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Abstract

The purpose of this work was to evaluate a previously proposed approach that aims to improve the
point-spread-function (PSF) of MR spectroscopic imaging (MRSI) in order to avoid corruption by
lipid signal arising from neighboring voxels. Retrospective spatial filtering can be used to alter the
PSF, however, this either reduces spatial resolution or requires extending the acquisition in A&
space at the cost of increased imaging time. Alternatively, the method evaluated here, PSF-Choice,
can modify the PSF localization to reduce the contamination from adjacent lipids by conforming
the signal response more closely to the desired MRSI voxel grid. This is done without increasing
scan time or degrading SNR of important metabolites. PSF-Choice achieves improvements in
spatial localization through modifications to the RF excitation pulses. An implementation of this
method is reported for MRSI of the prostate, where it is demonstrated that, in 13 of 16 pilot
prostate MRSI scans, intra-voxel spectral contamination from lipid was significantly reduced
when using PSF-Choice. Phantom studies were also performed that demonstrate, compared to
MRSI with standard Fourier phase encoding, out-of-voxel signal contamination of spectra was
significantly reduced in MRSI with PSF-Choice.
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Introduction

PSF-Choice, a method that enables one to improve spatial localization by shaping the point-
spread-function (PSF) in phase-encoding directions, was introduced previously [1]. The
method involves replacing the standard RF excitation with a train of two or more sub-pulses
and then modifying the amplitudes of the sub-pulses on each phase-encoding step. The
pattern of the RF sub-pulse amplitudes determines the resulting PSF. In the previous work
[1] and also in this study, a pattern of sub-pulse amplitudes was chosen to produce a
Gaussian-like PSF. The main advantage of the method is that, even when only a very few
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phase encodes are acquired, as is usually the case in MR spectroscopic imaging (MRSI),
there is no truncation (Gibbs ringing) artifact.

It is well known that the effective PSF can be altered by apodizing the 4-space data to
eliminate unwanted side lobes and ringing [2,3]. However, this post-processing procedure
has the effect of reducing the spatial resolution. To maintain a specified spatial resolution
while applying apodization, it would be necessary to sample further in A-space and thus
increase imaging time. PSF-Choice, on the other hand may be thought of as a prospective
apodization. With PSF-Choice, the sampling of higher spatial frequencies (which is
necessary to achieve a sharper PSF) is done in the RF domain so that there is no increase in
imaging time.

Previous work has demonstrated proof of concept of the PSF-Choice method using a
conventional MR imaging sequence tested in phantoms [1] and, more recently, with a
modified MRSI pulse sequence tested in animals [4]. In the work reported here and first
presented in [5], PSF-Choice has been implemented by modifying an otherwise standard
commercial MRSI pulse sequence and evaluated as to its ability to improve spatial
localization for prostate MRSI.

Several groups have shown the utility of MRSI to detect biochemical markers in the prostate
for /n vivo differentiation of prostate cancer from normal tissue or from benign prostatic
hyperplasia [6-9]. However, /in vivo MRSI for prostate cancer diagnosis and
characterization is technically challenging. One serious challenge originates with
contamination of spectra from unsuppressed lipid signals [10,11]. Due to the relatively low
spatial resolution of MRSI and the sinc-type shape of the PSF inherent to Fourier encoding,
lipid signal contributions that ring in from distant voxels often become significant.

The goal of this work was to demonstrate the potential of PSF-Choice to reduce lipid
contamination in MRSI of the prostate. To this end, the method was implemented on a
clinical MRI system and was evaluated with respect to standard phase-encoded MRSI
(without apodization). First, we aimed to show, from the results of phantom experiments,
that SNR of important metabolite signals was not adversely impacted with PSF-Choice as
compared to the standard phase-encoded MRSI (i.e. that the method does no harm). Next,
we aimed to demonstrate, again through phantom experiments, that there is a significant
reduction in lipid contamination with PSF-Choice and that this enables a more accurate
measurement of parameters based on the content of specific metabolites relevant to the
detection of prostate cancer. Finally, we wanted to demonstrate the feasibility of applying
the method in prostate MRSI and to show that lipid contamination could be reduced in the /in
Vvivo context.

