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Abstract
Purpose: Prostate tissue has a complex microstructure, mainly composed
of epithelial and stromal cells, and of extracellular (acinar-luminal) spaces.
Diffusion-weighted MR spectroscopy (DW-MRS) is ideally suited to explore com-
plex microstructure in vivo with metabolites selectively distributed in different
subspaces. To date, this technique has been applied to brain and muscle. This
study presents the development and pioneering utilization of 1H-DW-MRS in the
prostate, accompanied by in vitro studies to support interpretations of in vivo
findings.
Methods: Nine healthy volunteers underwent a prostate MR examination
(mean age, 56 years; range, 31–66). Metabolic complexation was studied in
vitro using solutions with major compounds found in prostatic fluid of the
lumen. DW-MRS was performed at 3 T with a non–water-suppressed single-voxel
sequence with metabolite-cycling to concurrently measure metabolite and water
signals. The water signal was used in postprocessing as a reference in a
motion-compensation scheme. The spectra were fitted simultaneously in the spec-
tral and diffusion-weighting dimensions. Apparent diffusion coefficients (ADCs)
were derived by fitting signal decays that were assumed to be mono-exponential for
metabolites and biexponential for water.
Results: DW-MRS of the prostate revealed relatively low ADCs for Cho and Cr
compounds, aligning with their intracellular location and higher ADCs for citrate
and spermine supporting their luminal origin. In vitro assessments of the ADCs of
citrate and spermine demonstrated their complex formation and protein binding.
Tissue concentrations of MRS-detectable metabolites were as expected for the voxel
location.
Conclusions: This work successfully demonstrates the feasibility of 1H-DW-MRS
of the prostate and its potential for providing valuable microstructural information.
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1 INTRODUCTION

Prostate tissue has a complex microstructure composed of
different cell types, mainly epithelial and stromal cells, and
of extracellular (acinar-luminal) spaces. Micro-structural
changes involving these tissue compartments occur in
common pathologies of the prostate, such as benign pro-
static hyperplasia, prostatitis, and prostate cancer (PCa).1–3

MRI has become a key tool in the diagnostics of PCa,
typically including the measurement of multiple MRI
parameters.4

An important parameter in these assessments
is the apparent diffusivity of water as measured by
diffusion-weighted MRI (DW-MRI), quantified by its
apparent diffusion coefficient (ADC).5 ADC values are
affected by micro-structural features such as diffusion
barriers like cell membranes, but also by the choice of
acquisition parameters because the ADCs represent a
weighted average value of apparent water diffusivities
from multiple compartments present in each voxel. Dif-
ferences in ADC values are used in clinical examinations
to probe abnormal tissue morphology because of pres-
ence of cancer within the prostate.5–7 As DW-MRI can
operate on time-scales compatible with water molecules
traversing (sub)cellular lengths, it is sensitive to tis-
sue features at spatial scales far below the voxel size.7
Therefore, going beyond conventional macroscopic assess-
ments, various diffusion or diffusion/relaxation MRI
approaches have been explored to probe microscopic
tissue properties such as compartmental volume frac-
tions, cell diameters, and cellularity.7–14 However, the
selectivity and specificity of these assessments depend
on the compartment models used to extract these struc-
tural properties and their validation relies on correlations
with histopathology of biopsies or whole mount sections
that are often challenged by biased matchings with
MR images.15

Besides DW-MRI, it is also possible to gauge the appar-
ent diffusivity of tissue metabolites by diffusion-weighted
1H-MR spectroscopy (DW-MRS). This technique has been
applied to the brain and muscles for a more selective
and specific assessment of their cellular micro-structure,
assuming cell-specific presence of MRS visible metabo-
lites.16–19 Diffusion of metabolites in tissue is constrained
and hindered by intra- and extra-cellular structures, fluid
viscosity, and molecular interactions.

Because 1H-MRS of the prostate has evolved into a
mature technique to map major metabolites in this organ,
it is of interest to also explore the diffusivity of these
metabolites by DW-MRS as independent markers for the
micro-environment of prostate tissue. Metabolites that are
observed in 1H-MR spectra of the prostate include citrate
(Cit), total of choline-containing compounds (tCho), total

of creatine-containing compounds (tCr), polyamines with
spermine (Spm) dominating this group of metabolites, and
myo-inositol (mI).20 Numerous studies have demonstrated
that 1H-MRS can distinguish between healthy and tumor
tissue in the prostate and assess tumor aggressiveness.6,20

An interesting aspect of prostate 1H-MR spectra is that its
signals arise either from metabolites located within cells
such as tCho and tCr, or from the metabolites Cit, Spm,
and mI that likely occur dominantly in acinar-luminal
fluid.21–23 Because the size of prostate cells is ∼10 𝜇𝑚24,25

and the average diameter of acinar-lumina is ∼100 to 300
𝜇𝑚

3,26 it is expected that the diffusivity of metabolites will
reflect their spatial origin.

