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Purpose: To demonstrate the feasibility of deuterium echo-planar spectroscopic
imaging (EPSI) to accelerate 3D deuterium metabolic imaging in the human
liver at 7 T.
Methods: A deuterium EPSI sequence, featuring a Hamming-weighted k-space
acquisition pattern for the phase-encoding directions, was implemented.
Three-dimensional deuterium EPSI and conventional MRSI were performed
on a water/acetone phantom and in vivo in the human liver at natural abun-
dance. Moreover, in vivo deuterium EPSI measurements were acquired after oral
administration of deuterated glucose. The effect of acquisition time on SNR was
evaluated by retrospectively reducing the number of averages.
Results: The SNR of natural abundance deuterated water signal in deuterium
EPSI was 6.5% and 5.9% lower than that of MRSI in the phantom and in vivo
experiments, respectively. In return, the acquisition time of in vivo EPSI data
could be reduced retrospectively to 2 min, beyond the minimal acquisition time
of conventional MRSI (of 20 min in this case), while still leaving sufficient SNR.
Three-dimensional deuterium EPSI, after administration of deuterated glucose,
enabled monitoring of hepatic glucose dynamics with full liver coverage, a spa-
tial resolution of 20 mm isotropic, and a temporal resolution of 9 min 50 s, which
could retrospectively be shortened to 2 min.
Conclusion: In this work, we demonstrate the feasibility of accelerated 3D
deuterium metabolic imaging of the human liver using deuterium EPSI. The
acceleration obtained with EPSI can be used to increase temporal and/or spa-
tial resolution, which will be valuable to study tissue metabolism of deuterated
compounds over time.
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1 INTRODUCTION

Perturbations in energy metabolism are common in
many diseases, including cancer, neurodegenerative dis-
eases, diabetes, and nonalcoholic fatty liver disease.1–3

Deuterium metabolic imaging (DMI)4 is an emerging
metabolic imaging technique based on deuterium MRSI
in combination with the intake of deuterium-labeled sub-
strates, such as [6,6′-2H2]-glucose. It has been demon-
strated that DMI can be used to detect differences in glu-
cose metabolism in tumor (e.g., the Warburg effect5,6) and
healthy brain tissue in vivo by measuring the production
of deuterated lactate and deuterated glutamate and glu-
tamine in a 3D spatially resolved manner.4 DMI also has
the potential to measure glucose metabolism in other tis-
sues, such as the liver,4,7 which plays an important role in
maintaining whole-body glucose homeostasis.

DMI measurements obtained with conventional MRSI
(i.e., phased-encoded MRSI) sequences sample the signal
points of the time domain in every individual k-space loca-
tion consecutively, which is time-consuming, especially
for measurements with extensive 3D coverage. This limits
the spatial and/or temporal resolution and prohibits finer
scale evaluation of kinetics. To be able to determine glu-
cose metabolic fluxes from dynamic DMI measurements,
the temporal resolution should be sufficiently high. From
carbon-13 (13C) studies, it is known that to quantify, for
example, cerebral glucose metabolism kinetics, a temporal
resolution of about 5 min is required.8 Previous methods
address this challenge by using nonlocalized deuterium
MRS sequences9,10 or by sacrificing spatial resolution in
favor of shorter acquisition times.7,11–19

Similar to MRSI based on nuclei such as proton,20–23

phosphorus (31P)24–26 and carbon (13C),27–29 the use of
an echo-planar readout is an attractive method to accel-
erate DMI.30 Echo-planar spectroscopic imaging (EPSI)
acquires samples in the presence of a rapidly oscillating
readout gradient, and thus enables the encoding of time
signal points from several k-space locations in a row per
TR. However, a drawback of EPSI is the limited achievable
spectral bandwidth for a single shot, particularly at high
magnetic field strength. Unlike the more complex proton
MR spectrum, only a few signals (i.e., water, lipids, glucose,
glutamate and glutamine, and lactate) are visible in the
deuterium spectrum between 1 and 5 ppm (183-Hz band-
width) at 7 T after administration of deuterated glucose.
Therefore, the EPSI readout could be particularly suited
for application in deuterium studies.

