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Abstract

A 3D density-weighted concentric ring trajectory (CRT) MRSI sequence is implemented for cardiac

*p_MRS at 7T.

The point-by-point k-space sampling of traditional phase-encoded CS| sequences severely restricts
the minimum scan time at higher spatial resolutions. Our proposed CRT sequence implements a
stack of concentric rings trajectory, with a variable number of rings and planes spaced to optimise
the density of k-space weighting. This creates flexibility in acquisition time, allowing acquisitions

substantially faster than traditional phase-encoded CSI sequences, while retaining high SNR.

We first characterise the signal-to-noise ratio and point spread function of the CRT sequence in
phantoms. We then evaluate it at five different acquisition times and spatial resolutions in the
hearts of five healthy participants at 7T. These different sequence durations are compared with
existing published 3D acquisition-weighted CSI sequences with matched acquisition times and spatial
resolutions. To minimise the effect of noise on the short acquisitions, low-rank denoising of the

spatio-temporal data was also performed after acquisition.

The proposed sequence measures 3D localised PCr/ATP ratios of the human myocardium in 2.5
minutes, 2.6 times faster than the minimum scan time for the acquisition-weighted phase-encoded
CSI. Alternatively, in the same scan time a 1.7-times smaller nominal voxel volume can be achieved.
Low-rank denoising reduced the variance of measured PCr/ATP ratios by 11% across all protocols.
The faster acquisitions permitted by 7T CRT *P-MRS| could make cardiac stress protocols or creatine
kinase rate measurements (which involve repeated scans) more tolerable for patients without

sacrificing spatial resolution.
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Introduction

Phosphorus magnetic resonance spectroscopy (**P-MRS) allows measurement of the energy
metabolism of the human heart in vivo, specifically the ratio of phosphocreatine to adenosine
triphosphate (PCr/ATP), which is a biomarker of heart failure (1). To date, 3D-localized *'P-MRS
measurements of the human heart have used chemical shift imaging (CSI) with Cartesian phase-
encoded k-space sampling or single voxel 3D-image-selected in vivo spectroscopy (ISIS) pulse
sequences (2,3). While CSI offers optimal SNR per unit time, the point-by-point sampling of k-space

severely restricts the minimum scan time at higher spatial resolutions (4).

Long acquisition times can restrict our ability to acquire data in a timeframe that is tolerable for
clinical purposes. However, they are particularly restrictive when multiple, repeated acquisitions are
needed for either stress protocols (5), or to non-invasively measure chemical kinetics of the
oxidative phosphorylation system (6,7). These protocols which are thought to provide more sensitive
detection of underlying pathological processes (8,9) have typically been achieved by lowering spatial

resolution, leading to significant partial volume effects (10,11).

Employing fast MRSI readout trajectories, it could be possible to leverage the approximately 2.8
times increase in SNR (3) to achieve close to the theoretical 7.8-times (2.8%) speed increase when
moving from 3T to 7T, which is not feasible with point-by-point Cartesian sampling. Concentric ring
trajectory (CRT)-MRSl is an attractive option because it has been shown to deliver high-resolution

"H-MRSI of the brain with close to optimal SNR-per-unit-time (12,13).

Here we propose a 3D density-weighted CRT-MRSI sequence to achieve fast **P-MRSI of the human
heart. This is achieved by modifying a previously implemented ‘H-CRT-MRSI sequence (14) to include
full 3D density weighting to achieve a compact three dimensional point spread function in the

acquisition, thereby avoiding the loss of SNR associated with post-acquisition reweighting (15).

MRSI acquisitions have highly redundant data, and are therefore particularly well suited to post-
processing with low-rank denoising (16,17) to improve metabolite quantification precision. Here
low-rank denoising could mitigate the expected loss of SNR when reducing the sequence acquisition
time. We therefore also compared the effects of an optimised low-rank denoising approach (17) on

data acquired using CSl and CRT trajectories.

