
RESEARCH ARTICLE

Quantification of Prostate Cancer
Metabolism Using 3D Multiecho bSSFP
and Hyperpolarized [1-13C] Pyruvate:
Metabolism Differs Between Tumors

of the Same Gleason Grade
Rafat Chowdhury, MSci,1 Christoph A. Mueller, PhD,2 Lorna Smith, PhD,1 Fiona Gong, PhD,1

Marianthi-Vasiliki Papoutsaki, PhD,1 Harriet Rogers, PhD,1 Tom Syer, MBBS,1

Saurabh Singh, MBBS,1 Giorgio Brembilla, MD,1 Adam Retter, MBBS,1 Max Bullock, MSc,1

Lucy Caselton, BSc,1 Manju Mathew, MBBS,1 Eoin Dineen, MBBS,3 Thomas Parry, MSc,1

Jürgen Hennig, PhD,2 Dominik von Elverfeldt, PhD,2 Andreas B. Schmidt, PhD,2,4,5

Jan-Bernd Hövener, PhD,5 Mark Emberton, PhD,3 David Atkinson, PhD,1

Alan Bainbridge, PhD,6 David G. Gadian, PhD,1,7 and Shonit Punwani, PhD1,8*

Background: Three-dimensional (3D) multiecho balanced steady-state free precession (ME-bSSFP) has previously been
demonstrated in preclinical hyperpolarized (HP) 13C-MRI in vivo experiments, and it may be suitable for clinical metabolic
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Phantoms/Population: Phantoms containing aqueous solutions of [1-13C] lactate (2.3 M) and [13C] urea (8 M). Eight
patients (mean age 67 � 6 years) with biopsy-confirmed Gleason 3 + 4 (n = 7) and 4 + 3 (n = 1) PCa.
Field Strength/Sequences: 1H MRI at 3 T with T2-weighted turbo spin-echo sequence used for spatial localization and
spoiled dual gradient-echo sequence used for B0-field measurement. ME-bSSFP sequence for 13C MR spectroscopic imag-
ing with retrospective multipoint IDEAL metabolite separation.
Assessment: The primary endpoint was the analysis of pyruvate-to-lactate conversion in PCa and healthy prostate regions
of interest (ROIs) using model-free area under the curve (AUC) ratios and a one-directional kinetic model (kP). The second-
ary objectives were to investigate the correlation between simulated and experimental ME-bSSFP metabolite signals for
HP 13C-MRI parameter optimization.
Statistical Tests: Pearson correlation coefficients with 95% confidence intervals and paired t-tests. The level of statistical
significance was set at P < 0.05.
Results: Strong correlations between simulated and empirical ME-bSSFP signals were found (r > 0.96). Therefore, the sim-
ulation framework was used for sequence optimization. Whole prostate metabolic HP 13C-MRI, observing the conversion
of pyruvate into lactate, with a temporal resolution of 6 seconds was demonstrated using ME-bSSFP. Both assessed met-
rics resulted in significant differences between PCa (mean � SD) (AUC = 0.33 � 012, kP = 0.038 � 0.014) and healthy
(AUC = 0.15 � 0.10, kP = 0.011 � 0.007) ROIs.
Data Conclusion: Metabolic HP 13C-MRI in the prostate using ME-bSSFP allows for differentiation between aggressive
PCa and healthy tissue.
Evidence Level: 2
Technical Efficacy: Stage 1

J. MAGN. RESON. IMAGING 2023;57:1865–1875.

The incidence of prostate cancer (PCa) in the
United Kingdom is over 48,000 cases per year and 40%

of these cases are diagnosed at a late stage1 . The adoption of
multiparametric MRI (mpMRI) for the prebiopsy detection
of PCa has been a milestone in improving patient manage-
ment.2 Compared to the prior approach of nontargeted trans-
rectal ultrasound biopsy of the prostate in patients suspected
of harboring PCa, the new mpMRI-based targeted biopsy
paradigm has increased the sensitivity for detecting disease
from approximately 50%–90%.3 Moreover, around 30% of
patients investigated for PCa are found to have a normal
mpMRI and can now safely avoid an unnecessary biopsy.3

A remaining clinical challenge is to identify those individ-
uals with histologically proven PCa, whose cancer would likely
result in death if left untreated.4 Gleason grade assessment has
traditionally been the method to discriminate the aggressiveness
of disease.5 However, a large majority of patients are diagnosed
with the same Gleason grade of 3 + 4; a heterogeneous group
in which some patients show tumor progress, while others
could safely avoid radical treatments and their side effects.6 An
aggressive cancer is suggested to be more metabolically active
than indolent forms,7 thus metabolic imaging may offer a
potential approach for assessing disease aggressiveness.7,8 The
assessment of PCa metabolism could avoid the unnecessary
treatment of patients with nonlethal disease.