PSF-Choice Pulse Sequence Modifications

PROSE (PROstate imaging and Spectroscopy Exam) is a version of General Electric’s
conventional Point-RESolved Spectroscopy (PRESS) pulse sequence, optimized for use in
MRS of the prostate at 1.5T. The sequence was adapted for use at 3T and then further
modified by us to enable PSF-Choice encoding in one of the phase-encoding dimensions.

Our pulse sequence modifications to implement PSF-Choice mainly involved a change to
the 90-degree pulse by replacing it with a two-pulse RF train. The resultant pulse can be
considered as a 2D spatially-selective RF pulse with slice selection along the zdirection and
some limited spatial selectivity along y. Our implementation also supports an interleaved
mode of operation in which one phase encode with PSF-Choice is followed by a standard
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phase encode, permitting a comparison of PSF-Choice and standard MRSI under virtually
identical conditions.

The sequence modification is the same as shown in Fig.1 of reference [1] and can be used to
obtain a Gaussian-like PSF in the phase-encoding direction. Because the selection of RF
weights (modified on each phase-encoding step) is what determines the exact PSF, in
principle, virtually any PSF shape can be achieved with PSF-Choice depending on the
number of sub-pulses, the extent of the excitation A-space, and the weighting factors used. In
this work, to achieve the desired Gaussian-like PSF, 2xN RF amplitude weights were
computed with 2 weights used on each of N encodes (one weight for each of the two RF
pulses). The weights were computed using a windowed Gaussian function, f, = cos(pi*n/
N)*exp(-a*(n/N)2) where a = 8*log(2) and n = -(N/2):(N/2 -1). Note that the cosine window
is applied to remove abrupt truncation of the weights that could result in ringing in the PSF.
The sum of the two RF weights used on each encode is roughly constant (within about 2%)
so that there is virtually no variation in flip angle from encode to encode.

Phantom Experiments

All phantom experiments were performed on a GE 3T Signa scanner using the quadrature
head coil for transmit and receive. Scan parameters were: Orientation=Axial, Spectral
samples = 512, k-space matrix size = 24x24, TE/TR = 85/1000ms, Spectral Width =
2000Hz. The 24x24x512 datasets were Fourier transformed in spectral and spatial directions
and zero and first order phase corrections were applied to all spectra. Windowing and zero
filling were applied in the spectral dimension giving 1024 spectral points (2Hz/point).
Though available, spatial saturation bands were not used in the phantom experiments so as
to be able to compare the methods as to lipid contamination without any confounding effects
from these saturation bands.

SNR Measurements—A small glass spherical container holding a solution of 5mM
choline, 15mM creatine and 15mM citrate was used to compare SNR levels for these
metabolites from MRSI experiments both with and without PSF-Choice. We aimed to show
that SNR with PSF-Choice was not significantly different as compared to the standard
phase-encoded MRSI method.

Using the interleaved mode of our sequence, we acquired a dataset with PSF-Choice
encoding and a dataset with standard phase encoding in a single scan. Each scan produced
an array of 24x24 spectra for the selected slice plane. From the 576 voxels, a subset of 62
voxel spectra was then selected for further processing according to whether there was
sufficient signal. For each of the choline, creatine and citrate resonances, total signal
intensity was obtained by integrating the absolute signal level over the appropriate
frequency ranges.

Fat Contamination Measurements—A contamination-assessment phantom was
constructed using a 4-liter volume plastic spherical container holding water. A smaller
spherical glass container filled with 1/2 water and 1/2 corn oil was suspended at the center
of the larger sphere. Figure 1a shows an axial image through the center of the co-spherical
phantom and illustrates the fat-water boundary oriented perpendicular to the gravity field
with the fat layer lying above the water.

A PRESS VOI (green box in Fig.1a) was selected and positioned so that the upper edge of
the selected volume was at the boundary between the fat and water compartments. Scan
parameters were as above with the FOV set to 120mm. From each reconstructed dataset, a
subset of 9 voxel columns perpendicular to the fat-water boundary that ran from 1 voxel
above to 11 voxels below the fat-water boundary was selected for analysis. The encoding
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direction for method comparison was set perpendicular to the fat-water boundary (7.e., in the
A-P direction).

The mean signal magnitude (after baseline removal) was calculated within a spectral range
where fat signal was present. The standard deviation of the signal within a spectral range
where there was no significant signal from either water or fat (7.¢., a range where only noise
should appear — from 8.7 to 9.3 ppm) was computed as an estimate of the noise level. The
ratio of the mean signal across the fat peak to the standard deviation in the noise spectral
range was then computed as the measure of fat content in a voxel spectrum.

