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Purpose: To develop a robust processing procedure of raw signals from
water-unsuppressed MRSI of the prostate for the mapping of absolute tissue
concentrations of metabolites.
Methods: Water-unsuppressed 3D MRSI data were acquired from a phantom,
from healthy volunteers, and a patient with prostate cancer. Signal processing
included sequential computation of the modulus of the FID to remove water
sidebands, a Hilbert transformation, and k-space Hamming filtering. For the
removal of the water signal, we compared Löwner tensor-based blind source
separation (BSS) and Hankel Lanczos singular value decomposition techniques.
Absolute metabolite levels were quantified with LCModel and the results were
statistically analyzed to compare the water removal methods and conventional
water-suppressed MRSI.
Results: The post-processing algorithms successfully removed the water signal
and its sidebands without affecting metabolite signals. The best water removal
performance was achieved by Löwner tensor-based BSS. Absolute tissue con-
centrations of citrate in the peripheral zone derived from water-suppressed
and unsuppressed 1H MRSI were the same and as expected from the
known physiology of the healthy prostate. Maps for citrate and choline from
water-unsuppressed 3D 1H-MRSI of the prostate showed expected spatial varia-
tions in metabolite levels.
Conclusion: We developed a robust relatively simple post-processing method of
water-unsuppressed MRSI of the prostate to remove the water signal. Absolute
quantification using the water signal, originating from the same location as the
metabolite signals, avoids the acquisition of additional reference data.
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1 INTRODUCTION

Worldwide, prostate cancer is the second most common
cancer and the fifth leading cause of cancer death among
men.1 Multi-parametric MR imaging (mpMRI) is increas-
ingly used in the detection, localization, and grading of the
disease.2 MpMRI consists of T2-weighted MRI to visualize
anatomy and of functional MR techniques, such as DWI,3
DCE-MRI,4 and MRSI.5 The Prostate Imaging Reporting
and Data System (PIRADS)6–8 is used in clinical practice
to read and report mpMRI exams, but does not include
MRSI in the latest version because of insufficient clinical
robustness and practicality of MRSI procedures.5 How-
ever, recent MRSI acquisition methods demonstrate sub-
stantially improved performances5,9 and therefore, may
enhance current mpMRI as this still suffers from low speci-
ficity and inter-reader reproducibility.10,11

Proton MR spectra of the prostate contain signals
from citrate (Cit), choline-containing compounds (Cho),
(phospho-) Cr, and polyamines (PA) (i.e., spermine
[Spm]). In cancer tissue, Cit signals are reduced and those
of Cho are increased compared to normal prostate tissue.
Ratios of metabolite signals, such as (Cho+PA+Cr)/Cit
or Cho/Cr are used for the identification and characteriza-
tion of prostate cancer.12,13 Because the metabolite signals
may be corrupted by large signals of water and lipids,
these are suppressed with water and lipid dual-frequency
selective refocusing pulses combined with strong spoiler
gradients.14 Although quite robust, the suppression per-
formance of these pulses depends on B0 homogeneity
in and around the prostate. Moreover, these pulses may
suppress signals with a chemical shift close to that of
water and could result in magnetization transfer effects
on metabolite signals, which can cause errors in their
quantification.15,16

Recently, we demonstrated that water-unsuppressed
3D 1H MRSI of the prostate is feasible and has advantages
compared to water-suppressed MRSI.17 For instance, the
unsuppressed water signal is useful to correct for line
shape artifacts and to estimate absolute tissue concen-
trations of metabolites. It also facilitates the accurate
combination of signals from multiple elements of body
array coils, which is a challenge in water-suppressed acqui-
sitions with low SNR levels.18,19 For these purposes, in
single-voxel MRS a water signal is traditionally obtained by
a separate MRS acquisition without water suppression.20

However, in an MRSI exam, an extra water-unsuppressed
acquisition may require too much additional time.

Therefore, an MRSI acquisition without water signal
suppression is an attractive option, provided the metabo-
lite signals of interest can robustly be recovered.15,16,21,22

This may be challenging as localization gradient vibrations
generate water sideband artifacts, which can overlap with

metabolite signals.16 A common way to remove these side-
bands is by computing the modulus of the time-domain
MRS signal.15,16,23 Previously, we applied this approach
to water-unsuppressed MRSI of the prostate and used
wavelet transforms to extract the water signal and to recon-
struct the baseline. Multiple corrections were applied
on phase and frequency deviations and on eddy current
artifacts, followed by metabolite signal fitting with the
modeled water signal shape, altogether consisting of an
extensive and complex MRSI data processing pipeline.17