Hyperpolarized 13C MRI (HP-MRI) provides in vivo
measurement of the conversion of organic molecules such as
[1-13C] pyruvate into their downstream metabolic products.6

HP-MRI employs dissolution dynamic nuclear polarization (d-
DNP), a technique that can produce up to 105-fold enhance-
ment of the spin polarization of 13C-labeled nuclei, as com-
pared to thermal equilibrium at 3 T.9 Hyperpolarization can be
achieved through different methods, such as parahydrogen-
induced polarization (PHIP), spin-exchange optical pumping

(SeOP), and dissolution dynamic nuclear polarization (d-
DNP).8 In the context of clinical 13C-MR, however, only d-
DNP has been approved for clinical studies. The corresponding
increase in MR signal intensity has opened new possibilities for
imaging metabolism. For example, following the injection of
hyperpolarized [1-13C] pyruvate, its conversion to [1-13C] lac-
tate can be monitored noninvasively in real time.10 In patients
with cancer, such studies offer a window into investigations of
the Warburg effect (the preferred cellular metabolism of pyru-
vate to lactate over aerobic respiration).11,12 A limitation, how-
ever, of HP-MRI is the short effective half-life and irreversible
decay of the signal from the hyperpolarized agent, with that of
[1-13C] pyruvate observed as �30 seconds ex vivo.13,14 Unlike
in conventional MRI, the hyperpolarized signal does not
recover; as a result, there is a need for specialized MR excitation
and acquisition methods (pulse sequences) that provide the req-
uisite combination of spatiotemporal and spectral resolution.

Several pulse sequences can be considered.11,15 Non-
localized spectroscopy provides high spectral and temporal
resolution, but it yields only a single spectrum from a region
that is defined by the sensitivity profile of the MR excitation
and receiver coils.6 Chemical shift imaging (CSI) enables sig-
nals to be spatially resolved, but it has a relatively poor tem-
poral resolution.8,11 Echo-planar spectroscopic imaging
(EPSI) sequences afford improved temporal resolution but
have limited spectral bandwidth, and they are particularly
prone to errors caused by susceptibility gradients at air/tissue
interfaces, such as those which occur with prostate imaging
procedures.16 Instead of broadband or multiband excitation
and sophisticated spectral-spatial signal encoding, a
metabolite-specific excitation combined with a fast signal
readout has also been shown to be a robust approach.17

Another possible approach employs the Dixon tech-
nique, invented for fat-water separation in 1H-MRI.18,19 This
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approach involves the acquisition of echo images at different
echo times (TEs), and it allows for the reconstruction of
metabolite-specific chemical shift maps, with the spectral res-
olution being limited by the number of acquired echo images
and reconstruction parameters.20 If only a few downstream
hyperpolarized metabolites are expected, and there is a priori
knowledge of the chemical shifts, this technique allows
immense reduction of spectral bandwidth and thus reduction
of scan time.21

The balanced steady-state free precession (bSSFP)
sequence is widely used in anatomical MRI as it affords high
spatiotemporal resolution and signal-to-noise ratio (SNR);
many vendors are offering a rendition of the sequence
(eg true fast imaging with steady-state precession [TrueFISP,
Siemens], fast imaging employing steady-state acquisition
[FIESTA, GE], and balanced fast-field echo [Balanced-FFE,
Philips]). This sequence, adapted with a bipolar multiecho
(ME) balanced gradient readout and Dixon type post-
processing, could provide an optimal balance of spectral
sampling, spatial resolution, and overall acquisition time in
HP-MRI.19,22,23 Previous preclinical studies demonstrated
this sequence in both phantom and animal subjects, success-
fully analyzing the conversion of hyperpolarized [1-13C] pyru-
vate into [1-13C] lactate.23,24

This study aimed to investigate optimization and appli-
cation of a three-dimensional (3D) ME-bSSFP sequence for
metabolic, whole-organ prostate imaging with hyperpolarized
13C-MRI.

Materials and Methods
Written informed consent was obtained for eight individuals with
biopsy confirmed tumors (seven with Gleason 3 + 4 and one with a
4 + 3), who were then recruited to this study to evaluate whether
ME-bSSFP is a suitable means by which to quantify tumors, in
conjunction with HP-MRI (https://clinicaltrials.gov/ct2/show/
NCT03687645).

