
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arbitrarily (15), e.g., yielding 39, 40, 45, and 46 acquisitions with one, two, three, and four
averages of the central segment, respectively.

The SNR gain achieved for signal scaling compared with flip angle adaptation depends not
only on the profile size and shape but also on the trajectory and its segmentation scheme. Of
particular importance is the number of acquisitions performed for all segments and the
number of segments that cover solely outer k-space regions with a low B; weighting. Such
segments benefit considerably from signal scaling, if only a low or medium number of
acquisitions can be used. In particular, signal scaling also improves measurements with the
minimum number of acquisitions, which is in contrast to flip angle adaptation. In the limit of
many acquisitions, signal scaling and flip angle adaptation become equivalent, but the SNR
remains considerably improved compared with conventional averaging.

The single-line segmentation of a blipped-planar trajectory (14) that has been used in this
study benefits notably from signal scaling, because it provides many segments covering
solely outer k-space lines. Similarly, trajectories covering S-shaped curves on different
spherical shells that have been used for single-voxel MRS with 3D-selective RF excitations
(11) can be expected to profit considerably from signal scaling and weighted averaging. The
improvement for trajectories that cover the k-space center with many or even each segment
can be expected to be less pronounced but could be still relevant. Due to the high sampling
density in the k-space center that requires a reduction of its relative weighting (21), the
different contributions of outer regions may cause a flip angle variation across the segments
that is the basis for an SNR improvement with signal scaling.

Care must be taken for acquisitions with arbitrarily shaped excitation profiles, if short
repetition times are used. Although the flip angles of all 2DRF pulses are identical for the
present approach, the spatial distribution of the excited magnetization still varies between
different segments within the target volume (cf., e.g., Ref. 15). This also means that the
longitudinal magnetization present prior to the next segment’s excitation shows such a
variation under non-fully-relaxed conditions that may yield a modulation of the resulting
excitation profile. It should be emphasized that this holds for any acquisitions involving
arbitrarily shaped profiles and segmented 2DRF excitations and is not specific to the signal
scaling approach presented. To avoid this problem, one or two dummy shots could be
performed for each 2DRF segment to establish a segment-specific steady state. In the case of
performing several averages for a segment, it would be more efficient to acquire all averages
of a segment in immediate succession once the segment-specific steady state has been
achieved.

Upon discarding segments with very low B; weightings that provide only marginal signal
contributions (typical flip angle of 0.2°), the acquisition time was reduced, but no significant
effect on the profile resolution or signal amplitude was observed. It should be emphasized
that such low weightings are more likely to be present at or around zero crossings of the
weighting function rather than far out in k-space. For instance, two of the four segments for
the gray matter profile discarded were in the inner half of the covered k-space range, while
the eight outermost segments did not fall below the chosen threshold.
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In this study, the calculation of the By weighting was based on the low-flip-angle
approximation in order to be able to be performed on-the-fly, which would be very useful for
routine applications. However, this approach also limited the maximum flip angles
applicable without significant profile distortions to about 50°. To be able to use larger flip
angles, more elaborate RF pulse design algorithms (e.g., Refs. 22—-24) are required. This
likely includes both nonlinear designs of the 2DRF pulse, as well as nonlinear
transformations of individual segments when scaling up to amax-

If shorter echo times are desirable, the refocusing RF pulse that eliminates the unwanted side
excitations could be removed. In this case, the excitation pulse must be designed such that
the side excitations appear outside of the object to avoid unwanted signal contamination.
This requires a larger field-of-excitation, i.e., a denser sampling in the blip direction, which
means that more lines and 2DRF segments are needed.