The aim of this study was to explore DW-MRS of
the prostate. Its small size and location deep inside the
abdomen, surrounded by lipid tissue and pelvic mus-
cles, necessitates accurate volume selection and lipid
suppression for high quality MRS. The proximity of
the bladder and mesorectum makes the organ sus-
ceptible to motion and to magnetic susceptibility dif-
ferences, which is why DW-MRS is more challenging
in the prostate than in brain or skeletal muscle. To
address these issues, we concurrently acquired the water
signal using metabolite-cycling27 and implemented a
motion-compensation scheme in postprocessing to correct
for inter-acquisition distortions, phase and frequency fluc-
tuations, eddy–current distortions, and nonlinear motion
leading to signal loss in individual acquisitions.28,29 Addi-
tionally, we dealt with the limited SNR of DW-MRS by
performing simultaneous multiparametric fitting of the
spectral and diffusion-attenuation dimensions.30,31 Next
to determining ADC values of prostate metabolites in
healthy subjects, we conducted in vitro DW-MRS of lumi-
nal metabolites in solution to obtain reference ADCs and
to support the interpretation of some in vivo findings.
Our results demonstrate the feasibility of single voxel 1H
DW-MRS of the prostate and provide the first insights into
the diffusivity of metabolites in this organ.

2 METHODS

2.1 In vivo study participants

For the in vivo study, nine healthy male subjects (mean
age, 56 years; range, 31–66) were examined, who pro-
vided written informed consent to participate. Ethi-
cal approval for the measurements was obtained from
Swissmedic (Bern, Switzerland) and the ethics commit-
tees of the canton Bern (Switzerland), and Radboud UMC
(Netherlands).

MR data quality may be negatively affected by
time-varying peristaltic activity and bladder filling. As the
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STAMATELATOU et al. 3

common clinical contra-measures, such as anti-peristaltic
drugs,20 were not feasible in this volunteer study we rec-
ommended a specific diet avoiding high-fiber foods and
limiting fluid consumption, respectively, 6 and 2 h prior to
the MR exam.

2.2 MR acquisition

All MR measurements were conducted on 3T MR sys-
tems (MAGNETOM Prisma and Prisma-Fit, Siemens
Healthineers, Erlangen, Germany) with spine and body
phased-array receive coils.

The MRI protocol involved T2-weighted imaging in
three orthogonal orientations using a turbo spin-echo
pulse sequence with a TE of 101 ms (see Figures 1 and 2).

Single-voxel DW-MRS was performed using a
non–water-suppressed STEAM pulse sequence,32 opti-
mized for diffusion measurements including a pair of
diffusion-encoding pulsed field gradients with duration δ
and spacing Δ before and after the mixing time (TM).33

Metabolite-cycling was used to measure metabolite and
water signals simultaneously.27,28 The shortest possible
TE was selected to maximize SNR, to detect short-T2
metabolites and to minimize J-coupling evolution, but still

F I G U R E 1 In vivo single-voxel
diffusion-weighted (DW)-MRS datasets of
good quality. (A) T2-weighted MR images
showing transversal, coronal and sagittal
images obtained with TR/TA of 5660/2:20,
5000/2:05, and 5590/2:20 (ms/min),
respectively. FOV was 192× 192 mm2. The
position of the STEAM voxel (volume= 13.2
cm3) is indicated. (B) MR spectra acquired
for six b-values. Black: experimental MR
spectra after the described processing. Blue:
fitted MR spectra. The base spectra used for
the fit included Cit, tCho, Spm, tCr, mI, sI,
Tau, and Glu. The residual traces (red)
indicate excellent fits for all spectra. The
signal decays clearly indicate that Cit
diffuses fastest. Cit, citrate; Glu, glutamate;
mI, myo-inositol; Spm, polyamines with
spermine; sI, scyllo-inositol; tCho, total of
choline-containing compounds; tCr, total of
creatine-containing compounds; Tau,
taurine; TA, acquisition time.
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4 STAMATELATOU et al.

F I G U R E 2 In vivo single-voxel
diffusion-weighted (DW)-MRS datasets of
moderately good quality. (A) T2-weighted
MR images in the transversal, coronal, and
sagittal direction showing the position of the
STEAM voxel (volume= 13.2 cm3) (B) MR
spectra acquired for six b-values. Black:
experimental MR spectra after the described
processing. Blue: fitted MR spectra; see
Figure 1 for the included metabolite base
spectra. The residual traces (red) indicate
excellent fits for all spectra. Diffusion-related
signal decay is clearly detected, but visual
differentiation of the extent of signal decay
for different metabolites is limited.

allowing sufficiently high b-values. For all scans TE was
33 ms, TM was 35 ms, and TR was 2500 ms. The applied
b-values were 124, 359, 776, 1353, 1988, and 2516 s/mm2

with 128 acquisitions divided into sub-spectra of 32
acquisitions. The b-value sub-spectra were recorded inter-
leaved with readjustment of frequency or re-placement
of the volume-of-interest (VOI) using interspersed MRI
scans when linewidths increased. b-Values were adjusted
by amplitude variation of the diffusion-sensitizing
gradients with δ and Δ of 10 and 51.5 ms, respec-
tively. The total acquisition time for DW-MRS was
35 minutes.