Baseline removal was used to remove the tail of the water signal, which might otherwise
bias the fat measurement. An average spectrum from a water-only scan was used to derive a
baseline vector. This vector was in turn used to estimate (via least-squares fitting) the
component due to the water tail in the fat spectra so the bias component could then be
removed by subtraction.

Metabolite Ratio Measurements—A diagnostic-quality phantom was constructed using
a 4-liter volume plastic spherical container holding a solution of 2.5mM choline, 7.5 mM
creatine and 7.5 mM citrate. A smaller glass spherical container, filled with corn oil in the
top half and a solution of 5mM choline, 15mM creatine and 50mM citrate in the bottom
half, was suspended at the center of the larger sphere. Experiments with this co-spherical
phantom aimed to demonstrate that, in the presence of fat contamination, the PSF-Choice
method gives better estimates of choline+creatine to citrate ratios (ChoCre/Cit).

ChoCre/Cit of the solution in the large sphere was 1.43+0.18 for the TE and TR settings
used. Note that significantly elevated ChoCre/Cit ratios are thought to be associated with
cancerous tissue [6,12]. In the smaller glass spherical container, the ChoCre/Cit of the
solution (in the bottom half of the sphere) was 0.70+0.07. For these measurements, 64
repeated single-voxel acquisitions were averaged from a PRESS VOI placed in the
respective regions.

The PRESS VOI (Fig.1b) was positioned to include the entire inner sphere (containing the
fat compartment and the aqueous compartment consisting of a solution with a ChoCre/Cit
ratio simulating normal tissue) plus a large contiguous region within the outer sphere
(containing the solution with ChoCre/Cit ratio simulating cancer). Scan parameters were the
same as in the previous phantom experiment except for the FOV, which was set at 160mm.

ChoCre/Cit was calculated by computing the mean of the intensity within the frequency
ranges corresponding to choline and creatine and dividing by the mean intensity within the
frequency range of citrate. Images of ChoCre/Cit were thereby produced and interpolated so
as to have the same pixel size as the T2-weighted reference image of the phantom. The T2-
weighted reference image of the phantom was manually segmented to separately identify
regions of fat and the regions with different ChoCre/Cit values (low = 0.70 and high = 1.43).

Statistical tests—In all statistical comparisons between PSF-Choice and standard phase
encoding, in terms of determining if there were significant differences in the measurements
made by the two methods, the Student-t test was used and the significance level was set at
0.05.

Prostate MRSI Scans

The feasibility of PSF-Choice prostate MRSI was evaluated in a study at 3 Tesla with 16
patients, all of whom had biopsy-proven prostate cancer. All imaging was performed on a
3T GE Signa scanner. The body coil was used for transmit and endo-rectal coil for receive.
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Institutional Review Board approval was obtained for this study, compliant with the Health
Insurance Portability and Accountability Act, and written informed consent was obtained
from all patients. A single 1.5cm slice was encoded using a 14x14 matrix in a 12cm FOV
(14cm FQV for two of the patients) with TE/TR = 85/1000 ms. The slice was chosen to be
well within the prostate, with no special attention being made to select for areas suspected of
containing tumor tissue. Saturation bands available with the product sequence were enabled
for the /n vivo scans. The encoding direction for comparison of the methods was R-L. The
average PRESS VOI for the 16 patients contained about 18 voxels (min=8, max=24,
std=5.1). Data for both the PSF-Choice method and for standard Fourier phase encoding
were acquired in the interleaved mode described previously and the total scan time was 6.5
minutes. Reconstruction was performed as it was for the phantom scans, with no zero filling
or filtering in the spatial dimensions.

Results from the scans were evaluated by an expert reader (an ABR certified MRI physicist)
who was blinded as to which method was used in acquiring the spectra. Using a display tool
(programmed in Matlab), the reader was presented with spectra (1 to 3.5 ppm) for all voxels
acquired during one of the exams and was asked to decide: (1) which result had the greatest
proportion of spectra contaminated by fat when looking at voxels outside the PRESS VOI
(7.e., in the void where there should be no signal at all), and (2) which result had the greatest
proportion of spectra contaminated by fat when looking within the prostate.