Nevertheless, the reduced scan time and/or increased
spatial resolution that can be obtained with an EPSI read-
out comes at the cost of a lower SNR per unit time and unit
volume.31 The main factors influencing the SNR efficiency
during the readout are gradient hardware limitations and

whether samples are acquired during the ramp phases of
the gradient lobes.24,25,31 The use of ultrahigh field (≥7 T)
holds significant potential to alleviate the SNR constraints
for EPSI, as the sensitivity of DMI was shown to scale
supralinearly with field strength, resulting in a fourfold
higher sensitivity at 7 T than at 3 T.32 For 1H-MRI/MRS,
challenges arise at higher field strengths, such as artifacts
caused by increased B0 and B1

+ field inhomogeneities, and
increased specific absorption rates. However, because the
Larmor frequency of deuterium is much lower than that
of proton, B1

+ fields in deuterium are more homogeneous,
and specific absorption rate is also much lower in DMI
compared with 1H MRI/MRS, as there is no need for water
and lipid suppression pulses or decoupling. The B0 inho-
mogeneities are still present but have less influence on
the deuterium spectral quality due to the large intrinsic
line widths of the signals of the quadrupolar deuterium
nuclei.33

This study aims to demonstrate the feasibility of deu-
terium EPSI to increase the spatial and temporal resolution
for body applications to facilitate metabolic measurements
at 7 T, specifically for the human liver. For more effi-
cient spatial sampling, the EPSI sequence was combined
with a Hamming-weighted acquisition. Deuterium EPSI
and conventional MRSI were performed on a water/ace-
tone phantom and in vivo. Deuterium EPSI and MRSI
were compared in terms of SNR at the same temporal
resolution. Additionally, the possible gain in temporal
resolution of EPSI was investigated beyond the minimal
scan time for MRSI by reducing the number of signal
averages.

2 METHODS

2.1 Experimental setup

All experiments were performed using a 7T MR scanner
(Philips Medical Systems, Best, the Netherlands) equipped
with a 1H/2H transmit-receive body array.34 Before
each MRSI/EPSI scan, 1H B0 maps were acquired for
second-order image-based B0 shimming,35 and anatomical
1H T1-weighted and Dixon images were acquired to plan
deuterium MRSI and EPSI scans. Deuterium-labeled glu-
cose (i.e., [6–6′-2H2]glucose) was purchased from Buchem
B.V. (Apeldoorn, the Netherlands).

2.2 Hamming-weighted acquisition
scheme

For a more efficient spatial sampling, the EPSI sequence
was combined with acquisition weighting26,36,37 (Figure 1)
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(A) (B)

F I G U R E 1 (A) Illustration of the deuterium echo-planar spectroscopic imaging (EPSI) pulse sequence. An oscillating trapezoidal
readout gradient (Gx) with a period of Δt was used to induce a train of gradient echoes. Data samples were collected on the gradient plateaus
of both odd (red) and even (blue) numbered gradients. (B) A Hamming-weighted acquisition pattern was applied in the two phase-encoding
directions to increase SNR per unit of time. The shown example is from the in vivo data sets acquired after intake of deuterated glucose
(Figures 3–5).

in the two phase-encoding directions according to

WNSA
(

ky, kz
)
= NSA ⋅W

(
ky, kz

)
(1)

with the number of signal averages (NSA) and the
Hamming-weighting function:

W
(

r
(

ky, kz
))
= 0.54 + 0.46 cos(𝜋 ⋅ r), (2)

where r is the radial distance26 of
(

ky, kz
)

in k-space. For
the MRSI sequence, Hamming-weighted acquisition was
applied in three phase-encoding directions. To correct for
the difference between the 2D acquisition-weighted pat-
tern of EPSI and the 3D acquisition-weighted pattern of
MRSI, a Hamming k-space filter was applied in the readout
direction (kx) of the EPSI k-space data during postprocess-
ing (see also Section 2.5).

2.3 Acquisition of phantom data

For phantom experiments, a glass bottle (1 L) with 50%
acetone and 50% water was used with naturally abun-
dant deuterium levels. Deuterium EPSI and MRSI spec-
tra were acquired using a rectangular RF excitation
pulse of 1-ms duration. The scan parameters were voxel
size= 20× 20× 20 mm3, FOV= 200 (right–left [RL])× 140
(anterior–posterior [AP])× 280 (feet–head [FH]) mm3,
TR/TE= 340/1.0 ms, spectral bandwidth= 1830 Hz, and
the number of time samples= 512. For EPSI alone, read-
out direction=RL, oversampling factor in kx direction= 2,
plateau duration of a gradient lobe= 0.3462 ms, gradi-
ent strength= 19.89 mT/m, gradient slew rate= 198.7

mT/m/ms, and readout time= 279.8 ms. Acquisition times
were as follows: EPSI with 76 weighted averages (i.e., in the
center of k-space, also for all following instances)= 11 min
8 s; and MRSI with 10 weighted averages= 11 min 12 s.