In this work we demonstrate the feasibility of a 3D density-weighted CRT sequence for rapid *'P-

MRSI of the human heart at 7T. We compare this methodology to previously published sequences
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for reduced acquisition duration (with fixed resolution) or increased spatial resolution (with
equivalent maximum scan time) (11). In addition, we assess the impact of modern optimised low-
rank denoising (17) postprocessing on rapidly acquired CSI and CRT MRSI data. We aim ultimately to

present a state-of-the-art approach to human cardiac metabolic imaging.

Methods

Sequence design
A density-weighted 3D-CRT sequence was created by modifying a previously published equidistant

ring 3D-CRT sequence (14). The sequence diagram of the modified sequence is shown in Figure 1.
The MUSICAL (18) coil-sensitivity scans were removed from the original sequence because they rely
on the unsuppressed water signal which has no analogue in *'P-MRSI. The CRT readout gradients
were modified with 3D density weighting (Figure 2). The density weighting function w(k) was

implemented as described in Equation 1."

w(k) = gNAtot (1 + cos (anmi%)) L #[1]

where Axp,qm is the nominal spatial resolution, and NA,,, is the total number of acquisitions which
for this work is set to one. « and f are constants set according to the Raleigh criterion, as described
elsewhere(15,19). The weighting was implemented by placing rings with irregularly spaced radii (in
the ky,-plane) on irregularly spaced planes (in the k,-direction, Figure 2). In this work a was set to
1.71 in the ky,-plane and 1.61 in the k,-direction. 8 was set to 1.47 and 1.25 respectively. a and 8
values were chosen from literature values (15,19) and simulation of the PSF for the CRT sequence
trajectory with the 1D, 2D, and 3D « and S values given in the literature. Density weighting in the ki,
plane (concentric rings) was implemented in the sequence using the process described in Reference
(13). For the k, direction the position of the planes was calculated similarly; plane positions were
calculated by uniformly sampling along the cumulative distribution function of Equation 1. This was
implemented by using a series expansion to numerically approximate the inverse cumulative
distribution function. A detailed description of the implementation is provided in the supporting

information.

To complement the density weighting, the number of rings in each plane was tuned to elliptically
sample k-space in the k,-direction. Up to two temporal interleaves were used to achieve a fixed

dwell time (spectral bandwidth) in rings that would otherwise have exceeded the hardware gradient

! Equation 1 also appears as Equation 4 in Reference (15) and Equation 2 in Reference (19).
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slew rate limits. Total sequence duration was adjusted by varying the number of rings and k,
partitions whilst keeping the maximum k-space coverage identical and thus the nominal resolution

in the x, y, and z directions equal.

To aid comparison with the established CSI sequence, we have implemented the same RF excitation
pulse and outer volume saturation scheme as previously described (3). The excitation used an
asymmetric 2.4 ms, shaped, constant phase pulse (Figure 1) designed to uniformly excite
metabolites between -3 and 8 ppm (i.e., 2,3-DPG, PDE, PCr and y-ATP) when centred 270 Hz from

|n

PCr. A single “B;-insensitive train to obliterate signal” (BISTRO) saturation band to suppress the chest

wall signal was added to the sequence (20), and applied each repetition time.

Sat
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Figure 1. Pulse sequence diagram (single repetition time). Not to scale. The 3D-CRT

sequence with density weighted k-space acquisition is preceded by a BISTRO saturation
band module suitable for suppressing skeletal muscle signal at 7T using surface coils.
An asymmetric shaped excitation pulse providing minimal amplitude and phase
variation over a ~2.5 kHz bandwidth was implemented (Figure 4 of Reference (3)).
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Figure 2. a 3D plots of the k-space trajectories of the Cartesian acquisition weighted
CSI (left), CRT sequence with 19 rings/partitions (middle) and CRT sequence with 11
rings/partitions (right). At each k-space location marked a time domain signal is
acquired (not shown). b Trajectories of the sequences shown in the xy-plane (top) and
yz-plane (bottom). The red box marks the extent of the k-space (1/Ay,y). The CSI
acquisition weighting is illustrated via different colour-coding, with the central points
sampled more frequently than the outer. The magenta points in the CRT sequence
show rings acquired using two temporal interleaves to overcome spectral bandwidth
limitations.
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Reconstruction
CSI data were reconstructed online using a modified version of the vendor’s reconstruction code