The main aim of the current study is to replace this
pipeline with a more efficient and simpler procedure,
including alternative water-signal removals, modulus
transformation to automatically align the phase and fre-
quency of all signals, and spatial filtering applied after
these alignments to enhance SNR.21 For the water-signal
removal, we investigated Hankel Lanczos singular value
decomposition (HLSVD)24,25 and Löwner tensor-based
blind source separation (BSS).22 The performance of these
algorithms was compared with each other and with that
of conventional water suppression in a phantom and vol-
unteers. Finally, we used the extracted water signal, for
absolute metabolite quantification from MRSI’s of the
prostate recorded with and without water-signal suppres-
sion to investigate any effect of this suppression and to
reconstruct metabolite maps.

2 METHODS

2.1 Phantom and subjects

In vitro studies were performed with a spherical glass
phantom, consisting of a solution mimicking pro-
static fluid, containing 90 mM Cit, 18 mM Spm, 6 mM
myo-inositol, 15 g/L bovine serum albumine, and cations
at pH 7.1.26 Furthermore, we examined five healthy vol-
unteers (27–55 years, mean age, 47 years) and one patient
with prostate cancer (69 years) before prostatectomy,
with two tumor lesions in the prostate with Gleason
scores 3+ 4. Ethical approval for these measurements
was obtained by the local ethics committee and all volun-
teers and the patient gave written informed consent for
participation in the study.

2.2 MR data acquisition

A 3 T MR system (MAGNETOM Prisma-Fit, Siemens
Healthcare, Erlangen, Germany) was used with an exter-
nal 16-channel body phased-array coil for signal reception
in the phantom study and in the volunteers. In the patient
examination, an additional endorectal coil (MEDRAD,
Pittsburgh, PA) for signal reception was used.
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STAMATELATOU et al. 1743

Three-dimensional MRSI data were acquired with a
semi-LASER (localized by adiabatic selective refocusing)
pulse sequence in which a 3D volume of interest (VOI) is
selected with conventional slice selective excitation and
two pairs of adiabatic refocusing pulses.27 In the phan-
tom study, the TR was 1250 ms and the TE was 88 ms
(optimized for Cit shape).27 Spectra were sampled with
2048 spectral points at a spectral bandwidth of 3200 Hz
(26 ppm). The spatial FOV of 64 mm3 × 64 mm3 × 64 mm3

was covered with an 7× 7× 7 elliptically sampled k-space
matrix, acquired with 1 average. After post-processing
with a Hamming filter (see below) the true voxel size can
be approximated by a sphere with a volume of 2.2 cm3.
Water and lipid signal suppression was performed with a
double Mescher-Garwood (MEGA) module of water and
lipid-selective refocusing pulses combined with coherence
crushing by strong spoiler gradients.14 Two MRSI datasets
were acquired: one with the full MEGA modules and one
with MEGA pulses only refocusing and suppressing lipid
signals (the water-unsuppressed dataset). Signals of the
different body array coil elements were combined in a
weighted and phase sensitive way using a complex fit to
the first points of the sLASER spin echo top for each coil
element.

The subjects were examined with the same acquisi-
tion protocol, but with a TR of 950 ms in the volunteers
and 1930 ms in the patient. In the volunteers, the FOV of
80 mm3 × 80 mm3 × 64 mm3 was covered with a 7× 7× 7
k-space matrix, acquired with 4 Hamming-weighted
averages. After post-processing the true voxel size can
be approximated by a sphere with a volume of 3.6 cm3.
The total acquisition time was 10 min and 2 s. In the
patient, because of examination time constraints, we
only acquired a dataset without suppression of the
water signal (MEGA lipid suppression only), with a
spectral bandwidth of 2400 Hz (19.5 ppm), the FOV of
64 mm3 × 80 mm3 × 64 mm3 was covered with a 9× 11× 9
k-space matrix, acquired with 3 Hamming-weighted aver-
ages. After post-processing the true voxel size can be
approximated by a sphere with a volume of 1.1 cm3. The
total acquisition time was 12 min and 30 s. In the patient
study with endorectal coil, the MR system lowers the
allowed RF power deposition by 50%, so a longer TR was
necessary to stay within specific absorption rate limits.

For all the MRSI datasets, T2-weighted MR images
were acquired for anatomical guidance.

