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1 | INTRODUCTION

Purpose: Hyperpolarized imaging experiments have conflicting requirements of
high spatial, temporal, and spectral resolution. Spectral-spatial RF excitation has
been shown to form an attractive magnetization-efficient method for hyperpolarized
imaging, but the optimum readout strategy is not yet known.

Methods: In this work, we propose a novel 3D hybrid-shot spiral sequence which
features two constant density regions that permit the retrospective reconstruction of
either high spatial or high temporal resolution images post hoc, (adaptive spatiotem-
poral imaging) allowing greater flexibility in acquisition and reconstruction.
Results: We have implemented this sequence, both via simulation and on a preclini-
cal scanner, to demonstrate its feasibility, in both a '"H phantom and with hyperpolar-
ized 13C pyruvate in vivo.

Conclusions: This sequence forms an attractive method for acquiring hyperpolar-
ized imaging datasets, providing adaptive spatiotemporal imaging to ameliorate
the conflict of spatial and temporal resolution, with significant potential for clinical

translation.

KEYWORDS

DNP, hyperpolarized 13C, metabolic imaging, pulse sequence design, spectral-spatial RF, spiral
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are spatially localized; therefore, it would be desirable to
image at sufficiently high spatial resolution to appreciate

Hyperpolarized [1-1°C] is a versatile metabolic probe,
which has been used extensively to investigate metabo-
lism and pH in health and disease in vivo,'? and is pro-
gressing rapidly toward clinical translation.*” Many
conditions where metabolic dysregulation is of interest

potential metabolic heterogeneities within the tissue, for
instance, in the myocardium post infarction to assess vi-
ability when planning intervention. It is also desirable to
perform time-resolved imaging to observe temporal met-
abolic dynamics, which may be significantly altered in
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pathology, for instance, in ischemic cardiomyopathies.10

Furthermore, a growing body of work advocates for the
use of time-course data for the determination of metabolic
parameters, such as kP* (pyruvate-lactate), either via the
fitting of kinetic models'"'? or calculation of area-under-
the-curve ratios,"? necessitating high-quality time-courses
with sufficient temporal resolution to properly characterize
the shape of the curve. In addition, owing to the inherent
physiological variability in the time between the injection
of hyperpolarized pyruvate and its arrival in the organ of
interest, the use of dynamic imaging strategies is preferred,
to ensure that the acquisition does not miss the initial bolus
of injected substrate.'* It is therefore desirable to have both
high spatial and temporal resolution in the same acquisi-
tion, in practice, there is a trade-off between spatial and
temporal resolution, which thus far must be predefined a
priori at the time of acquisition.

The finite, decaying, and non-renewable magnetization
generated by hyperpolarization necessitates rapid, magneti-
zation-efficient imaging techniques. One common strategy
is to combine the magnetization efficiency of spectral-
spatial RF excitations with rapid spiral readouts.'>?° The
first hyperpolarized '3C images of the human heart were
acquired with a single-shot spiral trajectory.” Single-shot
spiral-out readouts efficiently encode a plane of k-space
with minimal dead time by starting at the center of k-space
with the energy-rich low spatial frequencies. However, for
a given field of view (FOV), the maximum spatial resolu-
tion that can be achieved with a single-shot spiral is limited
by the readout duration allowed by the magnetic field inho-
mogeneity of the sample”' and the T; of the hyperpolarized
nuclei in question.

One approach to overcome the limiting effect of T} is to
use a multi-shot spiral readout,” which segments the acquisi-
tion of k-space into multiple readouts, each temporally shorter
and therefore less affected by T; decay than an equivalent sin-
gle-shot spiral readout. However, as each segment does not typ-
ically meet the Nyquist criterion, it is not possible to reconstruct
images individually from each interleaf at the prescribed FOV
without aliasing. Another strategy to shorten the readout is to
design variable density spiral (VDS) trajectories,23 where the
sampling density is not constant across k-space. Spiral-out VDS
designs with a sampling density that decreases as a function of
the distance away from the center of k-space have been used to
reduce artifacts due to motion’* and aliasing.25 However, there
is a penalty in the signal-to-noise ratio associated with VDS
designs due to noise amplification from the weighting of the
varying sampling density in the image reconstruction process.