(3,21). CRT data were reconstructed offline using the non-uniform FFT (NUFFT) toolbox with
min-max Kaiser-Bessel kernel interpolation and twofold oversampling (22) in MATLAB (MathWorks,
Natick, USA). Density compensation was not applied in addition to the trajectory density weighting.

Individual coil data was combined using the WSVD algorithm (21).

Simulation and phantom validation
The density-weighted CRT sequence was validated through simulations and phantom scans. The SNR

and point-spread function (PSF) of the sequence was characterised relative to an acquisition
weighted CSI sequence on a point-source phantom (3). The measured PSF was compared to the

numerically simulated PSF.

CSl and CRT data with closely matched parameters were acquired on a phantom containing a 2x2x2
cm’ cube of 1 M K;HPOy, in a large tank filled with saline. The acquisition grid was placed to centre a
voxel over the point source. Seven different acquisitions were made with matched field of view
(200x200x200 mm?®), spectral bandwidth (8 kHz), Tg (1 s), and RF pulse voltages:
1. Acquisition-weighted CSI with 2x2x2 cm® resolution, 10x10x10 matrix and N=4 at k=0
giving TA of 6:31 min;
2. As#l but with N=1 at k=0 (TA: 4:31 min);
3-6.CRT with 19, 15, 13, and 11 ringd/partitions (TA: 6:55, 4:12, 3:12, and 2:18 mins)
reconstructed to a 10x10x10 Nyquist matrix;
7. CRT with 18 ringg/partitions (6:27 mins) reconstructed to a Nyquist matrix size of 12x12x12.

The PSF was predicted by passing a uniform synthetic signal through the NUFFT adjoint operation, as
formulated for the expected gradient trajectory. The predicted SNR was calculated accounting for
the total acquisition time and voxel volume and normalised to the SNR measured for the acquisition
weighted CSl acquisition to account for effects such as phantom T, coil sensitivity that are equal in

all scans. Phantom measured PSF and SNR were compared to predicted values.

In vivo comparison of CSl and CRT
Five healthy subjects (4 male & 1 female, 74111 kg, 3043 years) were scanned in a supine position

using a whole-body Siemens Magnetom 7T scanner (Erlangen, Germany) equipped with a combined
10 cm *H / 15 cm *'P quadrature-pair transmit-receive surface coil positioned over the heart (23).
Each subject was scanned using a range of CSl and CRT sequences with different acquisition times

and sampling densities. The specific details of each sequence are given in Table 1. The protocols
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included a previously described CSl sequence (11) (Protocol 1 in Table 1). Hereafter, we refer to each

Acqusition time,,
Resolution

, for example, CSI$3L M0 is Protocol 2 in Table 1. Other

protocol as “METHOD
protocol parameters were closely matched to those used for the previously described CSI sequence.
Position, orientation, field of view (FoV), RF pulse voltages, and repetition times of all protocols were
matched. Readout bandwidth was dependent on acquisition method because the CRT spectral
bandwidth is limited by hardware gradient slew rates. A maximum of two temporal interleaves were

used to not prolong acquisition time. This resulted in a CRT bandwidth less than CSI, which has an

excessive bandwidth (8000 Hz) for the excited bandwidth (approximately 2500 Hz).