2.4 Acquisition of in vivo data

The study was approved by the local medical ethics com-
mittee, and participants gave written informed consent
before scanning. Deuterium MRSI and EPSI were per-
formed on the liver of 3 healthy volunteers. Subjects
were positioned supine with the 1H/2H coil strapped
around the body, but slightly shifted to the right side
for optimal liver coverage. For 2 volunteers, MRSI and
EPSI scans were acquired in the liver without adminis-
tration of a 2H-labeled substrate. For the third volunteer,
two EPSI scans were obtained in the liver at 2 h 14 min
and 3 h 11 min after oral intake of deuterated glucose
(50 g [6,6′-2H2]glucose dissolved in water). All in vivo
MRSI and EPSI spectra were obtained with acquisition
weighting and with the following scan parameters: voxel
size= 20× 20× 20 mm3, FOV= 360 (RL)× 240 (AP)× 300
(FH) mm3, TR/TE= 371/1.0 ms, 512 time samples, and
spectral bandwidth= 721.5 Hz for EPSI and 1443 Hz for
MRSI. For EPSI alone, readout direction = RL, readout
oversampling factor= 4, plateau duration of a gradient
lob= 0.5667 ms, gradient strength= 12.75 mT/m, gradient
slew rate= 200 mT/m/ms, and readout time= 354.81 ms.
Acquisition times for the measurements at natural abun-
dance were as follows: EPSI with 82 weighted averages was
25 min 48 s; and MRSI with four weighted averages was
25 min 56 s. The acquisition time for the EPSI scans after
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866 NAM et al.

oral intake of deuterated glucose was 9 min 50 s with 30
weighted averages. Experiments were performed without
respiratory gating.

2.5 Data reconstruction and processing

MRSI and EPSI data were processed offline using
in-house-developed scripts written in MATLAB (Math-
Works, Natick, Massachusetts, USA). For the EPSI data
set, first the superfluous data acquired in the oversam-
pled readout direction (kx) was removed in image domain.
Next, the average signal was calculated (over the NSA)
in k-space, and odd echo lines were flipped. A first-order
phase correction25,26 was performed, taking into account
the different time delays (i.e., Δt(kx)/2) of the samples
relative to the RF pulse. The EPSI data from odd/even
echoes were processed separately to avoid Nyquist ghost-
ing artifacts.38 Zero-filling to 512 sample points was
performed in time domain. A Hamming k-space filter
was applied only in the readout direction of the EPSI
data during postprocessing. This procedure transformed
the 2D acquisition-weighted pattern into a 3D weighted
pattern for EPSI, for better comparison with the 3D
acquisition-weighted MRSI. Next, an additional correction
on the Hamming-weighting coefficients was applied in
all k-space directions for MRSI and DEPSI acquisitions,
to better match the discrete number of acquired averages
(staircase acquisition pattern) with the ideal Hamming
function (smooth pattern). After a zero-order phase correc-
tion, the EPSI data were combined from separated echoes.
For the MRSI data sets, the reconstruction and postpro-
cessing steps were performed as similarly as possible to the
EPSI procedures for a fair comparison.

Before the channel combination, the noise matrix (Ψ)
was calculated.23 To acquire sufficient noise samples (η)
(≥20,000) for each receiver channel, a separate noise scan
was performed. After the spatial Fourier transform, the
Roemer equal noise algorithm39–41 was used for channel
combination. The sensitivities S were obtained from the
average of the first four sample points in the FID sig-
nal.42,43 Next, frequency alignment of the individual spec-
tra was performed. A principal component analysis–based
(PCA) denoising44 method was implemented to remove
noise from deuterium EPSI spectra after administer-
ing deuterated glucose, but all other data were not
denoised.

Retrospective removal of k-space averages was per-
formed to evaluate the spectral quality for different scan
times. At the start of the reconstruction procedure, the
number of k-space averages was incrementally decreased
retrospectively while maintaining a Hamming-weighted
k-space pattern.