In this work, we demonstrate the feasibility of adaptive
spatiotemporal imaging using a hybrid-shot spiral (HSS)
trajectory which features a constant single-shot density
inner region to satisfy the Nyquist criteria up to a minimum
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desired spatial resolution, followed by a smooth transition
to a constant N-shot density sub-Nyquist outer region. By
truncating each readout to the inner single-shot region
(single-shot HSS), low spatial resolution images can be re-
constructed for each TR. By combining non-truncated data
which encompass a full set of rotation angles from N ac-
quisitions of the same metabolite, alias-free higher spatial
resolution images can be reconstructed (full HSS) at lower
temporal resolution. This adaptive spatiotemporal feature
of the HSS acquisition allows the trade-off between spatial
and temporal resolution to be made post hoc at reconstruc-
tion time.

2 | THEORY

Numerous strategies for designing spiral trajectories exist
in the literature. Given upper limits for gradient amplitude
and slew rate, analytical formulae can be derived to design
constant density26 and variable density27 spiral trajectories.
A hybrid-density trajectory has been proposed for functional
MRI with a single-shot inner region up to a fraction of the
maximum design k-space radius beyond which the sampling
density decreases.”® In this work, the target HSS trajectory
(shown in Figure 1) consists of two connected regions of con-
stant sampling density with a transition that is smooth but
relatively abrupt as opposed to a gradual change in sampling
density common with VDS designs using the aforementioned
algorithms.

Iterative algorithms compute each point of the trajec-
tory by solving a coupled set of differential equations with
the previous point as the initial condition. A widely used
example of an iterative VDS design algorithm represents
the sampling density as an effective FOV, which is a func-
tion of k-space radius.?*>" In this algorithm, the spiral tra-
jectory is defined as

k = afe” (D

where k = k, +ik,, 0 is the polar angle and a is the rate of in-
crease of k-space radius (k, = |k|) with respect to 6, which is
defined by

dk,  NAk N

_ _r — max —
T 2 27 -FOV

@

a

If FOV is allowed to vary as a function of k-space radius, a vari-
able density spiral can be constructed. Differentiating Equation
(1) gives an equation for the gradient vector (G)

_ 2

G » (0 +i00) 3)
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FIGURE 1 Left: The proposed k-space readout trajectory (experimental parameters as in the digital phantom experiment). In this case, three

shots are required for a full resolution reconstruction; however an image can be reconstructed every shot at a lower spatial resolution. Right: &, k,

and 6 values as a function of time for the shown trajectory superimposed with an aligned multi-shot spiral with the same imaging parameters

which can be further differentiated to give an equation for the
slew rate (S)

_ 2

S e[(6-06)+i(20% +66)] 4)
4

By taking the magnitude of Equation (3) and setting |G| = G,
the gradient limited value of k, can be found

ax?

(y Gppx)? /472

max —_

Similarly, solving Equation (4) in the same way, gives an ex-

pression for the slew rate limited (S| = S,,,) value of k,

. _ 2

po==By B _C (6)
. 2A 4A2 A

where A, B, and C are the quadratic coefficients used to solve
the equation
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This gives the following equation for k,, subject to the dual con-
straints of G, and S,
. k, k, <k
k.= M o (10)
(kmax - kr) /At kr 2 kmax

where At is the scanner dwell time. & can then be found with
the expression

i=Lli (1)
a

To calculate the trajectory, § and k are incremented by 6 and k at
each timepoint with 8 and k also incremented at each timepoint
by the new values of @ and k. All variables are initialized to 0
at the first timepoint and the algorithm is terminated when k,
reaches the value corresponding to the desired resolution.