Additionally, *H CINE FLASH images with pulse oximeter gating were acquired in each subject for
anatomical spectral localisation and VOI identification. Images were acquired in 4-chamber and 2-
chamber long axis and three short axis views (apical, mid, and basal). From these structural images
anterior-, mid-, and posterior interventricular septal voxels from apical, mid, and basal short-axis
views of the heart were manually picked based on our institution’s standard anatomical landmarks.
In addition, pure ventricular voxels (blood voxels) were selected from the right and left ventricles
from apical, mid, and basal short-axis views. Voxels were selected based on the 10x10x10 CSI grid
with nearest neighbour interpolation used to select voxels from other resolutions. Selection was

done blinded to the MRS data.

Pre-processing and fitting
Data processing was carried out using the OXSA toolbox (24). Spectra were corrected for frequency

offset and DC offset. Then peaks were fit with the “Advanced method” for accurate, robust and
efficient spectral fitting (AMARES) (24,25). Prior knowledge specified 11 Lorentzian peaks (a,B,ATP
multiplet components, PCr, PDE, and the two peaks of 2,3-diphosphoglyceric acid [DPG]), with fixed
amplitude ratios and scalar couplings for each multiplet. Fitting was initialised with begin times
measured from each sequence simulated in the vendor’s simulation environment, corresponding to
of 0.35 ms and 0.85 ms for CSl and CRT, respectively. Blood contamination and partial saturation
were corrected as previously described (3,24). Metabolite ratios and ratio uncertainties are reported

for PCr/ATP.

To aid sequence comparison irrespective of inter-subject differences in PCr/ATP ratio, we also

computed normalised PCr/ATP ratios according to:

) Ri,s
is _

RNormalised = Rmean X RiS

Cs6:31 min

10X10X10

 #(2]
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Where is the saturation and blood corrected PCr/ATP ratio of the i voxel of the s™ subject for a
particular protocol. scaled all values to the mean saturation and blood corrected PCr/ATP
value of the protocol.

Protocol # 2 3 5 6 7 8

Acqusition parameters
Trajectory csl csl csi CRT CRT CRT CRT CRT
TA (m:ss) 6:37 6:31 4:21 6:32 4:33 3:19 2:31 6:55
NA (k=0) 4 4 1
# rings/partitions 20 16 14 12 19
Reconstruction matrix 8x16x8 10x10x10  10x10x10  10x10x10  10x10x10  10x10x10  10x10x10 12x12x12
Nominal voxel (mil) 11.3 11.5 11.5 11.5 11.5 11.5 11.5 6.7
FoV (mm?) 240%240*200 240°240°200 240°240°200 240*240°200 240*240%200 240°240*200 240°240°200 240*240*200
Tr(s) 1 1 1 1 1 1 1 1
Bandwidth (Hz) 8000 8000 8000 2778 2778 2778 2778 2778
Time samples 2048 2048 2048 720 720 720 720 720
TA i

reduction compared |, 1.02 152 1.01 1.45 1.99 2.63 0.96
to #1
Results
PCr SNR 14.5(+10.9) 15.2(8.8) 11.9(¢7.2) 14.9(x10.6) 10.9(¢7.2) 9.9(7.3)  9.0(#6.0) 9.2 (46.8)
PCr/ATP 1.07 (+0.63) 1.21(0.52) 1.37(+0.59) 1.22(+0.56) 1.19(0.58) 1.14(+0.87) 1.03(:0.71) 1.31(#0.53)
Corrected PCr/ATP 1.85(:0.89) 1.90(:0.93) 1.82(#0.97) 1.71(:0.96) 1.80(£1.02) 1.59(x0.93) 1.52(:0.97) 2.12(x0.79)
Septal voxels (#/52)
CRLB <30% 49 52 48 49 47 43 43 45
CRLB <25% 47 50 47 48 44 40 38 39
Denoised PCr SNR 31.3(x15.6) 40.4(x15.5) 24.6(:9.9) 26.8(x12.6) 20.8(+9.2) 21.7(x10.7) 19.7(:9.3) 20.8(x10.2)
SNR Ratio 2.2 2.7 2.1 1.8 1.9 2.2 2.2 2.3