All simulations and data processing were performed using
MATLAB R2019a (MathWorks, Natick, MA, USA). Phantoms
were prepared using 13C-labeled materials obtained from Merck &
Co. (Kenilworth, NJ, USA). All MRI-based phantom and patient
examinations were performed using a custom-designed 13C clamshell
transmit and dual tune 1H/13C receive-only endorectal coil with
dimensions: 97 � 31 � 22 mm (Rapid Biomedical GmbH, Rimpar,
Germany), using a 3 T MRI (Siemens Biograph mMR, Siemens
Healthineers, Erlangen, Germany). The endorectal coil houses a
1 mL, 8 M 13C-urea phantom as reference and for power calibration
(described in the Supplementary Material SI5). A custom [1-13C]
lactate (Merck & Co.) phantom (2 M, 2.3 mL, 0.23% w/v Sodium
Azide and 0.15% w/w Dotarem) was used in this study for simula-
tion validation. The gradient strengths for the Siemens Biograph
mMR are as follows: MQ gradients (45 mT/m; 200 T/m/sec), as
per the Siemens Healthineers manual.

Pulse Sequence Parameter Optimization
A 3D variant of a previously described ME-bSSFP sequence (Fig. 1)
was used in this study with a slab-selective, sinc-shaped excitation
pulse of flip angle (FA) ɑ/2, followed by refocusing pulses of FA ɑ
with alternating polarity (�).23 Between 5 and 10 dummy cycles at
the beginning of the pulse sequence were used to create a transient
transverse magnetization.25 A Cartesian center-out k-space readout
trajectory was employed with (Np � Ns) phase and slice encoding
steps, and a bipolar multigradient-echo readout centered between
refocusing pulses to acquire Ne consecutive echoes separated by a
fixed difference in TE (ΔTE). An ɑ/2 flip-back pulse, played out at
the end of the sequence, transferred remaining transversal magnetiza-
tion (MT) back into longitudinal magnetization after the end of each
scan.19,23

With steady-state techniques such as ME-bSSFP, the signal
amplitude varies periodically as a function of relative resonance fre-
quency. This signal variation can cause a failure of the sequence’s
refocusing mechanism and can result in banding artifacts.26 The arti-
facts can be mitigated by using a short repetition time (TR). Among
other reasons, [1-13C] pyruvate is an interesting molecule for hyper-
polarization due to its rather long T1 and T2 relaxation constants,

FIGURE 1: Pulse sequence diagram for a ME-bSSFP sequence. A slab-selective excitation of α/2 and dummy cycles of �α refocusing
pulses were used for magnetization preparation. The acquisition part is built of a bipolar gradient multiecho readout with N echoes
separated by ΔTE and centered around TR/2. Repetitions of the readout over NA averages and (NP � NS) phase and slice encoding
steps result in a total acquisition time of NA � NP � NS � TR + 2 � (TR/2).
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reported as 15–30 seconds and 0.9 seconds, respectively.19,23 For
such spin systems with T1 > > T2, the use of small FA lowers the
pulse sequence-induced consumption of the hyperpolarized magneti-
zation by keeping the major fraction of the excited magnetization in
longitudinal orientation where the dominant decay rate is T1.

25 At
the same time, FA must be high enough to achieve sufficient mea-
surable transverse magnetization for good SNR. However, the use of
high FA (>30�) and short TRs may be prohibited by the MRI sys-
tem, to limit specific absorption rate (SAR) of energy in patients. All
of these concerns suggested the need for careful selection of TR and
FA to preserve signal lifetime, avoid high SAR, and afford a high
SNR.20,26,27

A previously described numerical simulator was used to calcu-
late theoretical bSSFP signals for various TRs: 8–22 msec and FA:
5�–35�.23 This was done to find optimal imaging parameters for on-
resonant lactate (Δf = 0) and off-resonant pyruvate (Δf =

�385 Hz). Simulator parameters: number of pulses = 64,
TEcenter = TR/2, T1 = 13.1 seconds, T2 = 0.6 seconds. These sim-
ulations were empirically validated using the [1-13C] lactate phan-
tom and the 3D ME-bSSFP sequence on the 3 T MRI; field of view
(FOV): 90 � 90 � 80 mm3, voxel size: 11.3 � 11.3 � 10 mm3,
FA: 10�–30�, TR: 8–22 msec, number of echoes (NE): 7, number
of signal averages (NA): 6. The simulator was subsequently used to
calculate signal evolutions for a set of TR values and fixed FA
hyperpolarized [1-13C] pyruvate imaging: TR: 15.8/17.6/21.0 msec,
FA: 24�, Δf: �700 to 100 Hz, number of pulses = 64,
TEcenter = TR/2, T1 = 13.1 seconds, T2 = 0.6 seconds. Further
information on the simulator and phantom experiments can be
found in the supplementary information (SI1).