2.3 MRSI data processing

Data processing modules were programmed in MATLAB
(MATLAB R2019b, The MathWorks, Natick, MA) with
some format conversions to allow visualization on existing

F I G U R E 1 Flow diagram representing the processing
pipeline of water-signal unsuppressed 3D 1H MRSI.
IMA, single-precision DICOM MRSI files obtained with Siemens
MR systems.mat, MATLAB files; VOI, volume of interest.

image viewers (Siemens Syngo software). The process-
ing pipeline is illustrated in Figure 1. For the statistical
analysis Origin (Origin 8.5) was used.

Data processing started with zero filling of a 3D MRSI
k-space data set to a 16× 16× 16 matrix and Fourier trans-
formation of the spatial k-space dimensions. Next, acoustic
sideband artifacts in the MR spectra were eliminated by
computing the modulus signal of the FIDs in all voxels,
an operation that also corrects the phase and aligns the
frequency of all signals.21,23

From the modulus signals, a Hilbert transformation
was performed in the time domain to create again a
complex signal. The Hilbert transform is based on the
Kramers-Kroning relations.28 The Hilbert transform for
a real input signal returns a complex result of the same
length, where the real part of the output is the original
real data and the imaginary part is the actual Hilbert
transform, so the real signal with a 90◦ phase shift. Within
the procedure zero filling (before the Hilbert transfor-
mation) and data truncation (after the transformation)
in the time domain is applied to avoid the discontinuity
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1744 STAMATELATOU et al.

in the lineshape of the water signal. After modulus and
Hilbert transformation of the FIDs, an inverse Fourier
transformation (iFT) of the three spatial dimensions was
performed to allow the application of a 3D k-space Ham-
ming filter to the data. As the modulus operation applied
before k-space filtering aligned signal frequencies, line
broadening due to the convolution of signals with slightly
different frequencies by the k-space Hamming filter was
avoided; this alleviated potential SNR loss induced by the
modulus step.21

The next step was the water-signal removal. This was
only done for voxels within the VOI to avoid long com-
putation times. The Löwner tensor-based BSS24,25,29 and
HLSVD24,25,29 algorithms were investigated as computa-
tional techniques for water-signal removal. The Löwner
BSS method is a tensor-based algorithm that is used to
remove the water signal simultaneously from all voxels
in the MRSI grid. The water signal is modeled under
the assumption that neighboring voxels in the MRSI grid
share common signal components (sources). Therefore,
the estimation of sources that model water and their corre-
sponding abundances can be formulated as a BSS problem
to estimate the individual metabolite sources. The model
order (i.e., the total number of estimated sources to model
the whole grid) was assumed to be known a priori22 and
was chosen to be 100 for both Löwner and HLSVD algo-
rithms to make sure all the variations in damping across
signals in the MRSI grid were sufficiently captured. The
Löwner tensor was constructed using the spectroscopic
range from 1.2 to 5.2 ppm, which contains the region with
metabolite signals (1.2–4.2 ppm), and that with the water
signal (4.2–5.2 ppm).5 The HLSVD method removes water
in one voxel at a time and does not exploit the shared
information present among the voxels in the MRSI grid.
Using a truncated signal subspace decomposition of a pri-
ori known model order, the water signal in 4.2–5.2 ppm
was estimated as a sum of complex damped expo-
nentials and subsequently removed from the measured
signal.14,30

Subsequently, the processed MR spectra were fit-
ted and quantified with LCModel software (version
6.3–1 L).27,31 The basis-set for the LCModel fitting was
simulated with NMR-Sim (Bruker BioSpin, Rheinstet-
ten, Germany). To estimate absolute tissue concentrations
of metabolites the water signal was used as a scaling
reference, for which the water-unsuppressed MR spec-
tra were deployed before water removal from the same
MRSI acquisition as used for the metabolite MR spectra.
For the LCModel fitting, a basis set was generated with
Lorentzian-type proton signals for Cit, Cho, Spm, and Cr,
taking into account the exact timings of the sLASER pulse
sequence.

2.4 Tissue concentrations
of metabolites

For absolute quantification of metabolite tissue concen-
trations in the prostate, the metabolite values from the
LCModel fits (LCMoutput(met), Eq. [1]) were calculated
using a 1 ppm broad water signal area as a concentration
reference, extracted from the same spectra and corrected
by the T1 and T2 relaxation times for water (T1,H2O, T2,H2O)
and metabolites (T1,met, T2,met), according to Eq. [1 with
values as reported in literature.5 For Cit at 3 T, the T1
and T2 values were 0.47± 0.14 s and 0.17± 0.05 s, respec-
tively. For Cho, the T1 and T2 values were 1.1± 0.4 s
and 0.22± 0.09 s, respectively. For water in the peripheral
zone of the prostate, the T1 and T2 were 1.60± 0.04 s and
0.14± 0.03 s, respectively.32–34 Finally, the tissue metabo-
lite concentrations were calculated taking the tissue water
concentration as reference (wconc, Eq.[1]), assuming a
tissue water content in the prostate of 39.4 mM/g wet
weight35 and a prostate tissue density of 1.02 kg/L36,37