Denoised Corrected
PCr/ATP

Table 1. Top: Protocol parameters. Colour coding is matched to subsequent figures.
Bottom: Results. Matched-filter PCr SNR, mean(+SD) uncorrected PCr/ATP, saturation
corrected PCr/ATP, and number of voxels fitted with PCr/ATP CRLB <30% from the
septal voxels (total 52, 10-11 voxels per subject). Mean and SD is calculated over all
septal voxels of all subjects. The table also shows the matched-filter PCr SNR and
saturation corrected PCr/ATP values from the same voxels after denoising. “SNR Ratio”
is the ratio of “Denoised PCr SNR” to “PCr SNR”.

1.80(£0.81) 2.01(x0.74) 1.91(x0.79) 1.94(x0.89) 1.93(x0.87) 1.95(x0.95) 1.57(x0.95) 2.08(£0.95)

Spatio-temporal denoising
Local (sliding-window) low-rank spatio-temporal denoising was applied to all reconstructed

frequency domain MRSI data (16,17). Patch size was chosen to be 3x3x3 with a stride of one in all

directions. Automatic rank selection was applied patch-wise using the Marchenko-Pastur
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distribution method (17,26). This formed a denoised representation of each reconstructed MRSI
dataset. The denoising code is open-source and available online

(https://git.fmrib.ox.ac.uk/wclarke/low-rank-denoising-tools), and as an installable package

“mrs_denoising_tools” via the package managers PyPi (Python Software Foundation, Wilmington,
DE, USA) and Conda (Anaconda Inc, Austin, TX, USA). The denoised data were also fitted and
corrected for blood contamination and partial saturation, following the same procedure described

above.

Sequence comparison
Results were compared to the reference CSISiL MM dataset using saturation and blood-corrected

PCr/ATP ratios in the selected voxels using the Wilcoxon signed rank test (for paired measurements).
The comparison was repeated for denoised results, while still comparing to the non-denoised

reference CSISEL I dataset.

Results

Simulation and phantom validation
Phantom experiments showed that the measured CRT PSF matched the predicted low ripple PSF

both in the plane of the rings (Figure 3a&c) and through the plane in the third dimension (Figure
3b&d). The z-direction PSF of the CRT was narrower than the CSI potentially indicating a small
deviation from the desired weighting function. Reducing the number of rings to 10 from 19 did not
cause deterioration of the central lobe of the PSF (FWHM increased by 0.2%, Figure 3f). The high
resolution, 18-ring CRT;27 0l sequence had similar PSF with low ripple. The FWHM of the central

lobe was 10% smaller than the 10x10x10 sequence, less than predicted by the resolution increase,

but explained by the presence of signal arising outside the smaller voxel.

SNR performance mostly showed the predicted relationship, dependent on acquisition time (Figure
4). SNR was matched between time-matched acquisition weighted CSI and density weighted CRT
sequences. The post-acquisition reweighting of the single average (uniform weighted) CSl results in
an SNR loss. Therefore the CSI3;2 M produced lower SNR than predicted, and lower SNR than the
density-weighted CRT}}12 ™Il scan. The high-resolution CRTZ27 0, produced higher SNR than

predicted, but this is likely to arise from the signal outside the measured voxel bleeding into the

measured voxel because of the PSF.
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Figure 3. Predicted and measured point-spread-functions (PSF) of the CSI and 19 ring CRT sequence in
the xy-plane (a) and yz-plane (b). The PSF profile in the y and z axis is plotted through the central
pointin ¢ & d. e Point source phantom used to measure the PSF with the 10x10x10 spatial grid

overlaid. *'P signal only arises from the central cube. f Effect of varying resolution and number of
rings on the measured PSF in the z-direction.
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deviation for the short CSI{i2L T scan arises because CSI can only sample integer numbers of
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for the higher resolution CRT scan (6:27 min) has a voxel smaller than the ‘point-source’ resulting in
signal bleed. The image shows the position of the 10x10 imaging matrix (red) over the phantom

‘point-source’. **P signal only arises from the central cube.