Hyperpolarized [1-13C] Pyruvate Preparation
[1-13C] Pyruvic acid was mixed with AH111501 electron paramag-
netic agent and loaded into a fluid path under aseptic conditions.6,11

The fluid path was irradiated with microwaves at <1 K for approxi-
mately 2 h in a clinical hyperpolarizer (SPINLab, GE Healthcare,
Chicago, Il, USA). Polarization level (n = 8), measured by the Spin-
Lab, at the point of dissolution: 27 � 4 (mean � 95% CI). The fro-
zen sample was then dissolved with sterile heated water (38 mL) and
neutralized with 17.5 g sterile trometamol buffer (333 mM Tris and
600 mM NaOH); >40 mL of hyperpolarized [1-13C] pyruvate solu-
tion was produced at the following concentration: 251–270 mM,
temperature: 35.6–39�C, and pH: 6.7–7.6. Injection of the
hyperpolarized agent started 70–81 seconds after dissolution, with
data acquisition beginning immediately after the completion of the
injection. Exactly 40 mL of hyperpolarized [1-13C] pyruvate was
injected into each patient and followed by a saline flush (60 mL).

Clinical 1H Imaging/13C Imaging
Prior to injection of hyperpolarized [1-13C] pyruvate, anatomical
axial and sagittal T2-weighted

1H (1H-T2W) images were acquired
with a turbo spin-echo (TSE) sequence for tumor localization; FOV:
180 � 140 � 90 mm3, voxel size: 0.7 � 0.7 � 3 mm3, TR:
5400 msec, TE: 109 msec, slice thickness: 3 mm, number of slices:
30, echo train length (ETL): 15, NA: 1, FA: 90�. Additionally, a B0

field map was obtained for each patient via a dual gradient echo
sequence; FOV: 360 � 360 � 80 mm3, voxel size:
1.4 � 1.4 � 10 mm3 FA: 15�, TR: 329 msec, TE1: 2.39 msec,

TE2: 7.17 msec, ETL: 2, NA: 3. Calculation and analysis of the field
maps are detailed in the Supplementary Material (SI2).

The 13C transmit and receive frequency were carefully
adjusted on the lactate resonance frequency (Δf = 0 Hz) by setting
it +620 Hz from the peak resonance of the urea phantom within
the endorectal coil. Dynamic HP-MRI with the ME-bSSFP
sequence was initiated with completion of the hyperpolarized
[1-13C] pyruvate injection; FOV: 90 � 90 � 80 mm3, voxel size:
11.3 � 11.3 � 10 mm3, FA: 24�, TR: 15.8 msec, ΔTE: 1.1 msec,
NE: 7, readout gradient bandwidth (BWread): 1200 Hz/px, NA:
6. Four consecutive ME-bSSFP acquisitions were obtained directly
after the injection, followed by the acquisition of a nonlocalized
spectrum using a single repetition of a free induction decay (FID)
sequence: FA: 10�, TR: 1000 msec, NA: 1. This was followed by a
further 15 ME-bSSFP acquisitions, an additional nonlocalized spec-
trum and another 15 ME-bSSFP acquisitions. The interleaved spec-
tra were used to identify frequencies for metabolite map
reconstruction via iterative decomposition with echo asymmetry and
least-squares estimation (IDEAL). For further details on the metabo-
lite separation, see Supplementary Material SI3.

Data Analysis
The echo images obtained during 13C-MRI were passed through an
IDEAL model20,23 using the calculated field map as an initial guess,
with metabolite maps reconstructed at the frequencies identified in
the non-localized spectra. Further information on the IDEAL model
used is provided in the Supplementary Material (SI4). The individ-
ual frequencies used in the reconstruction process are listed in the
Supplementary Material (SI9). For the clinical dataset, quantification
involved the drawing of regions of interest (ROI) at the biopsy con-
firmed tumor and a healthy area. The change in metabolite SNR, as
a function of time within the ROIs was extracted. Tumor and nor-
mal ROIs were identified using multiparametric MRI: dynamic
contrast-enhanced imaging, diffusion-weighted imaging, apparent
diffusion coefficient maps, and T2-weighted turbo-spin echo images.
Biopsy reports were also used to identify tumor ROIs while histology
and biopsy reports were used to identify nonsuspicious (normal)
areas of the prostate. The locations of the ROIs were verified by a
radiologist (>10 years of experience).