The iterative algorithm was modified to design HSS
trajectories with a transition from single-shot to N-shot
sampling density at a k-space radius corresponding to the
desired minimum resolution for a high temporal resolution
reconstruction. In its modified form, the algorithm begins
as for a single-shot spiral, then once the trajectory reaches
the k-space radius corresponding to the single-shot HSS
resolution, k.., the FOV parameter is scaled by a factor of
1/N, reducing the sampling density to that of a N-shot spi-
ral, until the end of the readout. At the transition between
the two density regions, k, is set equal to k,
k, for an N-shot spiral at k,

the value of

rans’

The algorithm is now in a

rans*
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FIGURE 2 A simplified pulse sequence diagram for a HSS

in vivo acquisition showing the spectral-spatial excitation (0-

0.01 seconds), z phase encode (0.01 seconds, slice), and HSS readout
(0.01 seconds—end)

state identical to an N-shot spiral at k, = k., as shown in
Figure 1, resulting in a smooth transition between the two
densities without violating G, or S,,,.. The pseudo-code
describing this is shown in the appendix.

max*

3 | METHODS

3.1 | Sequence design
The proposed sequence is a 3D HSS with spectral-spatial ex-
citation, centric phase encodes in the z-direction, and a hybrid
spiral readout with rewind. A simplified representation of the
sequence is shown in Figure 2.

A spectral-spatial excitation scheme was used to provide
spectrally selective excitation within the volume of interest,
while minimizing excitation outside of the volume of interest,
in order to preserve the pool of hyperpolarized magnetization
circulating in the animal, as our coil could not provide enough
spatial localization by itself. As described previously,31 the
spectral-spatial excitation pulses were designed under the RF
excitation k-space formalism with zipper correction.> Sub-
pulses under a Gaussian envelope were designed with the
Shinnar-Le-Roux algorithm,* with a time-bandwidth prod-
uct of 3 in the spectral domain and 9 in the spatial domain,
and zero amplitude on negative gradient lobes to produce a
fly-back pulse. The scheme was originally designed to be

slew-rate (S,,,,) limited rather than gradient (G,,,,) limited, as

max. max
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we have empirically found at both 7T and 3T that waveforms
played at S, were reproduced with significantly better fi-
delity than those at Gmax,31 when measured by the method
proposed by Duyn et al. 3

The pulse was 9 ms long, possessed 37 sub-lobes each of
duration 246 ps, corresponding to an excitation bandwidth
of 240 Hz, and a stop-band of ~2 kHz, sufficient to avoid
every unwanted resonance in the spectrum of hyperpolar-
ized [1-3C]pyruvate at 7T, with an excitation bandwidth
sufficiently large (3 ppm) to provide relative immunity to
transmitting off-resonance and B, inhomogeneity. The slab
thickness was 45.5 mm.

In the proposed HSS k-space encoding scheme, a single-
shot and N-shot spiral were compounded together and rotated
by 360/N° so that the central region of k-space was fully sam-
pled every shot and the outer region was fully sampled every
N shots. This allowed for a low spatial resolution image to
be reconstructed every shot (single-shot HSS), giving max-
imum temporal resolution, or for N consecutive shots to be
combined giving a higher spatial resolution, albeit at the cost
of temporal resolution (full HSS). The spiral readouts were
rotated by 360/N°, as opposed to the golden angle, in order to
maximize the signal-to-noise ratio of the reconstructed image
when N shots were combined.”® The sequence was imple-
mented using a modified version of the Hargreaves variable
density spiral algorithrn29 to generate the two spirals which
are smoothly transitioned between.

3.2 | Image reconstruction

Image reconstruction was performed with custom software
written in the Matlab programming language (Mathworks,
Natick, MA, 2018b). It used the Berkeley Advanced
Reconstruction Toolbox*® implementation of the nonuniform
Fourier transform (NUFFT) to reconstruct the data in the x-y
plane. The k-space trajectory used in the NUFFT calculation
was computed by correcting the prescribed gradients with a
previously measured gradient impulse response function®’
and numerically integrating the result.