CONCLUSIONS

Signal scaling combined with weighted averaging can increase the SNR of measurements
with segmented 2D-selective RF excitations considerably. Thus, it could help to overcome
limitations in single-voxel MRS measurements of tailored target regions, particularly for
highly segmented 2D RF excitations.
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FIG. 1.

a—c: Example for a 2DRF pulse based on a blipped-planar trajectory that excites a
rectangular profile. a: Desired rectangular excitation profile, b: its Fourier transformation,
and c: the corresponding 2DRF excitation for a nine-line blipped-planar trajectory. The RF
envelope of each line has a sinc shape, but their relative amplitudes differ. d: PRESS
sequence for single-voxel MR spectroscopy using single-line segments of the 2DRF
excitation shown in (c). The gradient amplitude is decreased in the center of the 2DRF
segment (green) to reduce the RF peak amplitude. e: Excitation profiles (image resolution
2.0 x 2.0 mm2) of five of the nine single-line segments (profile size 35 x 35 mm2, resolution
5 mm) and of the sum of all segments obtained with the conventional experiment (left) and
the proposed signal scaling approach (right) for nine acquisitions, i.e., one per segment. For
the sake of clarity, the segments #1—#4 are not shown, because they differ from the segments
#9-#5 only by the polarity of the phase gradient. Gray scalings do not differ between the
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conventional and the signal scaling data for the individual segments and the sum. It should
be emphasized that the shape of the RF envelope and the magnitude profiles, in general, vary
between the different lines for nonrectangular profiles. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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FIG. 2.
a: MR images of a rectangular profile (35 x 35 mm?, resolution 5 mm) obtained with nine

single-line 2DRF segments (cf. Fig. 1e) using flip angle adaptation and signal scaling. The
target excitation and a background noise region are shown. Note that the image intensities
were scaled with the number of averages of the central segment to obtain comparable
intensities (identical gray scaling for the signal regions). The gray scaling of the noise region
was identical between flip angle adaptation and signal scaling but was adapted to the number
of acquisitions, because the noise intensity varied by a factor of 15. b: Plots of the individual
scaling factors and their weighted average (%ym) vs. the total number of acquisitions N for
the nine single-line 2DRF segments (rectangular profile, 35 x 35 mm2, resolution 5 mm) as
used in Fig. 1e and (a). The arrows in (b) indicate the A/ used for the examples shown in (a).
See text for details.
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FIG. 3.

MR images of rectangular profiles obtained with segmented 2DRF excitations for different
profile and 2DRF parameters. The target excitation and a background noise region are
shown. a: Variation of the 2DRF’s resolution (profile size 35 x 35 mm?). b: Variation of the
number of acquisitions (profile size 35 x 35 mm?2). Note that the images were scaled with
the number of averages of the central segment to obtain comparable intensities. c: Variation
of the profile size in the blip direction, where the size in the line direction was fixed to 35
mm (resolution 1 mm). d: Measurements with signal scaling for no averaging (left),
conventional averaging (middle), and weighted averaging (right). The 2DRF resolution was
1 mm. Note that the images were scaled with the number of averages of the central segment
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to obtain comparable intensities. The gray scalings for all noise and all signal regions are
identical in each subfigure, respectively, which means that different intensities directly
represent different noise levels and signal amplitudes. See text for details.
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a: Anatomically defined 2D target profile (resolution 1 mm, size 35 x 54 mm2) covering
parietal gray matter of a healthy volunteer overlaid on a 7;-weighted acquisition (in-plane
resolution 1.0 x 1.0 mm?). b: Corresponding excitation profiles and background noise
acquired in a phantom without (left) and with signal scaling (right) for one average per
segment. c: Influence of thresholding low B; weighting segments on the excitation profile.
The difference images are relative to the acquisition without thresholding. The gray scale
bars refer to the peak intensity observed for the profile without thresholding. The profiles
were acquired with an in-plane resolution of 0.5 x 0.5 mm2, See text for details.
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Results of the phantom and in vivo single-voxel MRS measurements for (a) a rectangular
excitation profile (size 35 x 35 mm?2, resolution 1 mm, 64 acquisitions) and (b) the gray
matter profile (size 35 x 54 mm?, resolution 1 mm, 68 acquisitions) from Fig. 4 acquired
with flip angle adaptation and signal scaling. The inlet images present excitation profiles
acquired in a phantom with an in-plane resolution of 0.5 x 0.5 mmZ. For the phantom
experiments, a frequency range in which no signal is expected is amplified to visualize the
noise level. For the in vivo measurements, noise-only acquisitions are shown below the
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spectra that were obtained by turning off all RF pulses. For signal scaling, the noise level is
reduced between 35 and 40% across these experiments. See text for details.
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