2.6 Quantification

The SNR was calculated in the spectral domain according
to SNR= Iwater/σ(INoise), with Iwater being the water signal
intensity, and σ(INoise) being the SD of noise between 8
and 12 ppm. In the EPSI spectra recorded after deuterated
glucose intake, deuterated water and glucose signals were
fit using the AMARES (advanced method for accurate,
robust, and efficient spectral fitting) algorithm45 imple-
mented in the OXSA toolbox.46 Deuterated glucose/water
maps were then calculated from the fitted amplitudes,
where the water amplitudes were used from the sec-
ond scan. T1 relaxation corrections were not considered.
The full width at half maximum (FWHM) obtained from
the AMARES fits was used to calculate T2* relaxation
times according to 1∕(𝜋 ⋅ FWHM), under the assumption
of Lorentzian line shapes.

3 RESULTS

3.1 Phantom results

For the phantom measurements, naturally abundant deu-
terium signals from water and acetone were observed
for both Hamming-weighted 3D deuterium EPSI and
MRSI acquisitions with similar peak ratios (Figure 2A,C).
The average SNR of the water peak was calculated for
18 selected voxels in the three middle slices for the
full acquisitions and after incrementally decreasing the
NSA (Figure 2B). For both acquisition methods, the SNR
decreased with decreasing total acquisition time. For long
acquisitions of approximately 11 min, the SNR of the
weighted MRSI measurement (64.4± 23.6) appeared to be
higher than the SNR of the weighted EPSI measurement
(60.2± 15.0). Both peaks were resolved at all locations,
and the ratio of acetone to water was similar for deu-
terium EPSI and MRSI (Figure 2C). For the EPSI acquisi-
tion, the scan time could be reduced to 2 min, while still
being able to distinguish both the water and acetone peaks
(Figure 2D). For the MRSI method, this reduction in scan
time could not be achieved; when keeping the FOV, voxel
size and TR constant, the minimum scan time for fully
sampled MRSI was 5 min 39 s for one NSA.

3.2 In vivo results

Signals from naturally abundant deuterated water in the
liver were detected in both 3D MRSI and EPSI data
with 20-mm (nominal) isotropic voxels (Figure 3 and
Figure S1). Spectral quality in terms of SNR was com-
parable for the 25 min 56 s MRSI (4 weighted averages)
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(A)

(C)

(D)

(B)

F I G U R E 2 A phantom with water (50%) and acetone (50%) without deuterium enrichment was scanned with 3D EPSI and 3D MRSI
acquisitions. (A) 1H T1-weighted MR image of the phantom overlaid with a region of interest (ROI) that includes six voxels in the middle
slice. (B) Average SNR of the water peak using two different acquisition methods: Hamming-weighted EPSI (orange line) and
Hamming-weighted MRSI (blue line). The SNR as a function of acquisition time calculated by changing the number of weighted averages
from 76 to 1 in steps of 3 for EPSI and 10 to 1 in steps of 1 for MRSI, retrospectively. The SNR was calculated for 18 selected voxels (A, blue
region) in the three middle slices. With the MRSI method, it was not possible to acquire data in less than 5 min 39 s, when keeping the FOV,
resolution, and TR constant (B, gray region). (C) Deuterium spectra of the middle slice are shown for both MRSI (blue) and EPSI (orange)
with a Hamming-weighted acquisition. (D) Deuterium spectra of the ROI are shown for both Hamming-weighted EPSI (orange) and MRSI
(blue) acquisitions. The water and acetone peaks can be detected in both acquisitions with equal acquisition time. Note that both the water
and acetone peaks can be detected with deuterium EPSI in less than 2 min (10 weighted averages). Measurement parameters: full k-space
sampling, nominal voxel size Vnom = 8 mL, zero-filling to 512 points, no denoising, no line broadening, and no baseline correction.
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868 NAM et al.

(A)

(B)

(C)

F I G U R E 3 Three-dimensional data sets of the human liver at natural abundance, acquired with both Hamming-weighted MRSI (A)
and EPSI acquisitions (B,C). The left panels show overlays of the 1H-MRI images (Dixon) and the 2H spectra. The liver is contoured in orange
in the left panels. The right panels highlight the selected six voxels located in the liver (left panels, blue box), and SNR was calculated for 18
voxels from the three middle slices. Measurement parameters: nominal voxel size Vnom = 8 mL, zero-filling to 512 points, baseline correction
was applied, but no line broadening and no denoising.

and 25 min 48 s EPSI (82 weighted averages) acquisitions
(SNR= 29.0± 7.2 vs. 27.0± 9.6 for the first subject, and
20.3± 3.9 vs. 19.3± 3.7 for the second subject; Table S1).
For EPSI, the scan time could be reduced to 2 min (four
weighted averages), while still being able to detect the
deuterated water peak.