For kinetic analysis of the metabolite signals, lactate-to-
pyruvate area under the temporal curve (AUC) ratios were
calculated28,29; as well as a one-directional kinetic model to derive
the forward rate constant (kP) for the enzymatic conversion of pyru-
vate to lactate. Further information on the analysis methods is pro-
vided in the Supplementary Material (SI6).

Statistical Analysis
The empirical and simulated signals from the numerical simulator
work were normalized and compared in each instance with a Pearson
correlation coefficient. A paired t-test was also performed in each
instance to check for statistically significant differences between sim-
ulation and experiment. All statistical analysis was performed using
custom MATLAB scripts.

From the patient exams, the mean, the standard deviation,
and 95% confidence interval values for healthy and tumor ROIs
were then calculated for the kinetic metrics: AUC and kP. A Pearson
correlation coefficient of 0.797, between AUC and kP was found.
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FIGURE 2: Simulated and empirical experimental results for testing of the ME-bSSFP simulator: change in empirical and simulated
signal as a function of flip angle at 0 Hz (a) and 385 Hz (c), at a constant repetition time (19.5 msec); change in empirical and
simulated signal as a function of repetition time at 0 Hz (d) and 385 Hz (g) at a constant flip angle (30�). Correlation between
resulting signal (simulated and empirical) as a function of changes in flip angle between empirical and simulated signals at 0 Hz
(b) and 385 Hz (d). Correlation between resulting signal (simulated and empirical) as a function of changes in repetition time
between empirical and simulated signals at 0 Hz (f) and 385 Hz (h).

TABLE 1. Correlation Between Empirical and Simulated Signals Using ME-bSSFP at Δf = 0 Hz and Δf = �385 Hz

Δf = 0 Hz N Mean SD. 95% CI R2 Pearson P

FA Sim. 5 0.823 0.201 0.429 1.218 0.963 0.988 0.552

Exp. 5 0.814 0.185 0.451 1.177

TR Sim. 12 0.805 0.111 0.587 1.023 0.987 0.994 0.279

Exp. 12 0.751 0.151 0.454 1.048

Δf = �385 Hz N Mean SD 95% CIs R2 Pearson P

FA Sim. 5 0.599 0.239 0.131 1.067 0.957 0.982 0.552

Exp. 5 0.567 0.272 0.034 1.177

TR Sim. 12 0.716 0.172 0.378 1.054 0.939 0.969 0.279

Exp. 12 0.595 0.254 0.097 1.092

N refers to the number of measurements taken, while the mean, standard deviation, and 95% CI are also shown. The R2 and Pearson
correlation coefficient between the simulated and their respective experimental signals are shown, while the P values from paired t-tests
are included.
FA = flip angle; TR = repetition time; N = number of experiments; P = P value from paired t-test.
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A paired t-test was performed to assess statistically significant differ-
ences between the healthy and tumorous tissues across all patients
(n = 8). The level of statistical significance was set at P < 0.05.

Results
Numerical Simulator Work
The correlation coefficients between normalized empirical
and simulated data for FA and TR at Δf = 0 Hz and
Δf = 385 Hz were all found to be greater than 0.96 (Fig. 2).

No statistically significant differences were found between the
mean values of the normalized empirical and simulated data,
across all testing experiments, affirming the simulator’s ability
to appropriately reflect the ME-bSSFP sequence’s empirical
performance (Table 1).

Pulse Sequence Parameter Optimization
The maximum applicable FA in the sequence protocols was
limited to 24� due to SAR. Modeling the bSSFP signal

FIGURE 3: Change in simulated signal (transverse magnetization—MT) as a function of TR for a fixed flip angle (24�) at Δf = 0 (a) and
Δf = �385 (b). On these graphs (a) and (b) the repetition times: 15.8, 17.6, and 21.0 msec are shown by dotted black lines. Further
modeling was then performed using these TRs (c–e). Subsequently, simulated signal as a function of FA (24�), for a range of
resonance frequencies (�700: 100 Hz) for specific TRs: 15.8 (c), 17.6 (d), and 21.0 msec (e) was modeled. In each instance, the
expected resonance frequency of lactate (Δf = 0, red), pyruvate (Δf = �385, blue), and urea (Δf = �620, green) is shown by dotted
lines to indicate whether metabolites appear in pass or stop bands.
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response for this FA at Δf = 0 Hz and �385 Hz (Fig. 3a,b)
yielded three potential TRs: 15.8, 17.6, and 21.0 msec. Fur-
ther modeling demonstrated that the expected lactate fre-
quency (Δf = 0 Hz) consistently appeared in the middle of
areas of high signal pass bands (Fig. 3c–e), while the respec-
tive pyruvate frequency (Δf = �385 Hz) was not in the mid-
dle of a pass band (stop band) for TR = 17.6 msec (Fig. 3d)
and as such this TR was considered suboptimal. Despite both

TRs, 15.8 msec and 21.0 msec, being deemed suitable for
use, TR = 15.8 msec improved the temporal resolution
(�6 sec/dynamic scan) compared to 21 msec (�8 sec/
dynamic scan).

