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Abstract. Hyperpolarization can increase signal in NMR experiments
by up to 4 orders of magnitude. Among available techniques, hyperpo-
larization dissolution DNP (dissDNP) is particularly interesting in the
clinical setting as a non-radioactive method for provides novel diagnostic
data.
This study is focused on the application of concentric rings sequence.
This sequence is based on gradient train to simultaneous acquisition of
spatial and spectral dimensions, to imaging hyperpolarized pyruvate and
its spectral downstream metabolites alanine and lactate. The study aims
to include non-localized spectroscopic information in the image recon-
struction process.
A better robustness was found for our method than for the previously
published alternative. With an improved spectral resolution via the in-
herent sampling of k-space zero, central concentric rings can be a valuable
alternative in 13C hyperpolarization studies.

1 Introduction

Nuclear magnetic resonance (NMR) is a phenomenon commonly used in medicine
and chemistry to determine structure, magnetic properties and chemical com-
position of the tissue. Although NMR could provide in vivo spatially resolved
information, its application is limited by inherent low signal to noise ratio (SNR).

As a remedy for low SNR a few methods for hyperpolarization were in-
troduced. Hyperpolarization can increase the signal in NMR experiments by
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up to 4 orders of magnitude. Among the available techniques dissolution DNP
(dissDNP) is particularly interesting in the clinical setting potentially providing
useful diagnostic data[1].

In hyperpolarization chosen compounds are prepared (hyperpolarized) in a
polarizer and then administrated to study a particular organ of interest. Hyper-
polarized [1-13C] pyruvate was used in clinical trials [1] and applied in number of
cancer models (e.g. [2]) or metabolic impairments (e.g. [3]). This boosted interest
in the application of hyperpolarized pyruvate as a new generation of contrast
agents in clinical trials. The introduction of dissDNP to pre-clinical and clinical
studies requires fast and robust sequences maximizing the obtainable informa-
tion.

For imaging of spatial concentration of pyruvate and its metabolites methods
known from magnetic resonance spectroscopy imaging (MRSI ) can be adopted.
The signal in MRSI can be described as linear combination of finite number of
metabolites

z(t) =
M∑
m=1

Am ∗ zm(t) =
M∑
m=1

Ak ∗ exp(−t/T2m + i ∗ 2πf0m + i ∗ φ0m) (1)

where: Am - amplitude of k-th metabolite; T2m - spin spin relaxation constant;
f0m - frequency of chemical shift; φ0m - initial phase;

Equation 1 shows some important aspects of signal in magnetic resonance
spectroscopy: the signal relaxes with a time constant T2; the signal of k-th
metabolite rotates around frame of reference with a frequency f0 (i.e. chemi-
cal shift frequency). Frequency f0 is a quantity which allow for distinguishing
between chemical compounds. The amplitude of a signal is proportional to con-
centration of the metabolite. Relaxation process in general can be multiexpo-
nential not just monoexponatiol as presented in eq. 1

Fig. 1: Model used for simulation of signal evo-
lution; (kpl, kpa) are apparent reaction rates;
R1θ are relaxation rates which includes 1/T1
relaxation rates and lost of signal due to exci-
tation

For compounds of interests
in hyperpolarized magnetic res-
onance i.e. pyruvate, lactate,
alanine, pyruvate hydrate chem-
ical shift and frequency for B0

3.0T as used in this study listed
in table 1. Frequency can be
changed by modulating with
carrier frequency in the receive
path.

Model of signal kinetic is
presented in figure 1. After in-
flowing to organ of interest
pyruvate is metabolized to lactate and alanine with a rate kpl and kpa respec-
tively. For all metabolites pyruvate, lactate and alanine signal decay is observed.
This loss is caused by T1 relaxation and excitation.

Imaging of the metabolite spatial concentration require choosing k-space tra-
jectory. An arbitrary 2d k-space trajectory signal acquired in magnetic resonance
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scanner is described by equation 2 adopted from [4]. Equation 2 presents situa-
tion after slice selective excitation.