In this work, the bulk B, shift (which causes a “blurring”
artifact in image space or “ringing” in the PSF*® and is hard
to avoid, since the pyruvate center frequency is not known
accurately ahead of time) was corrected by a method similar
to that used by Lau et al,*® where the images were recon-
structed with a range of different demodulation frequencies
and the least blurred image taken; however, in this work, the
selection was done manually, rather than with an automated
approach. While this demodulation was necessary from an
image quality point of view it also provided an estimate of
the actual '*C center frequency, validating that this parameter
was set correctly at acquisition.
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3.3 | Digital phantom

To provide initial validation of the sequence, single-shot,
multiple-shot and HSS '3C acquisitions were simulated with
a synthetic brain phantom.4° The simulated scanner had
Grax = 500mT/m, S, = 536 mT/m/ms and a bandwidth
of 62.5 kHz. The multiple-shot and HSS trajectories had
three interleaves. The trajectories were calculated to achieve
an x/y resolution of 1 mm (single-shot HSS 5 mm) and FOV
of 60 mm. After calculation, the trajectories were truncated
to the length of the multiple-shot spiral (15.9 ms) for com-
parison with equal readout time, giving resolutions for each
method of: single-shot HSS 5 mm, full HSS 1.1 mm, single-
shot spiral 1.9 mm and multiple-shot spiral 1 mm. The T} of
the simulated phantom was chosen to be 19 ms as a repre-
sentative value for hyperpolarized pyruvate in vivo and the
simulated excitation flip angle, for depletion of the pool of
hyperpolarized magnetization, was 3°.

Two factors affecting the quality of the reconstructed
images were simulated: receive off-resonance and noise.
Receive off-resonance was simulated by multiplying the
simulated FID by a phase term corresponding to 0-100 Hz
off-resonance. Noise was simulated by injecting ran-
dom Gaussian noise, with a full width at half maximum
(FWHM) of 0-10% the maximum FID intensity, into the
simulated FID prior to reconstruction. A structural simi-
larity index (SSIM) was calculated for each reconstruction,
using the ground truth phantom as a reference, to assess the
reconstructed image quality.

3.4 | 'H phantom

Further validation of the sequence was performed with 'H
phantom measurements. The resolution phantom consisted
of a tube containing Lego pieces filled with a Ferumoxytol
solution (elemental iron concentration of 30 pg/mL) to give
a T, of 12.1 ms. The scanner was a Varian 7T DDR system
with G, = 1000mT/m, S, = 5000mT/m/ms, coupled
with a 72 mm dual-tuned proton/carbon birdcage volume
coil. A 5° sinc pulse with duration 1000 ps and slab thickness
45.5 mm was used for the excitation and the bandwidth was
set to 250 kHz.

Single-shot, multiple-shot, and HSS 3D acquisitions were
acquired for comparison. The multiple-shot spiral and full
HSS trajectories each had three interleaves. The trajecto-
ries were designed with a FOV of 80 x 80 X 45.5 mm and
resolution of 0.5 X 0.5 X 1.4 mm with the single-shot HSS
reconstruction giving a resolution of 2.5 x 2.5 x 1.4 mm.
The trajectories were then truncated to the same readout time
(14.8 ms), corresponding to a full HSS resolution of 0.8 mm
(multi-shot spiral 0.7 mm, single-shot spiral 1.3 mm). 32 z
phase encode steps were used.

In addition to the spiral acquisitions, a 3D gradient echo
sequence was used to acquire a high-resolution ground truth
image. The FOV was 80 X 80 x 45.5 mm and the resolu-
tion 0.4 X 0.4 X 1.4 mm. SSIM indices were calculated for
each spiral reconstruction over a region of interest (indicated
in Figure 4) and an intensity profile was plotted through the
phantom for each acquisition.

3.5 | Preclinical imaging

Preclinical proof-of-concept experiments were performed
on a Varian 7T DDR system with G, = 1000 mT/m,
Smax = 5000mT/m/ms, with an actively detuned transmit/
surface receive setup consisting of a 72 mm dual-tuned pro-
ton/carbon birdcage volume coil with a 40 mm two-channel
13C surface receive array with an integrated preamp (Rapid
Biomedical GmbH, Rimpar, Germany).