Application in Patients
Figure 4 shows examples of mpMRI from a patient (subject 2)
with a reported right-sided, anterior, transition zone,

FIGURE 4: Example of the mpMRI data from a subject with PCa. (Left to right) (a) T2-weighted image (T2W), (b) diffusion-weighted
Image (DWI)—b2000, (c) apparent diffusion coefficient (ADC) map and (d) dynamic contrast-enhanced MRI (DCE). In each image, the
tumor location is outlined with red arrows.

FIGURE 5: Axial slices of 3D metabolite maps for [1-13C] lactate and [1-13C] pyruvate signal intensities were overlaid onto T2W
images obtained for the patient (subject 2) whose mpMRI was shown in Fig. 4. This measurement was taken 31 seconds post-
injection; each set of metabolite maps is scaled individually with spatial interpolation performed to improve visualization.

June 2023 1871

Chowdhury et al.: ME-bSSFP in Hyperpolarized MR for Prostate Cancer

 15222586, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.28467 by IR
C

C
S O

spedale San R
affaele, W

iley O
nline L

ibrary on [18/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



biopsy-confirmed Gleason 3 + 4 tumor. The tumor, as iden-
tified on targeted biopsy, is outlined with red arrows in each
of the images. Figure 5 shows metabolite images for [1-13C]
pyruvate, [1-13C] lactate, and [13C] urea (for spatial refer-
ence), derived from ME-bSSFP echo data, overlaid on 1H
T2W axial images from the same patient (subject 2). The
images shown were interpolated using a cubic filter, for

visualization purposes. Although all metabolites are shown
with the same color map, they are scaled individually, as per
the scale on the far-right side of each set of metabolite
images.

A further set of maps, show the dynamic change in sig-
nals from metabolites within the prostate (Fig. 6). The
[1-13C] pyruvate signal appeared to peak between 24 and

FIGURE 6: Signal intensity images for [1-13C] pyruvate and [1-13C] lactate (subject 2) were overlaid on a selected 1H T2W MR slice
(slice 5 from Fig. 5) showing measurements up to 91 seconds post-injection of hyperpolarized [1-13C] pyruvate.

FIGURE 7: Signal-to-noise time courses for pyruvate (blue) and lactate (red) for the (a) tumor site (time course shown in b) and (c) a
healthy tissue area (time course shown in d) for subject 2. The regions analyzed included (a) the tumor and (c) the healthy transition
zone (TZ). The area-under-the-curve (AUC) ratios calculated from the lactate to pyruvate time courses are shown (LPAUC ratio), as
well as the forward rate constant (kP) for a one directional kinetic model was also derived for both the healthy and tumorous
regions. The metrics were then tabulated (e).
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37 seconds after completion of the injection (peak SNR
�60), with homogeneous distribution over the entire pros-
tate, except for a stronger signal close to the coil. The [1-13C]
lactate signal (peak SNR �20) peaked between 31 and
43 seconds and showed spatial heterogeneity.

For the same patient, a higher degree of pyruvate
metabolism (Fig. 7), as quantified using LPAUC ratios and
kinetic rate constants (kP) can be seen in tumor regions

(Fig. 7b) when compared to healthy tissue (Fig. 7d). This
was found to extend to all patients with the metrics extracted
from tumor ROIs found to be statistically significantly higher
than those in healthy regions (Table 2). This was demon-
strated by the lack of overlap in the 95% confidence intervals
between cancerous and healthy tissue metrics and with
P values demonstrating significant differences between the
two tissue types across both metrics (Fig. 8).

Discussion
This study demonstrated the successful implementation of
ME-bSSFP as a means of quantifying PCa metabolism using
HP-MRI. This study achieved its primary outcome by show-
ing the conversion of [1-13C] pyruvate into [1-13C] lactate in
real time and by quantifying the dynamic data through
LPAUC ratios derived from temporal metabolite signal curves
and the enzyme rate constant, kP. Correlations were also
observed between simulated and experimental ME-bSSFP sig-
nals, fulfilling our secondary objective.