S(t) =
M∑
m=1

∫ ∫
Am(x, y)zm(t)exp(i(xkx(t) + yky(t))dxdy (2)

where: k(t) = (kx(t), ky(t)) is an arbitrary k-space trajectory. When k(t) is
chosen to be Cartesian trajectory Am(x, y) can be reconstructed by Fourier
transformation. When k is an arbitrary non-cartesian trajectory Am(x, y) has
to be reconstructed by non-uniform Fourier transformation (problem of type I
non-uniform Fourier transformation [5]) or gridding algorithm.

Pyruvate Lactate Alanine Pyruvate
Hydrate

Chemical
shift [ppm]

170.6 183.2 176.5 179.0

Resonance
frequency [Hz]

-200 192 -23 67

Table 1: Chemical shift for a compounds of interest in hy-
perpolarized magnetic resonance [6]. Chemical shift listed
for compounds labelled on [1-13C] position. Resonance
frequency given for B0 3.0T as used in this study.

Transformation of
the coordinate sys-
tem requires multi-
plication of the new
coordinate system by
a determinant of Ja-
cobian of transfor-
mation. That can be
also thought as fil-
tering with density
compensation func-
tion (dcf ) where data
sampled in a denser
region of k-space has

to be penalized/filtered.
Equation 2 identifies that except of spatial dimensions, a spectral dimension

has to be encoded as well in acquisition. Further this simplified scenerio is only
valid in the static case. In fact living organisms are dynamic and impairment
of homeostasis often leads to severe diseases. This made a need for dynamic
metabolic imaging study. In this case Am(x, y) is also function of t - Am(x, y, t).

In effect, the signal evolves in 5 dimensions - 3 spatial - 1 spectral and 1
temporal. A number of methods have been designed for image acquisition of the
high-dimensional space in hyperpolarized MR. Some of them were recently re-
viewed [7]. The other method which allowed for fast spectroscopic acquisition are
spatiotemporal encoding[8] or balanced steady state free precession (bSSFP)[9]
and MAD-STEAM[10]. When off-resonant effects can severely distort images,
sequences that that provide full spectral information are preferred [7], thereby
limiting the acquisition options.

Probably the most commonly used sequence is free induction decay chemical
shift imaging (13C-FID-CSI ) which compresses time domain to one point. It
relies on the sequential acquisition of FID from consequent k-space points which
are determined by phase encoding gradients. If a whole acquisition of 13C-FID-
CSI could be reduced to one moment in time then the image is a linear function
of true enzymatic conversion [11].
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The methods commonly used in full spectrum acquisition utilize gradient
echo trains, which rely on traversing through k-space in a periodic manner. This
allows for simultaneous acquisition of spatial and spectral dimensions. Depend-
ing on the k-space trajectory, there are a few measurement options: echo-planar
spectroscopic imaging (EPSI )[12], spiral-chemical shift imaging[13] and intro-
duced most recently concentric rings[14].

This paper is organised as follow: section 2.1 contains numerical simulation
for effects of using 13C-FID-CSI sequence to study dynamic process. Section
2.2 suggest a fast method for acquisition in hyperpolarized magnetic resonance,
and is then compared to other similar sequence.

The main innovation of this work is the application of concentric rings se-
quence for imaging hyperpolarized [1-13C] pyruvate and its spectral downstream
metabolites ([1-13C] alanine and [1-13C] lactate. The aim was to include in-
formation from the central k-space point (i.e. non-localized spectroscopy) in
the reconstruction process. We refer to this version as central concentric rings
(cCR), which are different to previously published non-central concentric rings
(ncCR)[14].