[Metabolite] = LCMoutput(met)

×

[
1 − e

(
− TR

T1,H2O

)][
e

(
− TE

T2,H2O

)]
[

1 − e
(
− TR

T1,met

)][
e

(
− TE

T2,met

)] wconc (1)

2.5 Comparison between water
removal algorithms and conventional
water suppression, and statistical analysis

To evaluate the effect of the water removal methods on
the quantification of metabolites of interest in the phan-
tom, a one-way repeated measures analysis of variance
(ANOVA) was applied to Cit concentrations as obtained
from the LCModel output. No attempt was made to com-
pare absolute concentrations as the relaxation time correc-
tion factors, required for this determination, are the same
for water suppressed and unsuppressed MRSI data and
therefore, are irrelevant to compare Cit levels.

To compare the water removal algorithms and the con-
ventional water suppression in volunteers we determined,
first the efficiency of the water-signal removal, second, the
failure rate of techniques to sufficiently suppress/remove
the water signal, and third the effect of the techniques on
the absolute quantification of Cit.

To assess the efficiency of the methods to remove
the water signal in MR spectra of the healthy volun-
teers, we compared the ratios of the variance of water
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STAMATELATOU et al. 1745

signal residual (4.2–5.2 ppm) to the variance in a spec-
tral area with only noise (10.8–12.0 ppm). Next, the out-
liers of the variance ratio were identified, according to
the 1.5 interquartile range (IQR) rule; the number of out-
liers was considered as an indication of failure of the
methodologies used to suppress the water signal. Finally,
to explore a possible effect of the water removal method-
ologies on the quantification of metabolites of interest,
a one-way repeated-measure ANOVA was performed on
the absolute metabolite concentrations. For this analysis,
values from non-overlapping spatially independent voxels
were selected, originating from the peripheral zone of the
prostate, with a Cramer-Rao lower bound of fitted metabo-
lite values <20%, which were not judged as outliers in the
previous comparison.

3 RESULTS

Proton MR spectra from the prostate of a healthy volun-
teer, obtained with a sLASER MRSI sequence without

water suppression, showed dominating large water sig-
nals as well as metabolite signals (Figure 2). In the water
unsuppressed spectra, anti-symmetrically around the
center of the water peak, sideband artifacts are present.
These water-signal sidebands were most clearly visi-
ble in water-unsuppressed MR spectra of the phantom
(Figure 3A), but could also be detected in MR spectra
obtained in vivo (Figure 4). The sidebands were effectively
removed with the modulus step (Figure 3A). Moreover,
this step aligned the water signal from all voxels at one fre-
quency, which was set to 4.7 ppm as a reference chemical
shift (Figure 3B).

After the modulus operation (Figure S1D), Hilbert
transformation (Figure S1E), 3D spatial iFT, spa-
tial smoothing by Hamming filtering of 3D k-space
(Figure S1F), and a 4D FT, the water removal algo-
rithms were applied. As shown for an MR spectrum
of a voxel from 3D MRSI measurements of a volunteer
the water signal was successfully suppressed in MRSI
with water-suppression pulses and equally successfully
removed by the Löwner and HLSVD algorithms from the

F I G U R E 2 Water-signal unsuppressed 3D 1H-MRSI of the prostate of a 46-year-old healthy volunteer. Left: Transversal T2 weighted
MRI with the MRSI grid. The VOI embedding the prostate is indicated by the white box. Middle: MR spectrum from a voxel of this VOI. The
blue box highlights the water peak. The area with signals of metabolites of interest is indicated with a red box. Upper right: Enlargement of
part of the MR spectrum showing metabolite signals (in the red box). The metabolite peaks are orders of magnitude smaller than that of water.
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1746 STAMATELATOU et al.

F I G U R E 3 Effect of modulus operation on water signal of a phantom. Water signal of a phantom, filled with prostatic fluid mimic,
acquired with a semi-LASER (sLASER) water-signal unsuppressed MRSI pulse sequence. The effect of the modulus operation on the
sideband artifacts. The water signal before (gray) and after the modulus step (orange). Sideband artifacts are symmetrically present on both
sides of the water peak (blue and purple boxes) in the raw signal (gray). After the modulus step, these artifacts are eliminated. The effect of
modulus operation on the frequency shift artifacts. This water signal is shifted because of the modulus operation. It is then assigned a
chemical shift of 4.7 ppm (orange). As this happens to all water signals in the VOI they become aligned.