)
IS

In vivo results
*'p_MRSI was acquired successfully using 3D density-weighted CRT with acquisition times down to

2:31in all five subjects. Example PCr/ATP and PCr SNR maps of the mid-short-axis slice from four
sequences in one subject are shown in Figure 5a. Maps for all sequences are shown in supporting
information Figure S1. The selection of voxels based on standard anatomical landmarks to include
only cardiac and surrounding voxels resulted in 52 septal myocardial voxels selected across five
subjects (10-11 per subject; three apical, three or four mid, and four basal), and 10 ventricular voxels
(two per subject). Example manually selected inter-ventricular septal, and ventricular voxels for
analysis are shown in Figure 5b. Spectra from mid-septal voxels of the same four sequences and

subject are shown in Figure 5c.

Results of the in vivo comparison are summarised in Table 1. The matched filter PCr peak SNR
followed the expected relationship decreasing in line with total acquisition time and voxel volume.
The 10x10x10 isotropic resolution results in a nominal voxel volume 11.5 mL and the high-resolution
(12x12x12) a nominal volume of 6.7 mL. PCr SNR was 7.3 or greater for the shortest CRTZ;31 min
sequence, with a mean (+SD) of 9.0+6.0. A higher SNR (9.2+6.8) was measured for the high

resolution CRTZ35 M sequence. More than 73% of septal voxels could be quantified with a relative
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PCr/ATP CRLB < 25% for all sequences. Over 82% of voxels could be quantified for all sequences with
a relative PCr/ATP CRLB < 30%.

Table 1 and Figure 6 summarise the range of PCr/ATP ratio values measured in this study. A clear
dependence on slice (apical, mid, basal) is observed for uncorrected PCr/ATP values, ranging from
approximately two (apical) to one (basal). Saturation and blood correction (Figure 6b) reduces this

dependence, though it remains.

Figure 6¢c&d shows values of PCr/ATP normalised to the per-voxel value measured by the
CSIS3lmin sequence, and then scaled to the mean septal PCr/ATP value. Median values measured
by CRT sequences were close to the CSl values in the mid slice (Figure 6c) and mid slice septal (Figure
6d) voxels. Variance is seen to increase as acquisition time decreases. Values are less consistent in
apical and basal slices. Different through plane resolutions (CSIS:3, ™" and CRT35 11 ) produce

notably different results despite the application of blood and saturation correction.

The statistical analysis of corrected PCr/ATP values indicated that only the high resolution
CRTES5.MIN scan measured significantly different (p<0.05, Wilcoxon signed rank test) PCr/ATP

distributions from the reference CSl scan.
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Figure 5. a Uncorrected PCr/#ATP ratio and PCr SNR maps of a mid-short-axis slice for four of the
tested sequences overlaid on short-axis localiser images. Maps from all protocols are shown in
Supporting Information Figure S1. b Target voxel locations overlaid on short-axis and four-chamber
localiser images. Green + white = septum, blue = right and left ventricle blood pools. The intersection
of one of the >'P coil elements with the proton image is marked in light blue. ¢ Spectra from a single
subject’s mid-septal voxel (white in b) for four of the tested sequences. Line colours correspond to
Table 1. Spectra in ¢ have been apodized using a 40 Hz exponential filter.
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Figure 6. a Measured PCr/ATP ratios from all five subjects in target voxels (Fig 5b) from apical, mid,
and basal short-axis slices in each tested sequence variant. b Saturation and blood corrected PCr/ATP
ratios from all five subjects in target voxels (Fig 5b) from apical, mid, and basal short-axis slices in
each tested sequence variant. Dashed lines show the range of measured corrected PCr/ATP ratios
from Ellis et al (11). ¢ PCr/ATP ratios normalised per-voxel to the values of the CSI$iSL I sequence.
Dashed line shows normalised value scaled to mean septal value. d PCr/ATP ratios of just the septal
voxels (green + white Fig 5b) normalised to the values of the CSISEI TV sequence. Dashed line
shows normalised value.
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Figure 7. Low-rank denoising. a Denoising process. Reconstructed noisy CSI and CRT undergo low-
rank denoising before being refit in OXSA. Automatic rank selection is used to truncate overlapping
3x3x3 patches of MRSI data, with the result being the average of the overlapping patches. b
Denoised (dark) mid-septal spectra overlaid on original noisy data (light) from one subject and four
scans (isotropic CSl, long and short CRT, and high-resolution CRT). ¢ Normalised PCr/ATP ratios of