2 Results

2.1 Simulation of signal dynamic in hyperpolarized 13C MRSI

13C-FID-CSI sequences with phase encoding schemes in fig. 3 was simulated for
reconstruction matrix 16x16; repetition time (TR) 80 ms; flip angle θ 10◦. True
enzymatic conversion rates were defined as a Shepp Logan-like phantom (fig. 2).
Lactate and pyruvate noise-free images were simulated by the one-way kinetic
linear model with fixed relaxation rate T1 = 45 s for all metabolites. Dirac’s
delta was chosen as the arterial input function (AIF ). Using the same approach
an EPSI sequence behaviour was simulated (TR 200 ms; θ = 10◦).

Fig. 2: Left: a numerical phantom used to simulate metabolic signals; kpl val-
ues shown on color bar; Right: signal of pyruvate lactate alanine and lac-
tate/pyruvate ratio for distinct areas of phantom.
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Qualitative analysis of CSI sequences with different starting times with re-
spect to bolus arrivals are presented in fig. 3. The upper row shows results for
CSI sequential phase encoding and the bottom row shows results for in-out phase
encoding scheme. A Shepp Logan shaped phantom (fig. 2) was used for simu-
lation. Each voxel was represented as two values (kpl, kpa) which are apparent
reaction rates of pyruvate to lactate and pyruvate to alanine. A voxel signal was
simulated using model shown in figure 1. Then, the signal in a point in time was
sampled in k-space. At the end of whole acquisition the signal was transformed
back to the final image. Figures 3 and 4 show values of the lactate/pyruvate
ratio, which typically reflects kpl parameter and is a promising marker in cancer
diagnostic. Figure 2 shows how the lactate/pyruvate ratio is changing during
sampling of images.

The amount of blurring is substantially reduced by applying fast spectro-
scopic sequences, which can be clearly observed in figure 4.

Fig. 3: Left: Phase encoding schemes for 13C-FID-CSI typically used in hyper-
polarized magnetic resonance imaging. Top row sequential order, bottom from
origin to edge of k-space - in-out order. Right:Simulation of CSI images (top:
sequential CSI; bottom: in-out CSI) with varied starting time with respect to
bolus arrival (-5, 0, 5, 10, 20 and 30 seconds after bolus)

Our simulations show a need for applying fast schemes in hyperpolarized
magnetic resonance.

2.2 Concentric rings trajectory

An additional halving of acquisition time can be obtained by using concentric k-
space instead of Cartesian readout trajectories. Concentric ring trajectory have
been shown to be a viable alternative to EPSI by Jiang et al [14]. However in this
version of concentric rings central k-space point is omitted during acquisition. As
mentioned in section 1 transformation of the coordinate system require including
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Fig. 4: Simulation of EPSI images with varied starting time with respect to bolus
arrival (-5, 0, 5, 10, 20 and 30 seconds after bolus)

determinant of Jacobian matrix for the transformation. For a transformation to
polar coordinate the determinanat: |J | = r. In result for a central k-space point
where r = 0, data from central k-space point vanishes. However this is true only
for continues case. For a discrete case central k-space point should be weighted
with π · dr2/4 as shown is figure 5.

Fig. 5: Ilustration of area covered by k-space points for cCR (left) and ncCR
(right). Area correspond to the value of density compensation function for re-
spetive points. Central points in left image correspond to area πr2 where r radius
of smallest circle

K-space data was regridded to a Cartesian grid with the density compensa-
tion function (cf. [15]) as defined in eq.3. Then data was transform to an image
domain with inverse Fourier transformation.

dcf(r, φ) = r · dr · dφ
dcf(0, φ) = π · dr2/4

(3)

2.3 Numerical simulation of concentric rings trajectory

Image Reconstruction Toolbox[16] was used for efficiency comparison of the cCR
and ncCR k-space signal. The simulation was performed on high resolution regu-
lat Shepp Logan phantom. Normally distributed random noise was added to the
complex signal in the k-space domain. Then, the reconstructed image was com-
pared to Shepp Logan phantom with mutual information. The advantage of this
metric is a clearly defined lowest (0) and highest values (entropy of reference im-
age). Mutual information between images was computed after discretizing both
to 256 bins.
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Analysis for cCR and ncCR (fig. 6) with a presents of noise, shows a better
cCR performance. Artifacts in the corner are originating from the point spread
function (PSF ) of cCR and ncCR sequences[15].