F I G U R E 4 Water sidebands in in vivo MR spectra. Spectral map and enlarged spectrum of the water signal and the metabolites of
interest region from a healthy volunteer, illustrating the presence of water sidebands around 6.1 and 3.3 ppm throughout this partition of the
prostate. The sideband artifacts are symmetrically present on both sides of the water peak (purple boxes) in the raw signal, interfering with
the region of the metabolites of interest (2.3–3.6 ppm), which can cause inaccurate assessments of the metabolites of interest.

water-unsuppressed MRSI (Figure 5). In this example, the
conventional water-signal suppression method and the
two algorithms all effectively have removed the water sig-
nal to or below the noise level, leaving a high SNR signal
for Cit at 2.6 ppm and other metabolites signals at about
3–3.5 ppm (i.e., Cho, Cr, and Spm).

3.1 Three dimensional MRSI of the
phantom with a prostatic metabolite
solution

To examine if the post-acquisition water removal interferes
with the quantification of metabolite signals, we assessed
the Cit levels in the phantom after the removal of the water
signal in water-unsuppressed MRSI by the Löwner and

HLSVD methods and in water-suppressed MRSI. The Cit
levels were evaluated in 42 voxels within the phantom. No
corrections for T1 and T2 relaxation times were made. The
water-signal removal algorithms and water-signal sup-
pression did not differ significantly in Cit levels, according
to an ANOVA statistical analysis (α >0.05). An example
of the LCModel fit of an MR spectrum from the MRSI
obtained of the phantom is presented as supporting infor-
mation in Figure S2.

3.2 In vivo MRSI in healthy volunteers

To assess the efficiency of the water-signal removal
we compared the ratio of signal variance in the water
range (4.2–5.2 ppm) to the variance in the noise range
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STAMATELATOU et al. 1747

F I G U R E 5 Water signal removal. MR spectra from the same voxel of 3D MRSI data of a healthy volunteer in the chemical shift range
2.0–5.0 ppm. (A) An MR spectrum obtained with water signal suppressed MRSI. MR spectra with water-signal unsuppressed MRSI and water
signal removal using. (B) The Löwner BSS algorithm. (C) The HLSVD algorithm. BSS, blind source separation; HLSVD, Hankel Lanczos
singular value decomposition

(10.8–12.0 ppm). In total, 306 spectroscopic ratios were
assessed from all the voxels in the volumes of interest of the
five volunteers. The mean values found were 0.95± 0.44
for Löwner BSS, 7.86± 14.20 for HLSVD, and 3.46± 1.95
for the conventional water suppressed acquisition. Löwner
BSS provided the best suppression of the water peak with
respect to the noise level. Whereas in some spectra the
water signal is removed below the noise level, indicating
that some noise was modeled and removed with the tech-
nique, there are also areas in which some small residuals
remain. On average, the water signal is removed just below
the noise level with Löwner BSS, whereas HLSVD and con-
ventional water suppression during acquisition left some
residual water signal.

If water removal fails, metabolite quantification might
be hampered. The failure rate of the techniques to suffi-
ciently suppress/remove the water signal was examined by
the outliers of the variance ratio. In Figure 6, the range of
the values of water residual variance to the noise variance
is presented for all the voxels (N = 306) in the volumes of
interest from the five volunteers. After the application of
Löwner BSS no outliers were identified, whereas applying
HLSVD resulted in 40 outliers of 306 spectra, and in the
conventional water suppression, 10 outliers were identi-
fied of 306 spectra. Therefore, Löwner BSS performed the
best in removing the water signal, because the range of the
variance ratio is narrow and without outliers.

The effect of the water suppression algorithms on
metabolite quantification was investigated in the spectro-
scopic range from 1.2 to 3.8 ppm (Table 1). We selected 40
spatially independent voxels in the peripheral zones of the
five volunteers for this analysis.

A repeated-measures ANOVA statistical analysis
was performed to assess the effect of the water-signal

F I G U R E 6 Water signal/noise variance ratio range for water
signal suppression/removal. The range of the values of variance in
the area of water to the variance in the area of noise is presented for
Löwner BSS and HLSVD water signal removal and conventional
water suppression. The results from 306 voxels located in the
volume of interest from the five volunteers are presented in the
range up to 40 AU. In the case of HLSVD 16 additional outliers are
presented above this range. The outliers (i.e., the voxels where the
water signal removal/suppression failed) are identified (points
outside of the box) according to the 1.5 interquartile range (IQR)
rule. The mean values of the variance ratios are presented as a
square symbol. BSS, blind source separation; HLSVD, Hankel
Lanczos singular value decomposition

removal/suppression method on the absolute Cit levels
in 40 selected voxels from the prostate of five volunteers.
The absolute tissue concentration of Cit did not differ
significantly between Löwner BSS, HLSVD water-signal
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1748 STAMATELATOU et al.