The efficiency of the broadband excitation suggested
that there was no need for spectral-spatial selective metabolite
excitations, which may be susceptible to field inhomogenei-
ties. Full volumetric prostate coverage seems necessary for
HP-MRI to be considered as a diagnostic tool for PCa and
for evaluation of its clinical potential.

The use of the ME-bSSFP MRI pulse sequence for HP-
MRI has previously been reported in preclinical studies.12,20

Translation of the technique from preclinical to clinical scan-
ners, however, necessitated further optimization. Here, we iden-
tified an optimal TR/FA combination with an in silico model,
performing empirical studies to validate modeled data.19,24 The
Pearson correlation coefficients between empirical and simu-
lated signals were in a similar range to a previous study using
the same in silico model.23 While a high FA was found to
afford an increased signal, consideration had to be given to lim-
iting FA to protect the nonrenewable hyperpolarized

TABLE 2. The mean, SD, and 95% CIs for Lactate-to-
Pyruvate AUC Ratios and kP Constants in Biopsy
Confirmed Tumors and Healthy Regions for All
Subjects Involved in This Study

Subject

Tumor Healthy

AUC kP (sec�1) AUC kP (sec�1)

1 0.49 0.054 0.33 0.022

2 0.28 0033 0.02 0.001

3 0.19 0.033 0.12 0.011

4 0.14 0.025 0.08 0.012

5 0.35 0.063 0.20 0.014

6 0.35 0.019 0.12 0.001

7 0.44 0.041 0.22 0.018

8 0.36 0.037 0.14 0.011

Mean 0.33 0.038 0.15 0.011

SD 0.12 0.014 0.10 0.007

95% CIs 0.26 0.028 0.07 0.006

0.40 0.048 0.23 0.016

AUC = area under the curve ratio; kP = enzyme rate constant
for the conversion of pyruvate into lactate.

FIGURE 8: Differences in lactate to pyruvate area under the curve ratios (a) and forward rate constant, kP (b), between healthy tissue
and tumor ROIs. 95% confidence intervals are shown for each set in bold, while the results of a paired t-test between tumor and
healthy ROI values are also included in the subheading for each figure.
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longitudinal magnetization. SAR concerns were also considered.
Lower FA (<30�) and the use of a limited number of dynamic
acquisitions within a specified time were required to keep the
nuclei independent, SAR within the acceptable range. This was
balanced against having a too low FA as this would have
resulted in decreased SNR. SNR was furthermore limited by
the sensitivity profile of the endorectal coil, with sensitivity
decreasing with distance from the coil.30 To maintain diagnos-
tic quality imaging, ensure full prostate coverage, and achieve
adequate temporal resolution, voxel dimensions for
hyperpolarized imaging were set to 1.13 � 1.13 � 1 cm3 with
a FOV of 90 � 90 � 80 mm3. The selected spatial resolution
afforded a limited number of excitations for imaging, in turn
allowing for the maintenance of an acceptable longitudinal
hyperpolarized signal to allow for repeated temporal acquisi-
tions. With these constraints, a limited range of acceptable TRs
were identified as indicated by the in silico model, that is,
15.8 msec, 17.6 msec, and 21 msec. A TR of 17.6 msec,
despite being at the edge of a pass band, was not chosen due to
a compromised refocusing behavior during the transient phase
of ME-bSSFP.25 While both TRs, 15.8 msec and 21.0 msec,
were suitable, the former was chosen to achieve a better tempo-
ral resolution. The total acquisition time for imaging the full
prostate, including 6-fold averaging, was 6 seconds.

We observed hyperpolarized pyruvate and lactate signals
in all patients within this study (n = 8), both within prostate
tissue and the rectal wall. These signals were corroborated by
nonlocalized spectroscopic signals acquired during the same
scanning sessions. Compared with external coils, an endorectal
coil offers the advantage of higher sensitivity, which is critical
for studies such as these that are very demanding of SNR.6,30

However, their sensitivity profile is spatially dependent; it is
highest in the vicinity of the coil and drops off with distance.30

For this reason, and because of its highly vascular nature, partic-
ularly strong lactate and pyruvate signals are seen from the rectal
wall. This can result in substantial partial volume effects for
nearby posterior tumors, as both may fall within the same voxel
and complicate the visual display of metabolite maps. For visu-
alization purposes, the image was cropped to display signals
from just the prostate region. A higher spatial resolution would
be beneficial; however, it should be noted that this would com-
promise temporal resolution and require a greater number of
excitations and phase encoding steps, both of which are likely
to negatively impact the longitudinal hyperpolarized signal.25