original (noisy, light colour) and denoised (dark colour) voxels in apical, mid, and basal slices.

All low-rank denoised spectra showed apparent denoising (Figure 7b). Across all protocols measured
SNR, ignoring the effect of non-uniform variance, was 2.2 times higher than the original ‘noisy’
spectra. However, there was substantial variance between subjects in each protocol and between
protocols, as shown by the large SD reported in Table 1. Denoised and corrected PCr/ATP values are
reported in Table 1, and show similar mean values, though only slightly reduced standard deviations
which is driven by inter-slice range. However, measured PCr/ATP ratios normalised to isotropic CSI

measured PCr/ATP (Figure 7c) showed reduced variance, particularly for the intermediate duration
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CRT protocols. Across all denoised CRT protocols, mean denoised RMSE was 8918% of the original

noisy RMSE (compared to the values of the reference CSI%3L 1N sequence).
10x10x10

Only the denoised CRT3500, protocol was found to have a statistically different (p<0.05, Wilcoxon
signed rank test) blood and saturation corrected PCr/ATP distribution from the reference, not

denoised CSISSLmin |

Discussion
Density-weighted 3D CRT MRSI has been demonstrated for fast 3D-localised cardiac *P-MRS at 7T.

Phantom measurements showed no loss of SNR compared to SNR optimal CSI encoding (4). In vivo
PCr/ATP maps are consistent with maps generated from previously published 3D phase encoded CSl
sequences. Specifically, PCr/ATP values in the inter-ventricular septum, a common region of interest,

have been found to be comparable to previously published CSI sequences.

The use of a 3D density-weighted CRT sequence allows for flexibility in the acquisition time of a **P-
MRSI sequence, offering the ability to acquire rapid measurements without degradation of the PSF

or further loss of SNR at a chosen resolution and Tz. In this study a CRTZ31 Ml acquisition has been

shown to produce good quality results not significantly different from a conventional CSI$;3} Min,
scan of identical resolution. This demonstrates a 2.63x and 1.73x reduction in scan time compared to
previously described (11) and the shortest feasible Cartesian-sampled CSl| sequence at matched Tx
(CSIF:22 Min ) In turn, this allows for several acquisitions to be performed within a scan session, for
instance during an exercise or pharmacological stress intervention (with subsequent recovery) for
dynamic information about the cardiac energetics. This would be also particularly desirable for
creatine kinase flux measurements, which are currently extremely long. At both 3T and 7T protocols
of four scans (27) and six scans (6) respectively have been suggested, with scan times of 84 and 82
minutes. A three scan protocol has also been proposed for 3T taking approximately 70 minutes (28).
Whilst the saturation transfer methods lower PCr SNR, so the same speed-ups might not be possible,
use of CRT could reduce scan times from over an hour to the 30—40-minute region. One further use

might be to decrease the time required for 3D resolved acquisition of cardiac Pi utilizing adiabatic

excitation and long TR at 7T (29).