Phantom Experiments

SNR Measurements—In the phantom SNR measurements, no significant difference was
found between the two methods in the mean of the SNR of the Choline, Creatine and Citrate
peaks (p=0.40, p=0.78, p=0.36 respectively). No significant difference was found in the
values of the ChoCre/Cit ratios between the two methods (p=0.57). We also looked at the
water signal intensity and found that it was almost indistinguishable using the two different
methods (p=0.58).

Fat Contamination Measurements—Figure 2 shows images representing the fat
content (contamination) for both PSF-Choice encoding (Fig.2a) and for Fourier encoding
(Fig.2b). Plots in Fig.2c and 2d show the fat content in each voxel (plotted as circles) for
each distance from the fat-water boundary. A much higher degree of fat signal content for
Fourier encoding (Fig.2d) compared to PSF-Choice encoding (Fig.2c) is evident at all
distances from the fat-water boundary. The fat content at each distance from the fat-water
boundary was compared for both methods and the fat signal content was found to be
significantly greater for Fourier encoding at all pixel distances from the boundary (e.g.,
p=0.0005 at 1 pixel from boundary with p less than this for all other distances out to 11
pixels). At the boundary itself, as expected, the difference between the methods is not
significant because of the sizeable partial volume contributions right at the boundary.

Metabolite Ratio Measurements—The images in Fig.3a and 3b show ChoCre/Cit ratios
obtained with the diagnostic quality phantom using PSF-Choice (Fig.3a) and Standard
Fourier encoding (Fig.3b). PSF-Choice was applied in the vertical direction. Note that the
ChoCre/Cit image for PSF-Choice is more homogeneous than the image for Fourier
encoding, both inside and outside the inner sphere (see reference image - Fig.1b).

The plots in Fig.3c and 3d are of spectra obtained from the phantom. Spectra were obtained
from an area (green box in images in Fig.3a and 3b) within the simulated cancer
compartment for both PSF-Choice (blue plot in Fig.3c) and standard phase encoding (red
plot in Fig.3d). Note the significant spectral contamination from fat for standard phase
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encoding results. The plot in black in Fig. 3c and 3d is a reference spectrum obtained from
the compartment with the ratio measuring 1.43 (simulating ‘cancer’).

The plots in Fig.3e and 3f show the distribution of metabolite ratios for the two
compartments (cancer = solid line, normal = dashed line). The true value of the ratio for
each of the two compartments (0.7 and 1.43 ppm) is indicated by the dotted lines. For PSF-
Choice (blue plots in Fig.3e), the distributions are reasonably well centered on the true
values. For standard Fourier encoding (red plots in Fig.3f) there is a very poor
correspondence between the distributions for ratios and the true values measured from the
reference spectra, especially for the cancer component (solid red line in Fig.3f).

Table 1 gives the mean values and standard deviations for ChoCre/Cit measurements in the
simulated normal compartment (N=20) and in the simulated cancer compartment (N=58)
along with mean of error magnitude. Error magnitude was computed as magnitude of the
difference between compartment measurements and the true values of 0.70 and 1.43
respectively. Note that the magnitude error in estimation of ChoCre/Cit in the ROIs with
standard phase encoding is significantly higher than with PSF-Choice for the cancer
compartment (p=0.00006). It is also higher for the normal compartment although the
difference is not significant (p=0.2).

Prostate MRSI Scans

Figure 4 shows a sample of 8 voxel spectra from one of the 16 patients in the in vivo study.
For reference, spectra obtained from a phantom experiment are shown (black plots) at the
top of Fig.4. In Fig. 4a, the spectra obtained with PSF-Choice (blue plots) exhibit noticeably
lower lipid contamination than those obtained with standard phase encoding (red plots). The
voxel spectra shown in Fig.4b exhibit a roughly equivalent amount of lipid contamination
for both methods.