The 3D-EPSI data with 20-mm isotropic voxels
acquired 2 h 14 min after oral intake of [6,6’-2H2]glucose
showed resonances of deuterated water and glucose in the
liver (Figure 4). The average SNR of the deuterated water
signals decreased with retrospectively reduced acquisition
times (Figure 4B). EPSI could still detect both deuterated
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(A) (B)

(C) (D)

F I G U R E 4 Three-dimensional data sets of the human liver after intake of deuterated glucose, acquired with the Hamming-weighted
EPSI acquisition (2 h 14 min after oral [6,6′-2H2]glucose intake). (A) Overlays of the 1H-MRI images (Dixon) and the 2H spectra. The liver
contour is highlighted in orange. The selected voxels in the liver (A, blue box) show the water and glucose peak. The average SNR of the
deuterated water signal in the ROI (A, blue box) was calculated from 18 voxels in the three middle slices of the liver. The SNR as a function of
acquisition time (B) was estimated by decreasing the number of weighted averages retrospectively from 30 to 1 in steps of 1. Two acquisition
times (B, black points) are selected, from which deuterium EPSI spectra are displayed (C, 30 weighted averages; D, 4 weighted averages). With
full liver coverage and the same resolution, a conventional MRSI scan would take at least 20 min for one average to acquire (B, red arrow).

water and glucose signals when shortening the acquisition
time from 9 min 50 s to 1 min and 54 s (Figure 4D). In con-
trast, fully sampled MRSI with the same FOV, voxel size,
TR, and one NSA would require a minimum scan time of
about 20 min. The mean FWHM of the deuterated water
and glucose signals was 24.7± 2.2 Hz and 34.6± 4.6 Hz,
respectively, in the 18 selected voxels in three slices in
the liver (Figure 4), corresponding to T2* relaxation times
of 13.0± 1.1 ms for deuterated water 9.6± 1.3 ms for
deuterated glucose.

Figure 5A shows the same in vivo deuterium EPSI data
as Figure 4 (2 h 14 min after intake of [6,6′-2H2]glucose),
but now with PCA denoising for visualization. Further-
more, a data set acquired approximately 1 h later in
the same subject at 3 h 11 min after intake is shown
(Figure 5B). The deuterated glucose signal in the liver
decreased between these two time points, whereas the

deuterated water signal increased. In the glucose/water
metabolic ratio maps calculated from the two EPSI scans
(Figure 5C,D), a high glucose/water ratio was observed in
the stomach in the first EPSI scan, which had disappeared
during the second scan.

4 DISCUSSION

In this work, we implemented a 3D deuterium MRSI
sequence that combines an EPSI readout24–26,28,47 with a
Hamming-weighted acquisition. This EPSI sequence was
designed to accelerate the acquisition of deuterium MRSI
data in the human liver at 7 T. Deuterium EPSI measure-
ments were successfully performed in a phantom, and in
the liver in vivo at natural abundance deuterium levels,
and after deuterated glucose intake. Three-dimensional
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870 NAM et al.

F I G U R E 5 Three-dimensional EPSI scans of the liver, acquired 2 h 14 min (A) and 3 h 11 min (B), respectively, after oral
[6,6′-2H2]glucose intake. In the MRI–deuterium metabolic imaging overlays (top, A and B), the liver and the stomach contours are
highlighted. Selected voxels in the liver (green and blue box) show both the glucose peak (orange marker) and the water peak (blue marker).
The glucose peak appears to decrease over time. Note that the glucose signal in the stomach (contoured gray) can also be detected and is
much higher 2 h after intake (A) than 3 h after intake (B). For better visualization, the principal component analysis denoising method was
applied (bottom, A and B). Metabolic maps (C,D) were defined by the ratio between the glucose and water signal of two time points in the
transverse (top) and coronal plane (bottom). Glucose/water ratio maps of the deuterium EPSI data (C,D) after oral [6,6′-2H2]glucose intake
are overlaid with the anatomical images. The maps show the glucose/water ratio 2 h (C) and 3 h (D) after oral intake.
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NAM et al. 871

EPSI scans after administering deuterated glucose enabled
monitoring of hepatic glucose dynamics with full liver cov-
erage with a spatial resolution of 20 mm isotropic and a
temporal resolution of 9 min 50 s, which could be retro-
spectively reduced to 1 min 54 s.