2.3 Postprocessing

Postprocessing included a water-signal-based
motion-compensation method in MATLAB (version
8.5.0_R2015a; The MathWorks),28 which was applied to
all acquisitions of each b-value to account for signal dis-
tortions and loss caused by motion and eddy currents.
Inter-acquisition distortions were corrected using the
amplitude, lineshape, frequency, and phase of the water
signal to adjust for phase and frequency fluctuations and
eddy-current distortions and to compensate for non-linear
motion.
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STAMATELATOU et al. 5

2.4 Data fitting

For simultaneous multiparametric 2D-fitting of spectra
and DW signal attenuation, prior-knowledge enhanced
linear combination models in FiTAID were used.30,31 Base
spectra were simulated of Cit, tCho (1:1 sum of glyc-
erophosphocholine and phosphocholine), Spm, tCr (1:1
sum of Cr and phosphocreatine), mI, scyllo-inositol (sI),
taurine (Tau) and glutamate (Glu) using VeSPA,34 assum-
ing ideal RF pulses. The fits of the latter three metabo-
lites resulted in small, very variable intensities and are
not reported. Chemical shifts and J-couplings for Cit and
Spm were adapted to best match the observed spectral
patterns. Resonances were fitted between 2.3 and 4.2 ppm
and modeled with Voigt lineshapes assuming that the
Gaussian damping represents field inhomogeneity and the
Lorentzian damping T2 relaxation. Gaussian broadening
was identical across metabolite signals, but variable over
different b values, and Lorentzian broadening was differ-
ent across metabolite signals, but homogenous across b
values. Starting values for Lorentzian broadenings were
drawn from published T2 values.35–38 Three broad Voigt
baseline components were added, centered at 1.4, 2.1, and
3.85 ppm, to accommodate lipid signal contamination in
the 1 to 2 ppm range and water residuals and unknown
baseline components at 3.6 to 4 ppm. Signal amplitudes
were restricted to positive values. Linewidths were derived
from the real part of the spectra. Phase and frequency off-
sets were modeled as a single identical variable each across
all metabolites. The frequency offset was left to vary across
b values.

The 2D fit model was optimized on a high-SNR
cohort-average spectrum, which was constructed
after signal alignment and relative normalization by
scaling with the corresponding water signal. Fitting
errors were estimated as Cramer-Rao lower bounds
(CRLBs).

The signal decay along the second dimension was mod-
eled as a mono-exponential function:

S(b) = S0 e−b ADC
, (1)

where S(b) is the amplitude of the respective metabo-
lite base spectrum in the linear combination model
at a specific b value, S0 the amplitude without
diffusion-weighting, and ADC.

Attenuation of the water signal was represented by a
biexponential decay, separating a fast and a slow diffusing
component:

Sw(b) = Sw
0s e−b ADCs + Sw

0f e−b ADCf , (2)

Sw
0 = Sw

0s + Sw
0f . (3)

ADCs and ADCf are the ADCs of the slow and fast dif-
fusing water entities, respectively. Sw

0s and Sw
0f are their

respective amplitudes without diffusion-weighting.

fs =
Sw

0s

Sw
0
, (4)

ff =
Sw

0f

Sw
0
, (5)

f s and f f are the signal fractions of slow and fast diffusing
water moieties, respectively.39,40

2.5 Absolute quantification

For absolute quantification of metabolite tissue contents,
[Cmet], the metabolite signals (S0

met) were referenced to
the total water signal Sw

0 .
41 Signal attenuation due to

T1 and T2 relaxation for metabolites
(
ATTT1,met ,ATTT2,met

)

and water
(
ATTT1,w ,ATTT2,w

)
were estimated using lit-

erature values42 and for water as tissue average with-
out specification to different prostate compartments. The
T1 and T2 values used for the metabolite signals were:
Cit35: 0.47 s and 0.17 s; tCho35: 1.1 s and 0.22 s; tCr36:
1.13 s and 0.19 s; Spm: 0.708 s43 and 0.096 s37; mI: 1.0 s
and 0.09 s,38 respectively. For water, the used overall
T1 and T2 were 1.60 s and 0.14 s, respectively, as deter-
mined for peripheral zone (PZ).44–46 The tissue metabo-
lite concentrations were calculated assuming an overall
MR-detectable water content of 40.2 M ([Ctissue−w]), as
derived from 39.4 mol/kg wet weight,47 and a prostate
tissue density of 1.02 kg/L.48 The number of protons
per metabolite is automatically considered in the basis
signals

[Cmet] =

(
Smet

0

Sw
0

)( ATTT1,w ATTT2,w

ATTT1,met ATTT2,met

)
[Ctissue−w]. (6)

2.6 In vitro study

To investigate the effects of potential molecular interac-
tions on ADCs of metabolites in lumen, DW-MRS was
conducted on 6 solutions with compounds occurring in
expressed prostatic fluid (EPF),21–23,49 assuming this rep-
resents luminal fluid (see Table 1).

Solutions 1 to 4 were prepared to investigate interac-
tions between individual metabolites in the presence of
metal ions. Solution 5 mimics the composition of human
EPF including bovine serum albumin (BSA) as protein sur-
rogate50 and solution 6 was included to examine the effect
of higher protein levels.
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6 STAMATELATOU et al.

T A B L E 1 Chemical composition of solutions for the in vitro study.

Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 Solution 6

Cit [mM] – 90 90 18 90 90

Spm [mM] 18 – 18 79 18 18

mI [mM] 6 6 6 6 6 6

CaCl2 2H2O [mM] 18 18 18 18 18 18

MgCl2 [mM] 15 15 15 15 15 15

KCl [mM] 61 61 61 61 61 61

ZnCl2 [mM] 9 9 9 9 9 9

BSA (g) – – – – 15 50

Note: Solutions were prepared in 300 mL spherical glass flasks in Milli-Q water and adjusted to pH= 7.1± 0.05 using NaOH and HCl solutions. After 24 hours
to allow for equilibrium-formation, they were stored at 4◦C. Chemicals were procured from Sigma-Aldrich.
Abbreviations: BSA, bovine serum albumin Cit, tri-sodium citrate dihydrate; mI, myo-inositol; Spm, spermine tetrahydrochloride.

The DW-MRS acquisition protocol was identical to the
in vivo study, but with different b-values (124, 359, 776,
1353, 1988, 2516, 3106, 3759 s/mm2), 16 averages and a
VOI of 64.0 cm3. All MR measurements were performed at
37.0◦C± 0.5◦C.

Postprocessing was as for the in vivo data, but without
motion-compensation and a fitting range of 1.1–4.3 ppm.
The basis set involved the metabolites Cit, Spm, and mI,
with a singlet at ∼1.9 ppm to fit a small signal appearing
with BSA addition. The spectral basis patterns for Spm
and Cit were extracted from the lowest b-value spectrum
for each solution rather than from simulations to account
for changes in spectroscopic patterns because of variations
of their spin system configuration caused by the specific
composition of the solution.

2.7 Expression of results and statistics

Metabolite ADCs and tissue contents describing the cohort
were derived in two ways. First, they were determined
as a weighted average over the estimated values from
all subjects, with the weights defined by the normalized
inverse CRLB for each estimated parameter. These results
are accompanied by weighted-cohort SDs (same weights).
They are referred to as weighted average (w-avg)±w-SD.
Second, alternative group results were derived as esti-
mated parameters from a cohort-averaged dataset that had
been created by averaging spectra from all subjects and
for all b-values (rather than by averaging fitting results
as indicated before). Here, the uncertainty is indicated
by the CRLBs of this single fit. These results are referred
to as averaged spectra (avg-spec) ± CRLB. For statisti-
cal analyses, OriginPro 2019b (OriginLab Corporation)
was used. To investigate potential differences in metabo-
lite diffusivities, a repeated-measures analysis of variance

(ANOVA) was conducted (without weights). Bonferroni
post hoc pairwise comparison was performed to deter-
mine which metabolite diffusivities deviate significantly
from the others. The level of significance was set to 0.05
for all tests.

3 RESULTS

3.1 In vivo data quality

The prostates of the nine healthy subjects differed sub-
stantially in volume. The STEAM-localized VOI placed
within the prostate (mean size, 13.9 cm3) covered ∼60%
of the central gland (transition zone [TZ] and central
zone [CZ]) and∼ 40% of PZ tissue, but the actual cen-
tral gland/PZ ratio per VOI was different for each sub-
ject. Magnetic field homogeneity within the VOI varied
between subjects, likely because of anatomical and vol-
ume variations and air-tissue susceptibility differences.
The Gaussian linewidth of the water signal over the
cohort of the nine subjects was 5.5± 2.9 Hz (range,
2.4–12.4 Hz), as averaged from all measured b-value spec-
tra for each subject. SNR also varied prominently in this
cohort with a time-domain water SNR averaged over
all b-values of 2.72± 0.95× 103. In the STEAM spectra
(Figures 1 and 2), distinct signals were observed for Cit
(2.6 ppm), tCr (3.0, 3.9 ppm), Spm (1.8, 2.1, 3.1 ppm),
tCho (3.2, 3.5, 4.0 ppm), and mI (3.5 ppm). With narrow
linewidths and adequate SNR, these signals were discern-
able across all measured b-values (Figure 1). Metabolite
signals with larger linewidths and/or lower SNR were
not always visible and/or well-resolved for every b-value
(Figure 2).

Simultaneous 2D fitting resulted in flat residuals across
all b-values, both for excellent and moderate quality
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STAMATELATOU et al. 7

spectra (Figures 1 and 2). The cohort-average spectra
visualize best the diffusion-related signal decay for all
observable prostate metabolites and the decomposition
into the spectral contributions of each of these metabolites
(Figure 3).

3.2 In vivo ADCs and tissue
concentrations

Visual inspection of the cohort-averaged spectra (avg-spec)
reveals that the Cit signal decays fastest among all metabo-
lite signals (Figure 3). A relatively high ADC for Cit follows
from a quantitative evaluation, both from the w-avg of
the single-subject estimates and from fitting the cohort
avg-spec (Table 2). In both approaches, the ADC of Cit was
significantly higher than ADCs of the other metabolites
(p< 0.05). The ADC values for tCho and tCr had the lowest

w-avg values of all metabolites (Table 2). The ADC of mI
was in the same range for the avg-spec, but was intermedi-
ate between these and the ADC of Cit for the w-avg values.
In both evaluations, the ADC of Spm had an intermediate
value between those of Cit and tCho or tCr.