In the assessments by the expert reader, the spectral data obtained by standard phase
encoding was judged to have more contamination in 100% of cases where a determination
was made. In 13 out of the 16 patient exams, the expert reader judged that there was more
fat contamination outside the selected PRESS VOI in the standard phase-encoded data as
compared to the PSF-Choice data. In the remaining 3 cases, contamination was judged as
equivalent in the spectra acquired by the two methods. In 10 out of the 16 patient exams, the
expert reader judged that there was more fat contamination seen inside the prostate in the
standard phase-encoded data as compared to the PSF-Choice data (e.g. similar to the case
for the spectra in Fig.4a). In the remaining 6 cases, contamination was equivalent in the
spectra acquired by the two methods (e.g. similar to the case for spectra in Fig.4b). Note that
there was not a single case in which the standard phase-encoded result was considered to
have less fat contamination compared to the PSF-Choice result.

Discussion

While the /in vivo study with prostate patients reported here showed an advantage of PSF-
Choice in terms of reducing lipid contamination, only a single slice was acquired and the in-
plane resolution was relatively low compared to the current state-of-the-art in clinical
prostate MRSI. Further conclusions concerning the ability of the method to improve cancer
detection are limited given both the small number of patients studied and the limited volume
of prostate interrogated by MRSI in each patient.

The J-modulation of strongly coupled citrate protons at 3T led to inverted citrate peaks at the
TE of 85 ms used in this study [13]. Use of the MLEV-PRESS sequence has been proposed
to obtain upright citrate peaks at similar TE values, which could help to improve
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quantification of prostate spectra at 3T [14]. However, this sequence modification was not
used in this study and spectral quality is unfortunately not as high as it could be with respect
to resolving and quantifying the citrate resonances.

If one defines the effective spatial resolution by the width of the PSF (e.g. full width at half
maximum), we would claim that the spatial resolution with PSF-Choice remains equivalent
to that obtained with standard phase encoding. The RF weights in PSF-Choice were
designed so that the PSF width would be FOV/N where N is equal to the number of encodes.
The width of the sinc-shaped PSF in standard phase encoding (with N encodes) is also equal
to FOV/N. Although the spatial resolution remains equivalent in the two cases, because the
Gaussian-like PSF obtained through PSF-Choice encoding is free of the side lobes that lead
to pixel bleed, PSF-Choice can be said to improve spatial localization.

It should be noted that, although we have focused here on the negative effects of the lipid
signal, the changes due to applying PSF-Choice affect all voxels and all metabolite signals.
Thus, individual metabolite images reconstructed using data from standard phase encoding
will also show the effects of ringing (although this may or may not be evident in those
images depending on SNR). Thus, although not demonstrated in this study, PSF-Choice will
also have the positive effect of improving spatial localization of metabolite signals by
eliminating ringing and reducing pixel bleed.

Of course, retrospective spatial filtering (or apodization) also alters the effective PSF and
could easily have been used to reduce pixel bleed and lipid contamination for the standard
phase-encoded data. However, such filtering is done at the expense of a broadening of the
PSF (by a factor of 2 with the Hanning filter). So, while the filtering effectively eliminates
signal contributions from distant voxels and can be said to improve spatial localization,
broadening the PSF width increases the effective voxel size and, therefore, can also be said
to degrade spatial localization.

Approaches other than retrospective spatial filtering have been proposed that aim to reduce
or eliminate truncation artifact without adversely affecting spatial resolution. In one unique
approach, a standard MRS dataset, acquired at low spatial resolution and high SNR, was
combined with a second MRS dataset acquired at high spatial resolution and low SNR [15-
18]. These methods appear to be quite robust, however, they involve the complication of
combining datasets from different scans and introduce some additional cost in imaging time.
Webb et a/[19] proposed a variable-tip-angle approach to create 4-space weighting that has
a similar effect to spatial filtering in terms of reducing pixel bleed. So as not to degrade
spatial resolution from the weighing, the number of phase-encoding steps was increased.
However, imaging time was not increased with this method because the TR for the higher A
space encoding steps was shortened.

PSF-Choice involves the same number of total encodes as standard phase encoding. Thus, it
neither increases nor decreases total acquisition time. As was shown experimentally, PSF-
Choice also maintains SNR of the metabolite peaks relative to standard phase encoding.
Although the method involves RF manipulation and alteration of the spatial excitation
patterns (as in standard phase encoding), the vast majority of spins are fully excited on each
encode to maximize SNR. In PSF-Choice it is primarily the distribution of the phase of the
transverse magnetization (rather than the magnitude) that differs from standard Fourier
phase encoding.