Phantom measurements resulted in high-quality spec-
tra for both EPSI and MRSI acquisitions. The EPSI acqui-
sition time could be reduced by a factor of 6.3 (i.e.,
from 11 min 08 s to 1 min 46 s), whereas MRSI (using the
same parameters) required a minimum scan time of 5 min
39 s. For the in vivo measurements after administering
deuterated glucose, the EPSI acquisition time was under
10 min, but could be retrospectively further reduced to
2 min, while still providing sufficient SNR to differenti-
ate the deuterated water and glucose signals from noise
(SNRwater >9). In comparison, for the same parameters as
the EPSI scan, the MRSI scan with full liver coverage and
one NSA would take at least 20 min. Therefore, the high
temporal resolution achievable with EPSI could make it a
suitable choice for tracking dynamic metabolic processes
in tissues.

When the spatial resolution and scan time were
fixed for both sequences, the SNR of the natural
abundance–deuterated water signal in EPSI was 6.5% and
6.9% lower than that of MRSI in the phantom and in vivo
experiments, respectively. In other words, EPSI yields a
lower sensitivity per unit of time and volume compared
with conventional MRSI.48 It is known that the lack of data
sampling during the gradient ramps of the EPSI readout
reduces its SNR efficiency.31 The SNR could be improved
by sampling the gradient ramps during the readout49

followed by using gridding reconstruction methods.
The acceleration provided by EPSI could be used for

measurements with a higher spatial resolution within a
reasonable acquisition time, particularly useful to track
slower metabolic fluctuations with high spatial detail.
However, a limitation of EPSI is that the rapidly switch-
ing readout gradients produce high acoustic-noise pres-
sure levels (≥80 dB). Similar to EPI scans used for func-
tional MRI, this sound may cause discomfort even with
mandatory hearing protection measures in place. Recent
developments toward an ultrasonic switching gradient sys-
tem for the brain that allows for silent scanning50,51 could
fully alleviate this effect. Another downside of the rapidly
switching gradients is the potential heating of the gradi-
ents (Figure S2), particularly during dynamic EPSI scans
for extended time periods. In our measurements, the signal
at the end of the EPSI readout (i.e., 354.81 ms) was already
largely decayed. Therefore, the deuterium EPSI readout
time could be shortened by reducing the number of oscil-
lating gradient lobes, which would lower the duty cycle of
the gradients. This would alleviate gradient heating if the
TR is kept fixed.

Combining echo-planar type of data-acquisition
schemes with spectroscopic imaging (i.e., a hybrid MRSI
and EPSI pulse sequence) and advanced reconstruction
algorithms (i.e., a low-rank52,53 and subspace model-
ing)52,54–59 has the potential to overcome the limitations
of gradient heating and would increase the SNR. Such an
approach could be adapted in our work to further increase
spatial resolution and acquisition speed of 3D DMI of the
human liver at 7 T.60 Moreover, many alternatives to speed
up MRSI scans61 based on non-Cartesian spatial-spectral
encoding techniques62–66 have already been introduced
for 1H MRSI. Such techniques could be suitable for DMI
applications that require a high temporal resolution, such
as functional brain DMI. Although our research was
focused on the liver, it is worth noting that deuterium
EPSI has the potential to be used in other tissues, such
as the brain and skeletal muscle67 (Figures S3 and S4) to
increase the spatial resolution (i.e., a large matrix size)
within a limited acquisition time.

5 CONCLUSION

This work demonstrated the feasibility of accelerated 3D
DMI of the human body by implementing a deuterium
EPSI sequence at 7 T. Deuterated glucose dynamics in the
liver were measured in vivo with an isotropic (nominal)
spatial resolution of 20 mm covering the entire liver and
a temporal resolution of less than 10 min, which could be
retrospectively reduced to 2 min while still providing suf-
ficient SNR. In comparison, conventional MRSI with the
same scan parameters would take 20 min for a single aver-
age. The acceleration obtained with deuterium EPSI will
be valuable in studying tissue metabolism of deuterated
compounds with higher temporal and/or spatial resolu-
tion.
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MD, Rodgers CT. OXSA: an open-source magnetic reso-
nance spectroscopy analysis toolbox in MATLAB. PLoS One.
2017;12:e0185356. doi:10.1371/journal.pone.0185356