Uncertainties of the estimated ADC values can be
derived from the variance over the cohort, the CRLBs
for the avg-spec data set (Table 2), as well as the aver-
age and range of CRLB values for individual subject data
(Table 3). Except for tCho, the SDs over the cohort were at
least two times larger than the mean CRLB found for the
individual estimates indicating substantial inter-subject
differences or further sources of variance that are not
reflected in the CRLBs. The six to 15-fold CRLB differ-
ence between the best and worst dataset (minimum vs.
maximum) reflects the large inter-subject difference in
data quality, which is likely because of different SNR (VOI
size, coil loading) and field homogeneity. The small CRLBs

F I G U R E 3 In vivo single-voxel diffusion–weighted (DW)-MRS of cohort-averaged spectra (avg-spec) obtained from nine volunteers. The
fitted spectra (in blue) represent the experimental data (in black) well, but SNR in the avg-spec case is much better than in the individual data,
such that limits in the spectral model become visible in the form of non-random residuals. In these optimal SNR data the metabolite patterns,
also for low-concentration metabolites, are well delineated, in particular the presence and diffusion dependence of the full mI spectrum and
the methylene peak of tCr can be well discerned. Estimated individual and separated metabolite contributions to the lowest b-value spectrum
are plotted in the lower left corner of the Figure. The base spectra are described in Figure 1. Fit residuals are plotted in red. Cit, citrate; mI,
myo-inositol; Spm, polyamines with spermine; tCho, total of choline-containing compounds; tCr, total of creatine-containing compounds.
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8 STAMATELATOU et al.

T A B L E 2 Apparent diffusion coefficients (ADCs) and tissue concentrations of prostate metabolites estimated by in vivo DW-MRS.

w-avg ADC±w-SD[
×10−4 mm2∕s

] avg-spec ADC±CRLB[
×10−4 mm2∕s

] w-avg abs conc ± SD
[mM]

avg-spec abs
conc ± CRLB [mM]

Cit 2.86± 0.51 2.48± 0.07 22.7± 11. 6 28.73± 0.53

Spm 1.59± 0.54 1.80± 0.06 10.5± 5.7 11.98± 0.17

mI 1.52± 0.22 1.41± 0.09 18.6± 5.3 22.44± 0.41

tCho 1.47± 0.45 1.64± 0.13 2.86± 0.65 2.86± 0.34

tCr 1.19± 0.56 1.34± 0.09 4.02± 0.98 4.77± 0.12

Water ADCs: 4.8± 1.1/fs: 62± 8%
ADCf: 22.9± 5.2/ff: 38± 8%

ADCs: 5.51/fs: 69%
ADCf: 30.00/ff: 31%

Note: ADCs are given as estimate from a weighted average (w-avg) of individual subjects’ results and as estimated from the fitted spectrum obtained from the
full cohort of healthy volunteers avg-spec. Additionally, the w-avg absolute concentration values from the individual subjects’ results (w-avg abs conc), and the
absolute concentration estimated from the fitted spectrum obtained after averaging the full cohort of the healthy volunteers (avg-spec abs conc) are presented.
Abbreviations: abs, absolute; ADCf, fast diffusion entity; ADCs, slow diffusion entity; avg-spec, averaged spectrum; Cit, citrate; conc, concentration; CRLB,
Cramer-Rao lower bound; ff, signal fraction of fast diffusing component; fs, signal fraction of slow diffusing component; mI, myo-inositol; Spm, polyamines
with spermine; tCho, total of choline-containing compounds; tCr, total of creatine-containing compounds; w-avg, weighted average.

T A B L E 3 Estimated CRLB values for the metabolite ADCs.
[
×10−4mm2∕s

]
CRLB avg CRLB min CRLB max

Cit 0.2 0.06 0.64

Spm 0.23 0.05 0.73

mI 0.28 0.09 0.54

tCho 0.38 0.12 0.73

tCr 0.32 0.12 0.75

Note: Average, minimal and maximal CRLB values from the individual
subject data are given in absolute units.
Abbreviations: avg, average; Cit, citrate; CRLB, Cramer-Rao lower bound;
max, maximum; mI, myo-inositol; min, minimum; Spm, polyamines with
spermine; tCho, total of choline-containing compounds; tCr, total of
creatine-containing compounds.

obtained for the ADCs of all metabolites from the avg-spec
dataset (0.06× 10−4 mm2/s to 0.13× 10−4 mm2/s) indicate
that the model-related uncertainty is very small if the
SNR is high.

The biexponential fit of the water signal decay pro-
vided two distinct ADC values (difference by a factor of at
least 4, see Table 2). The volume fraction of the high ADC
component was 38%± 8% and that of the low component
62%± 8%.

Table 2 also lists estimated tissue metabolite concen-
trations. The w-avg tissue contents tend to be somewhat
lower than the avg-spec estimates. The cohort SDs are
mostly substantially higher than the CRLBs from individ-
ual spectra (which are∼3 times larger than the CRLB from
the avg-spec), indicating substantial concentration differ-
ences between subjects, in particular for Cit and Spm (but
not tCho), potentially because of variable contents in the
VOIs of TZ and PZ tissue.