Approximately 40 mg of [1-'*C]pyruvic acid doped with
15 mM OXO063 trityl radical and 3 pL of a 1-in-50 dilution of
Dotarem (Guerbet Laboratories Ltd) gadolinium chelate was
polarized and dissoluted in a prototype polarizer as described
previously.*! Male Wistar rats were anesthetized with 2% iso-
flurane in 90%0,, 10%N,0, placed prone onto the imaging
coil in a home-built preclinical imaging cradle, and injected
with 2 ml of 80 mM hyperpolarized [1-'*C] over approxi-
mately 20 seconds.

A thermally polarized 5 M '3C urea phantom was included
next to the animal to provide a carbon frequency reference.
Three-dimensional, cardiac-gated volume shimming was per-
formed using the previously mapped behavior of the magnet’s
shim set and a spherical harmonic cardiac auto-shimming al-
gorithm as described previously.42 The 13C center frequency
was set by identifying the carbon resonant frequency of the
urea phantom, and applying a constant offset of 296 Hz
(3.95 ppm). This consisted of the B, variation between the
urea phantom and the heart (estimated from previously per-
formed AB, maps), the known chemical shift difference from
13C urea to [1-'3C], and empirical optimizations. The '>C cen-
ter frequency was verified during reconstruction as described
in the image reconstruction section.

Once injected with the hyperpolarized [1-'*C] solution,
three rats were imaged using the proposed sequence, consist-
ing of a spectral-spatial excitation and a cardiac-gated (one
shot per RR interval) three interleaf HSS readout scheme. The
imaging parameters, for the first two rats, consisted of a read-
out bandwidth of 250 kHz, a FOV of 120 X 120 X 45.5 mm,
12 z phase encode steps, a resolution of 2 X 2 X 3.8 mm and
a single-shot HSS resolution of 10 x 10 X 3.8 mm, the nom-
inal minimum TR (time for 1 rotation angle for one metab-
olite) before gating was 212.4 ms. The excitation flip angles
were: pyruvate 3°, bicarbonate 20°, and lactate 20°. One of
these rats was injected with hyperpolarized [1-'*C] a second
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time in a single session, and imaged with a single-shot spiral
with the same FOV and resolution as the full HSS acquisition
and a nominal TR of 352.0 ms before gating.The third rat
was imaged with a readout bandwidth of 62.5 kHz, a FOV
of 60 X 60 x 45.5 mm, 12 z phase encode steps, a resolu-
tion of 1 X 1 X 3.8 mm and a single-shot HSS resolution of
5%X5x3.8mm.

After the hyperpolarized imaging, a set of anatomical im-
ages were acquired using a gradient echo cine sequence de-
scribed previously,43 with the same slice thickness and FOV
as the hyperpolarized data.

All experiments were performed in accordance with rele-
vant UK legislation (with personal, project and institutional
licenses granted under the Animals (Scientific Procedures)
Act 1986), and were subject to local ethical review and an
independent cost-benefit analysis.

4 | RESULTS

4.1 | Digital phantom

The results of the digital phantom experiment are sum-
marized in Figure 3. With no injected noise or simulated
off-resonance, the full HSS and multiple-shot spiral re-
constructions have a similar SSIM metric when using the
ground truth as a reference image. The single-shot recon-
struction had a lower SSIM than either the multiple-shot
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or full HSS reconstructions and the single-shot HSS
reconstruction had the lowest SSIM. This broadly follows
the theoretical resolution achieved by each readout in the
acquisition time, although the multiple-shot spiral would
have been expected to perform better than full HSS, with-
out the influence of T3, the depletion of the hyperpolar-
ized magnetization pool and oversampling of the center of
k-space for full HSS.