47. Posse S, Tedeschi G, Risinger R, Ogg R, Le Bihan D. High
speed 1H spectroscopic imaging in human brain by echo pla-
nar spatial-spectral encoding. Magn Reson Med. 1995;33:34-40.
doi:10.1002/mrm.1910330106

48. de Graaf RA. In Vivo NMR Spectroscopy: Principles and Tech-
niques. John Wiley & Sons; 2019. doi:10.1002/9781119382461

49. Otazo R, Mueller B, Ugurbil K, Wald L, Posse S. Signal-to-noise
ratio and spectral linewidth improvements between 1.5 and 7

Tesla in proton echo-planar spectroscopic imaging. Magn Reson
Med. 2006;56:1200-1210. doi:10.1002/mrm.21067

50. Versteeg E, van der Velden TA, van Leeuwen CC, et al. A
plug-and-play, lightweight, single-axis gradient insert design
for increasing spatiotemporal resolution in echo planar
imaging-based brain imaging. NMR Biomed. 2021;34:1-13.
doi:10.1002/nbm.4499

51. Versteeg E, Nam K, Klomp DW, et al. Silent EPSI using a gradi-
ent axis driven at 20 kHz. Proceedings of the Annual Meeting of
ISMRM & SMRT Virtual Conference & Exhibition, 08-14 August
2020; Abstract #2908.

52. Liang Z-P. Spatiotemporal imaging with partially separable
functions. IEEE Int Symp Biomed Imaging. 2007;2:988-991.
doi:10.1109/ISBI.2007.357020

53. Korzowski A, Weinfurtner N, Mueller S, et al. Volumetric map-
ping of intra- and extracellular pH in the human brain using 31P
MRSI at 7T. Magn Reson Med. 2020;84:1707-1723. doi:10.1002/
mrm.28255

54. Lam F, Liang ZP. A subspace approach to high-resolution spec-
troscopic imaging. Magn Reson Med. 2014;71:1349-1357. doi:10.
1002/mrm.25168

55. Lam F, Ma C, Clifford B, Johnson CL, Liang ZP. High-resolution
1H-MRSI of the brain using SPICE: data acquisition and image
reconstruction. Magn Reson Med. 2016;76:1059-1070. doi:10.
1002/mrm.26019

56. Zhao B, Lu W, Hitchens TK, Lam F, Ho C, Liang ZP. Accelerated
MR parameter mapping with low-rank and sparsity constraints.
Magn Reson Med. 2015;74:489-498. doi:10.1002/mrm.25421

57. Guo R, Zhao Y, Li Y, Li Y, Liang ZP. Simultaneous metabolic
and functional imaging of the brain using SPICE. Magn Reson
Med. 2019;82:1993-2002. doi:10.1002/mrm.27865

58. Haldar JP, Liang ZP. Spatiotemporal imaging with partially
separable functions: a matrix recovery approach. Proceed-
ings of the 7th IEEE Int ernational Symposium on Biomedical
Imaging: From Nano to Macro, Rotterdam, Netherlands; April
2010:716-719. doi:10.1109/ISBI.2010.5490076

59. Ma C, Clifford B, Liu Y, et al. High-resolution dynamic
31P-MRSI using a low-rank tensor model. Magn Reson Med.
2017;78:419-428. doi:10.1002/mrm.26762

60. Nam KM, Gursan A, Lee NG, et al. 3D deuterium metabolic
imaging of the human liver at 7T using low-rank and sub-
space modeling. Proceedings of the Joint Annual Meeting of
ISMRM-ESMRMB and ISMRT 31st Annual Meeting, London,
England, UK, 07-12 May 2022; Abstract #0632.