The implementation of the CRT sequence allows greater flexibility in the trade-off between spatial
resolution and acquisition time than CSI. In this work we demonstrated a higher resolution sequence
(CRTESSMmin ) with a 6.6 mL voxel. This was acquired in 6:55 min, which is shorter than the

minimum time predicted for a single average CSI sequence (8:35 min) of the same resolution. The
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longer CSl sequence would also suffer from SNR loss due to post-acquisition re-weighting if the same
PSF was desired. In this work no density compensation was applied in the CRT sequence
reconstruction, however it is likely the acquired trajectory deviates slightly from the desired density

weighting function, therefore compensation might yield small improvements in PSF and SNR.

The PCr/ATP ratios measured in this study are in good agreement with those measured by Ellis et al
(11), falling well within the standard deviation measured by the previous study. While the same CSI
sequence, spectral processing, fitting, and saturation and blood signal contamination correction was
applied here, different RF coil hardware was used. Hence, the small differences in measured
PCr/ATP between the studies probably reflect the different coil transmit profiles combined with
imperfect saturation correction applied. This also could explain the differences in PCr/ATP ratios
measured for different slices (apical, mid, and basal) in this study. This does not interfere with the

comparison of the acquisition schemes, as the same correction was applied across all variants.

Resolution was found to have a strong effect on the measured PCr/ATP ratio. Both sequences with
higher (CRT£35.11, ) and lower (CSIS:37. M) through plane resolution than the 10x10x10 isotropic
resolution measured different PCr/ATP ratio distributions. The direction of the change depended on
the location of the voxel being compared. This is despite standard literature saturation and blood
signal contamination corrections being applied. As is evident in Figure 5c the high-resolution CRT has
much lower 2,3-DPG signal in the septal voxels than the lower resolution datasets, yet blood
correction does not fully account for the lower PCr/ATP measured in septal voxels of apical and mid
slices. It is likely that the differing PSFs interact with the high (skeletal muscle) and low (blood or

liver) PCr/ATP compartments to produce these differences.

Low-rank denoising produced a substantial denoising effect, as shown by reduced variance of
PCr/ATP and lower RMSE compared to the ‘gold standard’ CSI sequence. Thus low-rank denoising
has the potential to substantially mitigate the loss of SNR resulting from faster acquisitions.
However, denoising will necessarily bias the measured PCr/ATP ratio and leads to non-uniform
signal-dependent variance (17), so care must be taken in its use. For use in dynamic protocols with
repeated sequence acquisitions, it might be possible to employ strategies to ensure similar denoising

performance on each datapoint, such as rank estimation on the whole dynamic dataset.

Using CRT has some potential limitations compared to CSI. Aliasing in CRT sequences is incoherent.

Therefore, in CRT datasets, aliased signal could subtly influence measured metabolite ratios in
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myocardial voxels without obvious visual artefacts (as is the case in CSl). This is important in the case
of cardiac *'P-MRS where potentially contaminating tissues (skeletal muscle and liver) which contain
the same metabolites at different concentrations are in close proximity. Care must also be taken
with the increased susceptibility to off-isocentre distortions caused by gradient non-linearity and
strong spatial blurring associated with aliased spectral peaks, if the chosen spectral bandwidth is too
narrow (30). We overcame the limits on spectral bandwidth by using relatively narrow-band

excitation. We are not aware of aliasing in our reconstructions.

Conclusion
In this work we introduce a 3D density-weighted CRT sequence for rapid acquisition of **P-MRSI in

the human heart. The sequence is implemented on a whole-body Siemens 7T scanner. The proposed
sequence can measure the PCr/ATP ratio in the human septal myocardium in 2% min, which is 2.63x
times faster than a standard CS| sequence with the same nominal voxel size of 11.5 mL. CRT can
acquire high resolution data (6.7 mL voxel volume) in only 6:55 min versus the minimal 8:35 min
predicted for a single-average weighted CSI, while retaining equal SNR. Low-rank denoising is

particularly beneficial at these short scan times.
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