As noise is added the SSIM for all reconstructions
decreases, full HSS, multiple-shot, and single-shot, which all
have equal readout time, decrease at roughly the same rate.
As the injected noise increases, the single-shot spiral per-
forms better than either the full HSS or multiple-shot spiral.
Single-shot HSS, with a shorter readout time than the other
reconstructions, decreases less quickly than the other meth-
ods so that it has the highest SSIM once the noise FWHM
reaches around 6% the maximum value of the FID.

The SSIM of all reconstructions decreases with increas-
ing off-resonance. The single-shot HSS reconstruction de-
creases much less quickly than the other readouts, due to its
shorter length; however, there are differences in the other
reconstructions, which each have equal readout time. Of the
multiple-shot, single-shot, and full HSS reconstructions, the
multiple-shot image quality degrades the least quickly with
added off-resonance. Initially, the full HSS reconstruction
out performs the single-shot spiral; however, at greater than
61.5 Hz, this reverses and full HSS gives the lowest SSIM of
all the reconstructions.

Noise 2%
Off Res 0 Hz

Single-shot HSS  Single-shot HSS

PSF

Full HSS Full HSS - PSF

Multi-shot Multi-shot - PSF

Single-shot

Single-shot - PSF

—— S8-SHSS
—— FullHSS

Single-shot
Multi-shot

Phantom
0.8

FIGURE 3 Top: Sample images 07
showing reconstructed HSS, single-shot,
and multiple-shot acquisitions and a ground 0.6

.. . . . =
truth digital phantom with Gaussian noise @
(FWHM of noise 2% maximum value of 0.5
FID) injected into the FID. Bottom: SSIM
of the reconstructed images, with the digital 04
phantom as ground truth, as a function of 03
injected noise and simulated receive off- o 2

resonance

FWHM noise / % Max(FID)

4 6 8 10 0 20 40 60 80 100
Recieve off resonance / Hz
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SSIM = 1.00

GRE —

Single-shot

Norm intensity

Single-shot HSS ——

SSIM = 0.60

SSIM = 0.64

Full HSS —

SSIM = 0.60 SSIM = 0.65

Multi-shot —

FIGURE 4 Top: Reconstructed images of a resolution phantom (T

Pixel

12 ms) with structural similarity index, over the area in the white box,

with the gradient echo (GRE) acquisition shown as reference, in the top right of each image. Bottom: Normalized line plot through each of the

reconstructed images. The position of the line is denoted by the white notches in the gradient echo image

4.2 | 'H phantom

Reconstructed images and a line plot through the 'H phan-
tom are shown in Figure 4. The structural similarity of the
reconstructed images to a reference gradient echo image
were calculated and broadly followed the expected trend of
decreasing SSIM with decreasing resolution. The single-shot
HSS reconstruction had a SSIM equal to the single-shot spi-
ral despite achieving a lower resolution potentially due to the
shorter readout time reducing the measured noise.

The line plot through the 'H phantom illustrates the trend
quantified by the SSIM indices. The multiple-shot and full
HSS reconstructions show more definition than the single-
shot or single-shot HSS reconstructions which are compara-
tively blurred.

Significantly, the HSS acquisition achieved similar image
quality to the multiple-shot spiral, when a full reconstruction
was performed with the same number of shots, and when only a

single-shot was used it produced images of comparable quality
to the single-shot spiral while matching its temporal resolution.

43 | Preclinical imaging

The results of the preclinical hyperpolarized experiments are
illustrated in Figures 5 and 6. The line plot in Figure 5 shows
the resolution trade-off made by the HSS sequence. The single-
shot HSS reconstruction has a visibly lower spatial resolution
than the single-shot spiral; however, the full HSS reconstruc-
tion, separated the left and right ventricles, demonstrating its
higher resolution. Figure 5 also shows a time-course of pyru-
vate signal-to-noise ratio for the same hyperpolarized datasets.
In this example, the single-shot HSS reconstruction captured
dynamic information about the system, particularly the bolus
arrival and second pass of the pyruvate, while the full HSS re-
construction lacked the temporal resolution to do so. Figure 6
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Pyruvate Bicarbonate

Full HSS

Single-shot HSS

Full HSS

Single-shot HSS

Full HSS

Single-shot HSS

Normalized
Intensity

shows pyruvate, bicarbonate, and lactate metabolic images ac-
quired with the HSS sequence for three rats, two imaged with
the same imaging parameters and a third with 4x lower band-
width, 0.5 FOV and 2X resolution. In all three sets of images,
the signal is localized to anatomically plausible regions, with
the full HSS reconstruction revealing anatomical detail, which
was not resolved by the single-shot HSS reconstruction.