3.3 In vitro results

The good SNR and small linewidths of solution spec-
tra allowed measurements up to b-values of 3759 s/mm2

despite fast diffusion of water-dissolved metabolites.
Figure 4 presents DW spectra acquired from solution 5
with metabolite concentrations in the range observed for
prostatic fluids.21–23,49 Estimated ADCs of all metabolites
in all solutions were substantially larger in vitro than
for these metabolites in vivo; both measured at ∼37◦C
(Table 4).

Changes in relative concentrations of Cit and Spm sig-
nificantly affected the ADCs of both metabolites. Adding
Cit to a Cit-free solution of Spm in a 5:1 ratio (solutions 3
vs. 1) led to slower diffusion of Spm with a reduction of 22%
for its ADC. Inversely, adding Spm to a Spm-free solution
of Cit (solutions 3 vs. 2) in a 1:5 ratio led to slower diffusion
of Cit with a reduction of 7% for its ADC, and increasing
Spm content to a 4:1 ratio (solution 4 vs. 3) reduced Cit
diffusion further with an additional decrease in ADC of
16%.

BSA in the media differently affected metabolite dif-
fusion. By adding 15 g/L BSA the ADC of Cit and Spm
reduced by ∼10% (solution 5 vs. 3), whereas the effect
was more pronounced for mI with an ADC reduc-
tion of ∼25%. Increasing BSA to 50 g/L (solution 6) did
not affect the ADC values of Cit and Spm, but fur-
ther reduced the ADC of mI by ∼23% (compared to
solution 5).

Mono-exponential water ADCs were found to be
∼29× 10−4 mm2/s (solutions 1–4), which is slightly
below the value expected for free diffusion at 37◦C
(30× 10−4 mm2/s).51 This ADC seemed most affected by
the addition of BSA (solutions 5 and 6).
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STAMATELATOU et al. 9

F I G U R E 4 In vitro single-voxel
diffusion-weighted (DW)-MRS dataset. MR
spectra acquired for eight b-values of
solution 5 that approaches realistic
concentrations of molecules in luminal
fluid. Black: experimental spectra after the
described processing; Blue: fitted spectra;
Red: fit residual.

T A B L E 4 Estimated ADC values of metabolites and water from the in vitro study at 37◦C.
[
×10−4 mm2∕s

]
(CRLB <2%) Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 Solution 6

Cit 7.3 6.8 5.7 6.0 6.1

Spm 7.2 5.6 6.4 5.0 5.0

mI 10.7 9.5 11.1 13.7 8.3 6.4

H2O 29.9 28.9 28.5 29.3 28.1 27.9

Abbreviations: Cit, citrate; CRLB, Cramer-Rao lower bound; mI, myo-inositol; Spm, polyamines with spermine.

4 DISCUSSION

Diffusion-weighted-MRS emerges as a highly suitable tool
for the in vivo exploration of intricate microstructures,
facilitated by the cell- or compartment-specific presence of
different metabolites. The technique offers a noninvasive
window on molecular displacements occurring over scales
comparable to and below cell dimensions. Data interpreta-
tion can be challenging in biological tissues, in which not
only viscosity and physical hindrance by cellular bound-
aries play a role, but also exchange across boundaries
and complexation of metabolites. Nevertheless, detection
of differences in metabolite diffusivity can stand as an

effective strategy to elucidate micro-environmental fea-
tures.19,52

In this work, the application of 1H-DW-MRS was
extended for the first time to the prostate, using dedicated
acquisition and postprocessing techniques, resulting in
successful estimations of the in vivo diffusivity of Cit, tCho,
tCr, mI, Spm, and water. Although 3D-MRSI is the stan-
dard localization method in prostate MRS, the currently
used sequences were considered to have too long mini-
mal acquisition times. Therefore, we chose single voxel
localization with non–water-suppressed STEAM for this
pioneering venture. Moreover, relatively large VOIs were
selected to obtain adequate SNR. This approach allowed a
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10 STAMATELATOU et al.

short TE, enabling to include mI, a metabolite challeng-
ing to detect with standard 3D 1H-MRSI of the prostate.
The anatomical position of the prostate within the lower
abdomen is challenging for DW-MRS because of motion
and changes in local susceptibility induced by continu-
ous bladder filling and intermittent movement of bowel
content (including changes in location and size of air
spaces). This caused suboptimal shimming and dimin-
ished SNR, which we addressed in postprocessing with a
scheme to correct motion-induced signal distortions and
with 2D fitting for consistent signal estimation over the
whole dataset.28,31 Our approach also allowed estimation
of metabolite tissue content using the water signal as inter-
nal reference. Interpretation of the in vivo diffusion data
was supported by an in vitro study of solutions with various
metabolite compositions.