T A B L E 1 Statistical analysis of absolute tissue concentrations of Cit calculated from MRSI data obtained of the prostate of healthy
volunteers A. Mean absolute Cit tissue concentrations as obtained by water-signal unsuppressed MRSI involving the water signal removal
methods (Löwner, HLSVD) and by water signal suppressed MRSI B. Absolute Cit tissue concentration in the peripheral zone of the prostate
reported by Basharat et al.41 C. ANOVA statistical analysis comparing the water signal removal and suppression methods (α = 0.05) for the
absolute Cit concentrations

A Cit mean value (mM) SD (%) p-value

Lowner 41.21 7.9

HLSVD 41.16 8.3

WS 42.64 7.5

B Cit (mM) SD

Literature peripheral zone 64 ±22

C Cit mean difference Significant difference

Lowner vs HLSVD 0.04 No 1.0

HLSVD vs WS −1.49 No 0.08

Lowner vs WS −1.45 No 0.09

Note: N = 40 voxels from the five healthy volunteers; WS = water signal suppressed acquisition.

removal, and the conventional water suppression
(α> 0.05) (Table 1).

3.3 Metabolite maps of the prostate of a
healthy volunteer and prostate cancer
patient

The absolute tissue concentrations of Cit in the prostate of
a healthy volunteer, obtained from a water-signal unsup-
pressed MRSI and water-signal removal with Löwner BSS,
were used to create metabolite maps of multiple slices as
an overlay on the T2-weighted images for anatomical ref-
erence information (Figure 7). In the peripheral zone of
the prostate, Cit levels up to 50.0 mM were observed, much
higher than in the central gland, with Cit levels down to
about 20.0 mM.

The Löwner BSS water-signal removal method was
also applied to a water-unsuppressed 3D MRSI data
set of the prostate of a patient. Examples of LCModel
fits of MR spectra from a healthy voxel and from a
cancerous voxel are presented in Figures S3 and S4,
respectively.

After absolute quantification of the metabolites with
signals visible in the MR spectra, maps of Cit and Cho
were created for two slices of the patient’s prostate
(Figure 8). Areas with relatively low Cit (12.0 mM) and
high Cho levels (up to 5.0 mM) were observed in the
peripheral zone (Figure 8A,B), which corresponded
to the presence of cancerous tissue, according to the

histopathology report of the prostate after prostatectomy
(Figure 8D).

4 DISCUSSION

In this study, we successfully developed and applied a
method to process water-signal unsuppressed MRSI data
of the prostate. The modulus of the FID was selected
to eliminate the water-signal sidebands as well as phase
and frequency differences between the spectroscopic sig-
nals. By performing these alignments before applying a
Hamming function to the MRSI data, any line broadening
caused by this spatial filter was avoided. For the removal
of the water-signal, we found that a Löwner BSS algorithm
performed better than an HLSVD algorithm and the con-
ventional water suppression. Absolute quantification of
metabolites was achieved by LCModel signal fitting, using
the unsuppressed water-signal as a reference. Altogether,
the final post-processing algorithm was substantially sim-
pler, shorter, and more efficient than the post-processing
pipeline used for the first water-unsuppressed 3D MRSI of
the prostate.17

The standard in 1H MRSI of the prostate is to sup-
press the strong signals of water and lipids, which is
most often done with dual-frequency selective refocus-
ing pulses in combination with strong spoiler gradients.38

This generally works successfully over large parts of the
prostate, but may come with problems such as large
residual water and lipid signals, overlapping metabolite
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STAMATELATOU et al. 1749

F I G U R E 7 Transversal maps of absolute tissue concentrations of Cit (mM) in the prostate of a healthy volunteer. Water removal was
done after the acquisition of water-signal unsuppressed MRSI with the BSS Löwner algorithm. Cit maps are shown at four different positions,
overlaid on the T2-weighted images for anatomical reference information. Cit, citrate; BSS, blind source separation;