Fig. 6: Monte Carlo simulation of cCR and ncCR sequences. Mutual Information
with Shepp Logan phantom vs noise level for central Concentric Rings (blue)
and non-central Concentric Rings (red); Shepp Logan phantom entropy (dashed)

2.4 Phantom measurements with concentric rings

Further comparison of cCR and ncCR sequences were performed by phantom
measurements in thermal equilibrium condition. Sequences were designed for
500 Hz spectral bandwidth; 100 ms readout time. Data were phase corrected
linearly in readout direction. Data was regridded to a Cartesian grid with den-
sity compensation function as defined in eq. 3. 15 repetitions of sequence were
acquired.

The phantom consisted of a sodium acetate syringe and a bicarbonate ball.
Thermal equilibrium phantom measurements (TR=2000 ms; θ = 90◦) was done
on 3T clinical MR scanner (GE HDx, USA) and dual-tunned 1H −13 C-volume
coil[17].
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sequence mean ± sd [au]
cCR 24.89 ± 1.05
ncCR 29.59 ± 1.07

Table 2: Residuum between real data
and fitted model for phantom measure-
ments summed over whole image space.
Criterion of type less-better. Difference
between values statistically significant.

Protocols were compared by using
t-test for the sum of residuals between
data and damped sinusoidal model [18]
as defined in equation 1. Nonlinear
least square method (trust region re-
flective algorithm [19], [20]); was used
for fit model parameter (Ai, f0, T2, φ0)
to the data. Initial guess was chosen as
f0 =

∫ ∫
|A(x, y)|dxdy; 1/T2 = 15 Hz;

Am = max(|ρz(x, y)|).
Criterion is type less-better. Results for phantom measurements are sum-

marised in table 2. cCR shows a statistically significant better performance over
ncCR (p-value¡0.05).

2.5 In vivo measurements - proof of concept

Final validation of cCR as described in section 2.4 (TR=200 ms; θ = 12◦) was
done by in vivo measurements in a healthy rat. One injection of 1,5 ml, 90 mM
hyperpolarized pyruvate (polarizer SpinLab, GE, USA) was performed.

In vivo results show good quality of spectra in a single voxel (fig. 8). Figure
7 shows feasibility of dynamic studies with cCR sequences.

Fig. 7: Hyperpolarised pyruvate and its metabolites: lactate (Lac), alanine (Ala)
and pyruvate hydrate (PyrH) 17s (top row) and 29 s (bottom row) after injection

3 Discussion/Conclusion

Different Cartesian acquisition schemes for hyperpolarised 13C were analysed in
noise free environment, the results elucidate benefits of applying fast acquisition
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Fig. 8: Left: Pyruvate concentration overlayed on anatomical detailed image.
Right: Single voxel spectrum with clearly resolved pyruvate, lactate and pyruvate
hydrate peaks and spurious alanine peak

schemes for a 13C DNP-MRSI study. However 13C-CSI sequences are in use
because of robustness in the presence of noise.

Assuming AIF is Dirac’s delta exaggerate disadvantages of slow sequences.
In a more realistic situation AIF is blurred in time which justify the application
of slow sequences. Deep analyzes of effects of different AIF is far beyond of scope
of this article.

Even faster schemes than EPSI i.e. concentric rings was analysed. cCR
method was found more robust, with an improved spectral resolution via the in-
herent sampling of k-space zero in cCR compared to the ncCR method. Further
feasibility of using cCR sequence for animal studies was shown. The combination
of excessive oversampling of the k-space center and optimal sampling patterns
ensures a robust and versatile method, without comprising the irrecoverable hy-
perpolarisation.
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