Analysis of signal curves within segmented ROIs dem-
onstrated statistically significant differences in values for
LPAUC and kP rate constants between healthy and biopsy-
confirmed tumor tissue, as seen in previous studies.6 Note
that the kinetic model used in this study (SI6) is not fitting a
pure T1-decay but an apparent decay rate that is naturally the
composition of T1 and T2 decays under effect of the
pulse sequences excitations, as described in the literature.25

However, given the major contribution of T1 to the decay

rate at the FA of 24: >95%*T1 and <5%*T2 (Ref 25, eq. 7),
we assume a very small dependency to variations in T2 and
thus approximate the modeled decay rate here as T1.

ME-bSSFP has been demonstrated here as a feasible
method by which to quantify PCa metabolism, and while the
technique is now available for clinical evaluation, further param-
eter optimization and exploration of strategies such as com-
pressed sensing can be pursued.16 As mentioned, the of the
primary objectives for this study was to achieve full prostate
coverage, as such our first compromise, due to the decaying
nature of the hyperpolarized signal, involved selecting a 3D vol-
ume with lower spatial resolution, over a high-resolution single-
slice acquisition. Due to the greater number of pulses intro-
duced through having to excite multiple slices, which inevitably
decay the hyperpolarized state faster, a larger voxel size was
employed to maximize the potential signals acquired. The voxel
size finally selected was chosen such that signals from the largest
prostates, with potential tumors up to 60 mm away from the
endorectal could be acquired. Finer resolutions may be possible,
however, would require compromising full organ coverage.

A potential application of HP-MRI involves monitoring
disease burden, this, however, would require the identification
of an appropriate biomarker by which to quantify HP-MRI,
several studies have attempted to do this.28,31 Second, an
understanding a numerical range of values of the aforemen-
tioned biomarker, in the context of disease progression would
need to be established, much like SUV value in PET imaging,
for HP-MRI to provide value to clinical radiologists.32

Limitations
Balanced SSFPs high signal efficiency, for example, with
improved SNR over spoiled gradient echo (GRE) sequences, is
generally concluded from spin dynamics in the steady state,
where the generated magnetization converged toward an equi-
librium between T1 and T2 relaxation and re-excitation by
RF. This assumption naturally is not valid for hyperpolarized
magnetization, which is in a far nonequilibrium state. Applica-
tion of bSSFP for HP-MRI thus requires understanding the
signal evolution during the transient phase of bSSFP, for exam-
ple, described by Scheffler for the on-resonant case, and its sen-
sitivity to off-resonances.25 Optimizing the TRs and FAs
means iteratively adjustment of both parameters to the off-
resonances and the T1- and T2-constants for all hyperpolarized
metabolites. Furthermore, the exact off-resonances as well as
the T1 and T2-constants of the HP metabolites are unknown
for in vivo conditions and must be assumed. Two subsequent
injections of HP metabolites into the same patient to measure
first off-resonance and T1/T2 and only then metabolite distri-
bution and dynamics seems unfeasible at the current situation
with the available limited hyperpolarization methods, for exam-
ple, limitation of the SpinLab to maximum four HP batches,
expenses for and current lack of clinical fluid paths, and so on.
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In summary, the above arguments make bSSFP not a
generally easy-to-apply, that is, plug-and-play, sequence for
HP-MRI, but requires distinct preparation for each applica-
tion. We demonstrated that the above limitations of bSSFP
for application in HP-MRI on PCa can be overcome, by
approximate assumptions about T1/T2 of [1-13C] pyruvate
and lactate and precise adjustment of the transmit and receive
frequency using a 13C-urea phantom.

Finally, the small cohort size in this study is not suffi-
cient to make conclusions regarding biological trends in larger
populations. It was, however, of sufficient size to demon-
strate, as a proof-of-concept, the ME-bSSFP sequence’s
propensity for metabolic prostate imaging, using HP-MRI.

Conclusion
This study demonstrated the optimization and application of
a ME-bSSFP sequence in the metabolic imaging of PCa in
conjunction with hyperpolarized 13C-MRI. We successfully
demonstrated, with whole organ coverage, quantitative differ-
entiation of metabolism in tumorous and healthy tissue in
eight patients using the same ME-bSSFP imaging protocol.
The protocol was achieved from a numerical signal simulator,
whose results were validated by empirical phantom measure-
ments beforehand. With appropriate training of the staff and
well-designed standardized operation procedures, HP-MRI in
PCa is feasible using ME-bSSFP.
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