5 | DISCUSSION

In this work, we demonstrated the feasibility of the HSS pulse
sequence for use in hyperpolarized [1-'*C] cardiac imaging.
We also explored the trade-offs which inform the choice of

Lactate

FIGURE 6 Pyruvate, bicarbonate,

and lactate HSS images for the rat shown

in Figure 5 (Rat 1) in addition to two

additional rats, one (rat 2) imaged with

the same imaging parameters and the

other (rat 3) with different parameters

(bandwidth = 62.5 kHz, FOV = 60 mm, full
Rat 1 HSS resolution = 1 mm, single-shot HSS

resolution = 5 mm)

Rat 2

Rat 3

spiral readout when designing hyperpolarized studies. Due
to the inherent difficulty in measuring image quality for hy-
perpolarized reconstructions, as there is no ground truth, we
performed validation work in both digital and 'H phantoms in
addition to demonstrating feasibility in a preclinical rat model.

The main features of the sequence, and the trade-offs it
makes, are illustrated clearly by the digital phantom simula-
tion data presented here. In the ideal case, the full HSS recon-
struction achieved similar image quality to a multiple-shot
readout with the same readout duration, while retaining the
ability to reconstruct a low resolution image from a single
shot. The main trade-off of the sequence, the single-shot HSS
resolution, is clearly demonstrated by its lower SSIM than the
single-shot spiral simulation.
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Furthermore, the simulated full HSS sequence had broadly
similar robustness to noise compared to both single and mul-
tiple-shot readouts. However, as injected noise increased, the
single-shot spiral outperformed the full HSS and multiple
shot readouts, potentially due to it incorporating less noise
from a shorter total (across all interleaves) readout duration.

Of the equal readout length simulations (ie, not single-shot
HSS), the multiple-shot simulation had the greatest resilience
to off-resonance effects, with the full HSS simulation initially
performing better than the single-shot simulation before de-
grading more quickly. Since the readout times were the same,
it cannot account for this difference; however, we believe that
it could potentially be in part due to the re-gridding process
in the NUFFT and the relative amount of time spent during
the readout at high spatial frequencies away from the center
of k-space.

The 'H phantom provided quantitative validation of the
simulations in a controlled experimental system. While
closely mirroring the digital phantom simulations, the similar-
ity in SSIM metric between the single-shot spiral and single-
shot HSS acquisition was surprising; however, from the
line plot through the phantom, it is clear that the single-shot
spiral did achieve a higher spatial resolution despite a poorer
similarity to the reference image, potentially due to greater
noise.

The preclinical results reported here are qualitatively
consistent with the digital and 'H phantom validation data,
and further illustrate the characteristics of the sequence.
The improved resolution of a full HSS acquisition over
a single-shot spiral with equal prescribed resolution is
demonstrated by the line plot through the heart shown in
Figure 5, where the pyruvate signal is clearly localized to
the two ventricles, unlike for the single-shot spiral. In addi-
tion, the time-course data shown in Figure 5 demonstrates
that the single-shot HSS reconstruction is able to capture
appreciably more of the dynamics of the system, necessary
for kinetic modeling, than the full HSS reconstruction, al-
beit with a lower spatial resolution than a single-shot spiral
with the same temporal resolution. It is also worth noting
that for a single-shot HSS reconstruction, or single-shot
spiral each timepoint is reconstructed from consecutive
readouts (ie, for 12 z phase encodes and a heart rate of
400 bpm, over 1.8 seconds), unlike for a multi-shot spiral,
or full HSS, where each timepoint is a moving average of
N shots which may be temporally separated by readouts for
other metabolites, making data analysis for kinetic model-
ing more challenging.