4.1 Microenvironments in the prostate

Prostate tissue is mainly composed of epithelial cells
and stroma (smooth muscle cells and connective tissue
including extracellular matrix), as well as of extracellular
(acinar-luminal) spaces.3,53,54 This constitutes a complex
microenvironment with dissimilar local metabolite con-
centrations and vastly different surroundings for water
and metabolite diffusion. The relative volume fractions
of these components vary within and between central
gland (TZ and CZ) and PZ, leave alone the changes that
come with pathology.1,55 Luminal area or volume fractions
in normal prostate PZ tissue, estimated by segmentation
of histopathological specimens, are ∼25% with reported
average values between ∼20 and∼ 30%.9,12,13,56–61 Lumi-
nal volume fractions derived from models applied to DWI
and T2 data of water are usually higher (average val-
ues,∼30%–40%), depending on the models applied.9,12,13,59

Variations in luminal volume fraction also occur across
regions: it is often somewhat lower for the TZ9,12,13,61

and much lower close to the urethra and at the ante-
rior fibromuscular stroma,9,58 and variable for pathologies
(e.g., higher in glandular BPH62 and significantly lower in
PCa).9,12,13,56–58,60

As further argued below, Cit and Spm and probably
also mI primarily reside in the luminal space while tCho
and tCr occur intracellularly, in principle in all cell types.
It is anticipated that molecular diffusion is least restricted
in lumen and most hindered in cells.

Although the prostate water signal attenuation by
diffusion-weighting with extended b-values can be rep-
resented as a biexponential decay, it is not straightfor-
ward that the fast decaying component could be assigned
to luminal and the slow component to intracellular
water.63,64 Microscopic diffusion studies of formalin-fixed

prostate tissue have identified at least three compartments
with significantly different water diffusivity: a ductal high
diffusivity, an epithelial low diffusivity, and an interme-
diate diffusivity for the stromal compartment.8,65 Stro-
mal tissue comprises heterogeneous environments includ-
ing extracellular space and smooth muscle cells that are
expected to feature faster water diffusion than observed
for other cell types, but still slower than for large lumi-
nal spaces. Hence, the relative contribution of signal from
this environment to either fast or slow decaying compo-
nents will depend on multiple factors, including physio-
logical factors such as water exchange between the dif-
ferent compartments as well as technical factors of the
diffusion-weighting pulse sequence used (number and size
of b-values, diffusion time, diffusion encoding scheme).

4.2 Metabolite and water diffusion

To our knowledge, no ADC values have been reported for
prostate metabolites. Literature values are available for the
brain and skeletal muscle,16–18 with tCho and tCr (as well
as mI in brain) as common metabolites. Their ADC val-
ues (1.3–1.6× 10−4 mm2/s), which are lowest among all
metabolites in this work, confirm their expected intracellu-
lar origin. Compared to other organs the diffusion of these
metabolites is in the same ballpark as in brain gray mat-
ter for similar diffusion times (1.3–1.5× 10−4 mm2/s),66–68

but substantially slower than in skeletal muscle tissue
at much longer diffusion time (6–7× 10−4 mm2/s paral-
lel; 3–4× 10−4 mm2/s orthogonal to muscle fibers).18 Given
the dominating luminal contribution to the in vivo sig-
nals of Cit and Spm and knowing that the average luminal
diameter is much bigger than the size of epithelial and
stromal cells, one expects their ADCs to be clearly larger
than the ADCs of cellular metabolites. Our findings indeed
support this expectation, with the ADC for Cit being nearly
double that of tCr and tCho. However, for Spm, this dif-
ference is smaller, possibly because of complexation (vide
infra).

The water signal diffusion decay showed a clear biex-
ponential behavior in agreement with other DWI studies
that included high b-values.63,64 Both the fast ADC com-
ponent, estimated at 22.9± 5.3× 10−4 mm2/s, and the slow
component at 4.8± 1.1× 10−4 mm2/s are comparable to
ADC values of these components reported by others apply-
ing DWI to the prostate.63,69

4.3 Metabolite tissue concentrations

Our estimated tissue concentrations for tCho, tCr, Spm,
and mI agree well with reports of 2.6 to 7 mM for tCho, 4 to
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STAMATELATOU et al. 11

9 mM for tCr, 7 to 13 mM for Spm, and 10 and 18 mM for mI
as measured by in vivo 1H-MRS of the prostate.36-38,41,43,70

The average tissue concentration for Cit aligns well with in
vivo MRS studies of Cit in the TZ, reporting values between
∼20 and 40 mM,38,43,47,71,72 in agreement with the domi-
nant contribution of the TZ to the selected VOI for the
DW-MRS examinations.

Are the tissue concentrations of Cit, Spm, and mI in
agreement with a nearly complete luminal origin of these
compounds taking into account their concentrations in
EPF and assuming this represents luminal fluid? Aver-
age Cit concentrations in EPF have been estimated to be
∼90 mM by enzymatic analysis49,73 and up to ∼350 mM
by NMR.22,23 With an average luminal volume fraction of
the prostate of 25% this translates to an in vivo tissue con-
centration range of 23 to 88 mM, which matches with the
range of Cit concentrations found in vivo by MRS for the
TZ and the PZ in normal prostates.20,38,43,47,71,72 Consider-
ing that the estimated Cit concentration in epithelial cells
is ∼1 mM,73 this indicates that its signal in 1H-MR spec-
tra nearly completely stems from the luminal space. In
EPF of healthy subjects, average Spm concentrations of
44 and 58 mM have been measured by NMR.21,23 Again,
taking a 25% luminal volume fraction into account this
translates to in vivo tissue concentrations of 12 to 15 mM,
which is close to the tissue concentrations measured by in
vivo MRS,37,38,43 therefore, indicating that also the signal
of Spm largely comes from the lumen. Average mI concen-
trations in EPF of ∼21 and 27 mM have been reported,21,23

which would represent tissue concentrations of 5 to 7 mM
with 25% luminal volume. As this is lower than the tissue
concentrations estimated by in vivo 1H-MRS and by our
DW-MRS study it remains unclear to which extent the sig-
nal of mI comes from the luminal space or has a cellular
origin.23