F I G U R E 8 Metabolite maps of a patient with prostate cancer. (A) The metabolite maps of absolute tissue concentration of Cit in mM,
in two axial slices. (B) The metabolite maps of absolute tissue concentration of Cho in mM, in the same two axial slices. (C) The
corresponding anatomical T2w images. (D) The histopathology results after prostatectomy are presented from approximately the same
location as the axial slices. The two tumors in the peripheral zone of the prostate of this patient with Gleason scores 3+ 4 have relatively low
Cit and high Cho levels. Cit, citrate

resonances, when B0 inhomogeneities are present.38 In
contrast, not suppressing the water signal has several
advantages, as this signal can be used as a reference,
for instance for lineshape and frequency corrections and

absolute metabolite quantification.39 Using the water sig-
nal from the same scan has the inherent benefit of an exact
co-localization of quantified metabolites with the water
reference without the need for additional measurement
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time. For these reasons, it is appealing to explore the
possibilities of water-signal unsuppressed MRSI of the
prostate.17

A major problem in water-signal unsuppressed
1H MRSI is the water-signal sideband artifacts caused
by vibrations of the localization gradients.16 However,
following previous work,15,16,23 we could eliminate these
artifacts by computing the modulus of the time-domain
MRS signal. This transformation has the additional bene-
fit that it automatically aligns the phase and the frequency
of the spectroscopic signals. As modulus transformation
induces symmetry of the spectrum around the water sig-
nal it comes with a theoretical SNR loss up to a factor
of

√
2.21 In practice, this SNR loss is limited as has been

demonstrated in several 1H MRSI brain studies, which
is attributed to a different noise distribution and various
corrections imposed by the modulus computation.16,21,23

Moreover, to recover any SNR loss we applied spatial
apodization by k-space Hamming filtering after the mod-
ulus process.21 In this way, line broadening caused by this
filtering, because of the addition of signals with different
frequencies and phases, is avoided.

To remove the large water signal in water-
unsuppressed MRSI we investigated the performance of
HLSVD24,25,40 and Löwner BSS22 and compared these with
results of conventional water-signal suppression during
acquisition. In the phantom study, we showed that these
post-acquisition water removal methods did not inter-
fere with the quantification of the metabolites of interest.
The water signal and the satellite peaks were sufficiently
removed to end up with spectral shapes similar to the
spectra acquired with water-signal suppression during the
acquisition. The quantified amount of Cit did not differ
significantly between the post-processing methods for
water-signal removal and conventional water suppression.

In the in vivo MRSI study of the healthy volunteers,
we evaluated three factors to identify the best perform-
ing water-signal removal or suppression: the efficiency of
the water-signal removal, the failure rate to sufficiently
suppress/remove the water signal, and the effect of the
techniques on quantification of Cit. With both the low-
est mean–variance ratio as well as the lowest number of
outliers the Löwner tensor-based BSS method provided
the highest efficiency of water-signal removal. Although
HLSVD is the most widely used method for signal resid-
ual removal in post-processing,40 as it is applied on a
voxel-by-voxel basis and as it computes the water source
components separately for each voxel, it does not exploit
the information shared among the voxels in the MRSI grid.
Hence, this algorithm can fail to remove the water signal
completely because of noise or artifacts present in some
voxels. Contrary to a voxel-by-voxel approach, the Löwner

BSS method is applied simultaneously on the full MRSI
grid to use a large number of sources that can be used,
in various combinations, to model the water component
in all voxels. The water signal in each voxel is then esti-
mated as a linear combination of the sources with different
voxel-specific weights, helping to prevent failures in water
removal in single voxels.

Taken together the modules to process
water-unsuppressed MRSI of the prostate, as devel-
oped in this study, are substantially more efficient and
less complex than those initially applied to process
water-unsuppressed MRSI of the prostate.17 Although in
the latter work multiple separate phase corrections and
frequency alignments were performed, in the present
work these corrections and alignments were automatically
performed by the same single modulus transformation
of the time-domain MRS signal that also was used to
remove the water acoustic sidebands.15,16,23 The initial
post-processing also involved multiple eddy current cor-
rections.17 Although we have not performed these in the
present work, it has been pointed out that the selection
of the modulus inherently corrects for eddy current arti-
facts.23 Additionally, in the previous study, the water signal
and the spectroscopic baseline were extracted separately
and combined to subtract from the original spectra data to
obtain water signal-free and baseline corrected MR spec-
tra. This lengthy procedure was replaced in our study by
a single step applying a water-signal filter (Löwner-BSS).
Furthermore, because the MRSI data of the prostate were
recorded at a TE of 88 ms no specific baseline correction
was deemed necessary as in earlier work it was observed
that the spectroscopic contribution of macromolecules in
MR spectra of the prostate acquired at a TE of 32 ms was
already negligible.41 Finally, to fit the metabolite signals
we initially developed an algorithm applying the water-
line shape as prior knowledge, whereas in the current
study the commonly used LCModel software was used in
which a basis set was constructed with Lorentzian shaped
lines. This produced satisfactory results, but if needed
the procedure could be improved by first converting the
experimental shape of metabolite signals to Lorentzians
by methods such as Quality using the water lineshape.42