In summary, PSF-Choice has been validated in a series of phantom experiments and its
feasibility assessed in a study with 16 patients with biopsy-proven prostate cancer. Our
phantom experiments quantitatively demonstrate the advantage of PSF-Choice over standard
Fourier phase encoding (without retrospective spatial filtering) in terms of its ability to
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greatly reduce contamination of spectra due to fat signal ringing-in from neighboring voxels.
This method has the potential to improve quantification of metabolite ratios important in the
detection of prostate cancer. Future work is focusing on implementing the method in
additional directions in order to fully exploit its benefits [20].
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Figure 1.

Reference images of co-spherical phantoms used in experiments to compare PSF-Choice
and standard phase-encoded MRSI. (a) Contamination-assessment phantom containing a fat
compartment (top of inner sphere) and water (outer sphere and bottom of inner sphere). The
PRESS VOI is placed with top at boundary between fat and water. (b) Diagnostic-quality
phantom containing a fat compartment (top of inner sphere), a solution of choline, creatine
and citrate with ChoCre/Cit = 0.70 (bottom of small sphere) and a solution with ChoCre/Cit
= 1.43 (in outer sphere). The green box shows the position of the selected PRESS VOI for
experiments.
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Standard Method

(b)

Standard Method
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(d)

Results from contamination-assessment phantom for PSF-Choice and the Standard Method
(Fourier phase encoding). The images represent the fat content (contamination) for (a) PSF-
Choice and (b) the Standard Method. Images are the ratio of the mean of the signal
magnitude in a spectral range for fat to the standard deviation in a spectral range containing
only noise. The green box shows the position of the PRESS VOI placed at the fat-water
boundary. Both images are windowed identically. Encoding for comparison of methods was

the vertical (A-P) direction.

The plots show the fat content for (c) PSF-Choice and (d) the Standard Method as a function
of the distance from the fat-water boundary. Each circle represents the content in 1 pixel.
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Figure 3.

Results from diagnostic-quality phantom for PSF-Choice and the Standard Method (Fourier
phase encoding): Images showing ChoCre/Cit for (a) PSF-Choice and (b) the Standard
Method. The ChoCre/Cit images were interpolated and registered to the reference image
shown in Fig.1b. The position of the inner sphere is indicated by the red dashed line. Black
plots in (c) and (d) show a reference spectrum obtained from the compartment simulating
cancer (with ChoCre/Cit = 1.43). Below the reference plots are spectra from within the
simulated cancer compartment (at location indicated by green box) for both PSF-Choice
(blue plot in (c)) and for standard phase encoding (red plot in (d)). Plots for (¢) PSF-Choice
and (f) for standard phase encoding show the distribution of metabolite ratios for the two
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compartments (cancer = solid line, normal = dashed line). The true values of the ratio for
each of the two compartments (0.7 and 1.43 ppm) are indicated by the vertical dotted lines.
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Figure4.

An array of spectra from 8 voxels within the prostate of one of the 16 patients along with
reference spectra (plots in black) obtained from the spectral-quality phantom. (a) In one set
of plots, those spectra obtained using standard phase encoding (red plots) were judged to be
overly contaminated with lipid. The spectra obtained with PSF-Choice (blue plots),
however, were judged to be free of this contamination. (b) In another set of spectra from the
same patient, there was judged to be no significant difference between the two methods.
Note that in both the phantom reference and /n vivo spectra, the citrate resonance is inverted
as expected for the parameters (TE=85ms) due to J-modulation of the strongly coupled
citrate protons at 3T.
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Comparison ChoCre/Cit measurement for PSF-Choice and standard phase encoding using the diagnostic-
quality phantom. Error magnitude was computed as magnitude of the difference between Normal
compartment measurements (N=20) and Cancer compartment measurements (N=58) and the true values of

0.70 and 1.43 respectively.

Mean and Standard Normal Cancer Mean of Error  Mean of Error
Deviation (sd) of Compartment Compartment Magnitudein Magnitudein
ChoCre/Cit Ratio TrueValue=0.70 TrueValue=1.43 Normal Cancer
sd =0.07 sd =0.18 Compartment ~ Compartment
M easur ement M easur ement
PSF-Choice 0.74 1.36 0.14 0.29
sd =0.15 sd =0.38
Standard Method 0.87 1.12 0.20 0.47
sd =0.20 sd =0.43
Error (PSF-Choice) < Error (Standard Method) — P=0.2 P=0.0002
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