If the biexponential signal decay of water would yield
an unambiguous estimate for the luminal volume fraction,
this could be used to derive luminal-specific Cit and Spm
contents. Given the likely contribution of the stromal sig-
nal to both diffusion components, this is not possible with
the current limited b-value data. Combining diffusion and
relaxometry seems a more promising approach.13,14

4.4 Supporting in vitro information

The levels of Cit and Spm in EPF are closely associated21,23

and recently we provided evidence from changes in T2
relaxation that these metabolites interact with each other
in solutions approaching EPF compositions.50 In the cur-
rent study, we determined the diffusion properties of Cit,
Spm, and mI in similar solutions and observed slowdown
in Spm diffusion with increasing Cit content and vice

versa confirming the formation of a (transient) Cit-Spm
complex, partly explaining reduced ADC values for both
molecules in vivo with respect to the freely diffusing com-
pounds. In normal prostatic fluid, Cit has a ∼5 times
higher concentration than Spm, such that a 1:1 Cit-Spm
complex would not deplete the free Cit pool. This explains
the higher ADC for Cit in the EPF mimic, which is in line
with a much larger T2 decrease of Spm compared to Cit
when mixing these two at a 5:1 ratio.50 The ratio of the
ADCs of Cit and Spm is ∼1 for the individually dissolved
compounds,∼1.2 for the EPF mimic, and∼1.4 in vivo sug-
gesting a free Cit fraction higher than that of Spm in the
luminal space of the prostate. T2 relaxation studies indi-
cate that the formation of a Cit-Spm complex is promoted
by cations, in particular Zn2+.50

Prostatic fluid contains many proteins of which serum
albumin is one of the dominant ones.74,75 We have taken
15 g/L BSA as a surrogate representing the average total
protein content of normal EPF.75 Adding 15 g/L BSA to
the solutions decreased the ADC of all three metabo-
lites and that of water, but mostly of mI. Increasing BSA
to 50 g/L had no further effect on the ADCs, except for
that of mI, which substantially decreased even further.
Remarkably, in the presence of ions, BSA has no effect on
the T2 of mI.50

The ADCs of Cit, Spm, and mI in this final EPF mimic
solution were still well above the ADCs of these com-
pounds measured in vivo. This implies that in vivo they
are involved in further interactions such as with proteins
or macromolecules or in higher-order complexes, or they
are hindered by increased viscosity or undiscovered dif-
fusion barriers within prostatic fluid. For instance, the
average concentration of Zn2+ in EPF of healthy volun-
teers can reach ∼10 mM76; higher than the 4 mM applied
in our study. A concentration of 9 mM substantially fur-
ther decreased the T2 values of the compounds50 and could
also affect ADC values. The luminal space in the prostate
may contain large molecular complexes such as corpora
amylacea, commonly associated with prostate inflamma-
tion,77 which could have a profound effect on molecular
diffusion. Although mI is found in high concentrations in
EPF,21,23 an as yet unknown fraction may reside in prostate
cells, causing more restricted diffusion of the molecule.

4.5 Limitations and future options

We mitigated effects of motion and susceptibility changes
on spectral quality by volunteer preparation and specific
postprocessing procedures (vide supra). This helped con-
siderably, but residual effects from inconsistent data over
the whole time course of the measurements cannot be
excluded.
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12 STAMATELATOU et al.

More b-values could help extracting multiple diffu-
sion decays for water and metabolites residing in mul-
tiple environments. Additionally, multi-directional diffu-
sion weighting could reveal anisotropic microstructures.

A limitation of this study was the selection of a sin-
gle relatively large voxel, which covered both PZ and
TZ tissue of the prostate. A multivoxel approach or
smaller voxels that more specifically target more homoge-
nous tissue or focal lesions would be desirable, but
this obviously requires better SNR (e.g., using higher
magnetic fields).

5 CONCLUSIONS

This study presents a pioneering investigation of
1H-DW-MRS in the prostate, overcoming challenges such
as motion artifacts and limited SNR. By co-acquiring
a water signal for corrections and implementing a
motion-compensation scheme, we successfully addressed
inter-acquisition distortions, phase and frequency fluctu-
ations, eddy-current distortions, and nonlinear motion.
Simultaneous fitting of spectra and DW signal attenu-
ation further improved the accuracy and precision of
our findings. The measured ADCs for prostate metabo-
lites demonstrate the feasibility of 1H-DW-MRS in the
prostate to study effects of the micro-environment and
metabolite complexation on these ADCs. Discrepan-
cies between ADC values found in vivo and in vitro
for luminal metabolites need further investigation. The
application of 1H-DW-MRS may improve our under-
standing of the biology of the healthy and diseased
prostate.
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