Using the water signal from water-unsuppressed MRSI
of the prostate of volunteers as an internal reference we
determined the absolute tissue concentrations of Cit in
the peripheral zone of these prostates. The values of about
41 mM are in the range of those previously reported for
the normal peripheral zone in vivo5,41 (i.e., from 27 mM
to ∼64 mM). No significant difference was found between
the water removal in post-processing and the conventional
water suppression methods. A difference between the
water-signal suppressed and unsuppressed acquisitions
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is the role of the water signal in the phase-sensitive
voxel-wise addition of signal from each element of the
multi-array external coil. In the case of water-signal
unsuppressed MR spectra, the signal per coil element
is high for every voxel as it is dominated by the water
signal, so phasing and adding of signals from multiple
elements is straightforward,43 whereas in conventional
water-suppressed MRSI, the low signal for each voxel of
individual elements might cause difficulties in phasing
and adding the signals from the different elements, result-
ing in signal loss. Although data-driven methods for coil
combinations are often preferred in MR spectroscopy to
mitigate this effect,18,19 low SNR in individual coil ele-
ments inevitably influences the total signal in each voxel
and it has been demonstrated for brain 1H MRSI that
the presence of a high residual water signal substantially
improves spectroscopic SNR.44

The Cit maps created for the prostates of healthy vol-
unteers show higher levels of this compound in the periph-
eral than the transition zone, which agrees with previous
studies of healthy prostates, for which Cit tissue concen-
trations in the peripheral zone of up to 2–4 times higher
than in the central gland were reported.36,41

In data from the patient with prostate cancer the
increased Cho levels in the Cho concentration maps qual-
itatively coincided with histopathologically confirmed
locations of prostate cancer. Cit concentrations varied in
the peripheral zone of the prostate, with lower values not
necessarily coinciding with increased choline levels. As
both the T2 and T1 of water spins are decreased in tumor
tissue the relaxation correction factor for these spins in
benign and tumor tissue are similar for common TR val-
ues, implying that spatial metabolite maps directly reflect
differences in their content between tumor and benign
tissue.45

In conclusion, in this paper we present a novel proce-
dure for efficient post-processing of water-unsuppressed
MRSI of the prostate, including several steps to improve
the quality of the spectroscopic data. It facilitates to
exploit the advantages of water-unsuppressed MRSI, such
as absolute quantification of MRS-visible metabolites
instead of relying on metabolite ratios, as is common
in prostate MRSI studies (e.g., Kobus et al. and Fütterer
et al.)46,47 This helps to better identify tumor tissue.17 This
novel post-processing procedure is anticipated to facilitate
automation of water-unsuppressed MRSI of the prostate
and to further extend its diagnostic capabilities.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Removing sidebands in the spectral region of
the metabolites of interest.(A) Water sidebands around 6.1
and 3.3 ppm in an in vivo MR spectrum from a healthy vol-
unteer. The sideband artifacts are symmetrically present
on both sides of the water peak in the raw signal, inter-
fering with the region of the metabolites of interest (box
from 2.3–3.6 ppm).(B) Spectral shape before sideband
removal, with k-space Hamming filter. (C) Spectral shape
before sideband removal, without k-space Hamming filter.
(D) Spectral shape after the modulus operation, without
k-space Hamming filter. (E) Spectral shape after the modu-
lus operation and Hilbert transformation, without k-space
Hamming filter. (F) Spectral shape after the modulus oper-
ation, Hilbert transformation and k-space Hamming filter.
The spectra in b and f originate from the same voxel size
(both Hamming-filtered) and can be compared to assess
the effect of the sideband removal.

Figure S2. LCModel reports of a voxel in the phantom
solution. (A) Spectrum from water-signal unsuppressed
MRSI with water signal removal in post-processing using
Löwner BSS. (B) Spectrum from water signal suppressed
MRSI. Note the deviating citrate shape because of the dif-
ferent interpulse timing of the sequence used here (TE
88 ms, alternative inter-pulse timing)
Figure S3. LCModel report of a voxel in healthy prostate
tissue.
Figure S4. LCModel report of a spectrum of a voxel within
cancer tissue.
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