Figure 6 shows pyruvate, bicarbonate, and lactate im-
ages reconstructed from the same data shown in Figure 5, as
well as images acquired from two further rats. Image quality
across the datasets is comparable to prior work imaging the
rat heart at 7T.>' Furthermore, the alternative set of imaging
parameters, used for rat 3, resulted in noticeably improved
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image quality, with better delineation of the myocardium.
However, the drop-off in signal toward the rear of the heart,
particularly noticeable in the bicarbonate images, due to the
sensitivity profile of the BC surface receive coil, demon-
strates the challenge of hyperpolarized imaging of the rat
heart at 7T. These images demonstrate the reproducibility of
the sequence, as well as the feasibility of combining the HSS
readout with a spectral-spatial excitation, which allows spa-
tial details, such as the bicarbonate signal from the myocar-
dium, to be resolved while maintaining temporal resolution
and spectral selectivity.

Overall, the HSS pulse sequence provides an attractive
compromise between spatial and temporal resolution for hy-
perpolarized '3C MRI, by making a spatial resolution trade-
off compared to a traditional multiple-shot acquisition for
the ability to reconstruct as a single or multiple-shot spiral
from a single acquisition. As such, it forms an attractive can-
didate for use in clinical imaging, where the benefits of the
increased resolution it can provide, compared to a single-shot
spiral, would be appreciated, particularly when imaging con-
ditions with spatially localized metabolic dysregulation such
as myocardial infarction.

6 | CONCLUSION
Hyperpolarized '*C imaging of the human heart has been
demonstrated with a single-shot spiral readout, however
the maximum resolution, for a given FOV, this approach
can achieve is fundamentally limited by T decay. This
limitation may negatively impact the prospects of devel-
oping diagnostic methods for conditions such as ischemia
of the heart, which have shown promise in a preclinical
setting, that rely on resolving tissue metabolism heteroge-
neity. The HSS sequence aims to address this limitation
of spiral imaging by making a spatial resolution trade-off
compared to a traditional multiple-shot acquisition for the
ability to reconstruct each shot individually. This allows
for multiple-shot images to be reconstructed at a resolution
greater than is achievable with a single-shot acquisition,
while offering the option to reconstruct images at the tem-
poral resolution of a single-shot spiral, with the trade-off of
reduced spatial resolution compared to a standard single-
shot sequence.

The experiments presented in this work demonstrate the
capabilities of the sequence, as well as its relative trade-offs,
and suggest the benefits it may have going forward into clin-
ical translation for hyperpolarized '*C imaging. In our future
work, we initially plan to further develop the sequence by
implementing a B, inhomogeneity correction to reduce the
impact, identified by simulations, of off-resonance effects in
vivo before implementing the sequence on a clinical system
for use in human hyperpolarized '*C cardiac studies.
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APPENDIX A
HSS READOUT ALGORITHM

Pseudo-code, describing the algorithm used to generate the
spiral trajectories in this work, is shown below. The algo-
rithm was modified from an existing VDS design algorithm29
and implemented in the C programming language

N « N;

kv, 0, Ky, 0, Ky, 6 < 0;

while k, < kipqns do
calculate next k,«, é, ];J',n, 9, k., 6;

end

Fprans < ks

ler, 0, ko, 0, Ky, 0 < 0;

N+ 1;

while &, < kyqns do
calculate next k., 0, k., 0, k., 0;
output k,, 0, k., 0, k., 0;

end

N + N;

for ktrans;

while k, < k4, do
calculate next k., 6, I%T, 9, k., 0;
output k., 0, k., 6, k,, 6;

end

The algorithm begins by calculating k., (the first while
loop), before resetting and calculating the single-shot trajec-
tory up to k, = ki, (the second while loop), at which point N
is set to the number of shots in the multi-shot region and &, is
set to k.. After which, the algorithm proceeds to calculate

the multi-shot portion of the trajectory (the third while loop).
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