61. Bogner W, Otazo R, Henning A. Accelerated MR spectroscopic
imaging—a review of current and emerging techniques. NMR
Biomed. 2020;34:e4314. doi:10.1002/nbm.4314

62. Adalsteinsson E, Irarrazabal P, Topp S, Meyer C, Macov-
ski A, Spielman DM. Volumetric spectroscopic imaging
with spiral-based k-space trajectories. Magn Reson Med.
1998;39:889-898. doi:10.1002/mrm.1910390606

63. Furuyama JK, Wilson NE, Thomas MA. Spectroscopic
imaging using concentrically circular echo-planar trajectories
in vivo. Magn Reson Med. 2012;67:1515-1522. doi:10.1002/mrm.
23184

64. Schirda CV, Tanase C, Boada FE. Rosette spectroscopic imag-
ing: optimal parameters for alias-free, high sensitivity spec-
troscopic imaging. J Magn Reson Imaging. 2009;29:1375-1385.
doi:10.1002/jmri.21760

 15222594, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29696 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [01/09/2023]. 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

http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
file:0.\XR@ext 
file:0.\XR@ext 
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0


874 NAM et al.

65. Ramirez MS, Lee J, Walker CM, et al. Radial spectroscopic MRI
of hyperpolarized [1-13C] pyruvate at 7 tesla. Magn Reson Med.
2014;72:986-995. doi:10.1002/mrm.25004

66. Saucedo A, Macey PM, Thomas MA. Accelerated radial
echo-planar spectroscopic imaging using golden angle
view-ordering and compressed-sensing reconstruction with
total variation regularization. Magn Reson Med. 2021;86:46-61.
doi:10.1002/mrm.28728

67. Gursan A, Froeling M, Hendriks AD, et al. Residual quadrupolar
couplings observed in 7 tesla deuterium MR spectra of skeletal
muscle. Magn Reson Med. 2022;87:1165-1173. doi:10.1002/mrm.
29053
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Figure S1. Three-dimensional data sets of the addi-
tional healthy volunteer at natural abundance, acquired
with both deuterium Hamming–weighted MRSI (A) and
echo-planar spectroscopic imaging (EPSI) acquisitions
(B,C). The left panels show overlays of the 1H-MRI images
(Dixon) and the 2H spectra. The liver is contoured in
orange in the left panels. The right panels highlight the
selected six voxels located in the liver (left panels, dark
blue box), and the average SNR was calculated for 18 vox-
els from the three middle slices. Measurement parameters
are the same as in Figure 3.
Figure S2. Temperature measurement of the gradients
during two deuterium EPSI scans. Each EPSI scan was
performed for about 10 min, and the interval between two
EPSI scans was 47 min. The highest temperature was mea-
sured right after the EPSI scan was completed. After that,
the temperature went down and stabilized after approxi-
mately 25 min. Note that the colors indicate different sen-
sor positions on the gradient coil. The first three tracers
(numbers 1, 2, and 3) are from sensors located on the shim
coil, which are relatively less heated.
Figure S3. Deuterium spectra of the human brain at nat-
ural abundance, acquired with Hamming-weighted EPSI

acquisition. (A) The T1-weighted image is overlaid with
the deuterium EPSI spectra. (B) Selected voxels in the pos-
terior part of the brain (blue box) show the deuterium
EPSI spectra. Water signals are present in the brain vox-
els and in voxels close to the skull, and lipid signals
can be observed near the skull. Measurement parame-
ters: voxel size= 20× 20× 20 mm3, FOV= 240 (AP)× 220
(RL)× 300 (FH) mm3, TR/TE= 371/1.0 ms, FA= 90◦,
spectral bandwidth= 899 Hz, weighted averages= 12,
number of time points= 256, and acquisition time= 3 min
41 s. AP, anterior–posterior; FA, flip angle; FH, feet–head;
RL, right–left.
Figure S4. Deuterium spectra of the upper leg. (A)
The T1-weighted image is overlaid with the deuterium
EPSI spectra. (B) Selected voxels in the leg (blue box)
show the deuterium EPSI spectra. Naturally abundant
deuterated water and lipid signals were visible in mus-
cle and adipose tissue, respectively. The deuterated lipid
signal was very sharp at all locations in the leg. The
deuterated water signal in skeletal muscle was broad-
ened (e.g., upper left voxels) or split (e.g., voxels in the
lower row) due to residual deuterium quadrupolar cou-
plings. The size of residual coupling depends on the
angle between the muscle fibers and B0.67 Measurement
parameters: voxel size= 20× 20× 20 mm3, FOV= 360
(RL)× 220 (AP)× 300 (FH) mm3, TR/TE= 183/1.1 ms,
FA= 60◦, spectral bandwidth= 926 Hz, weighted aver-
ages= 42, number of time points= 64, and acquisition
time= 9 min 55 s.
Table S1. SNR of natural abundance deuterated water
signal in the human liver in vivo.
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