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Purpose: Deuterium metabolic imaging could potentially be used to investigate 
metabolism in skeletal muscle noninvasively. However, skeletal muscle is a tis-
sue with a high degree of spatial organization. In this study, we investigated the 
effect of incomplete motional averaging on the naturally abundant deuterated 
water signal in 7 Tesla deuterium spectra of the lower leg muscles and the de-
pendence on the angle between the muscle fibers and the main magnetic field 
B0, as determined by DTI.
Methods: Natural abundance deuterium MRSI measurements of the right lower 
leg muscles were performed at 7 Tesla. Three subjects were scanned in a supine 
position, with the right leg parallel with the B0 field. One subject was scanned 
twice; during the second scan, the subject was laying on his right side and the 
right knee was bent such that the angle between the right lower leg and B0 was 
approximately 45°. DTI was performed in the same subjects in the same posi-
tions at 3 Tesla to determine muscle fiber angles.
Results: We observed splittings in the natural abundance deuterated water sig-
nal. The size of the splittings varied between different muscles in the lower leg 
but were mostly similar among subjects for each muscle. The splittings depended 
on the orientation of the muscle fibers with respect to the main magnetic field B0.
Conclusion: Partial molecular alignment in skeletal muscle leads to residual 
deuteron quadrupolar couplings in deuterated water, the size of which depends 
on the angle between the muscle fibers and B0.
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1  |   INTRODUCTION

Deuterium metabolic imaging is a new technique to study 
tissue metabolism in vivo and has been applied in brain, 
liver, tumor, and brown adipose tissue.1–7 Deuterium met-
abolic imaging is based on deuterium (2H) MRSI (DMRSI) 
in combination with the administration of deuterated 
compounds such as deuterated glucose. This allows to 
spatially map the uptake of deuterated glucose in the tis-
sue, as well as its conversion into metabolic products such 
as glutamate, glutamine, and lactate. In this way, rates of 
oxidative (mitochondrial) versus glycolytic metabolism 
can be estimated, the latter of which could potentially be 
used to assess tumor grade and response to therapy.1,3

In skeletal muscle, the assessment of mitochondrial 
metabolism has also been of interest for many years, es-
pecially in the context of insulin resistance and type 2 
diabetes. In those studies, flux through the tricarboxylic 
acid cycle in the calf muscles has been determined using 
carbon-13 (13C) MRS upon infusion of [2-13C]acetate.8–12 
However, because of the low intrinsic sensitivity of 13C 
MRS and the long T1 relaxation times of 13C nuclei, 3D 
mapping of 13C-labeled metabolites using MRSI is not fea-
sible, and the signal is usually acquired from a single large 
volume using unlocalized or slice-selected MRS.

Deuterium metabolic imaging in combination with 
administration of deuterated acetate could potentially be 
a more sensitive (and lower-cost) alternative to 13C MRS 
to investigate tricarboxylic acid cycle flux in skeletal mus-
cle. In comparison with 13C, the T1 relaxation times of the 
quadrupolar 2H nuclei are about an order of magnitude 
shorter, allowing fast averaging in a 3D MRSI experi-
ment. Moreover, there is no need for decoupling, which 
makes deuterium metabolic imaging extremely suited for 
application at ultrahigh field, with significant sensitivity 
gains.13 However, thus far DMRSI has not yet been applied 
to skeletal muscle.

Skeletal muscle is a tissue with a high degree of spatial 
organization. In hydrogen-1 (1H) MR spectra, this leads to 
residual dipolar coupling splittings for the resonances of 
Cr, taurine, and lactate as a result of incomplete motional 
averaging of the orientation-dependent (anisotropic) di-
polar interactions.14–22 For 2H nuclei, next to the effects 
of dipolar couplings, we also have to consider the residual 
effects of the quadrupolar coupling when motion is not 
completely isotropic. Both from ab initio calculations and 
NMR experiments, the deuteron quadrupolar coupling 
constant (CQ) for a deuterated water (HDO) molecule in a 
liquid environment has been determined to be ~250 kHz 
at body temperature.23,24 In liquid water, this quadrupo-
lar interaction is averaged. However, in macroscopically 

ordered tissues such as tendons, a residual quadrupolar 
interaction leads to a well-resolved splitting of the deu-
terated water signal25; whereas in locally ordered systems 
such as cartilage, line broadening has been observed.26 In 
this study, we investigated the partial alignment of natu-
rally abundant HDO in the lower leg muscles by studying 
the residual deuteron quadrupolar coupling and its de-
pendence on the angle between the muscle fibers and the 
main magnetic field B0, as determined by DTI.

2  |   METHODS

2.1  |  DMRSI: Hardware

DMRSI measurements of the lower leg muscles were 
performed at a 7 Tesla whole-body MRI system (Philips 
Healthcare, Best, The Netherlands) using a 8-channel 
body array consisting of four 2H transmit/receive loop 
coils tuned at 45.7 MHz, combined with four 1H trans-
mit/receive fractionated dipole antennas27 divided into a 
posterior and anterior element. The four 1H dipole anten-
nas were interfaced to four 2 kW peak-power amplifiers. 
The 2H transmit/receive loops were interfaced to a 10 kW 
peak-power amplifier (AN8112, Analogic Corporation, 
Peabody, MA). The amplifier was driven at 4 kW output 
and then split into the 4 channels, resulting in 1 kW deliv-
ered peak power for the 2H RF pulses to each coil.

2.2  |  DMRSI: Data acquisition

The study was approved by the medical research ethics com-
mittee of the University Medical Center Utrecht (Utrecht, 
The Netherlands) (protocol number 15-466). After signing 
informed consent, 3 healthy male volunteers were scanned 
in a supine position, with the right leg parallel with the B0 
field and the 2 coil elements positioned below and above the 
right lower leg. One of the volunteers was scanned again in 
the same session, this time on the right side and with the 
right knee bent such that the angle between the right lower 
leg and B0 was approximately 45° (as determined from the 
angle between the tibia bone and the z-axis on a coronal 
scan). Before the DMRSI experiments, after RF phase and 
B0 shimming (see Supporting Information), transversal and 
coronal T1-weighted (T1w) images (multi-slice gradient 
echo, TE = 4.93 ms, TR = 10 ms, in-plane resolution = 0.5 × 	
0.5 mm2, slice thickness = 10 mm, flip angle = 15°) and 
transversal Dixon images (2D multi-slice gradient echo, TE = 	
2.6 ms, ΔTE = 0.5 ms, TR = 10 ms, in-plane resolution = 1.3 × 	
1.3 mm2, slice thickness = 10 mm, flip angle = 15°) were 
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acquired with the same FOV and the same number of slices 
as for the DMRSI measurements.

All of the DMRSI measurements were performed with 
a pulse-acquire sequence using a 0.5 ms block pulse, fol-
lowed by phase-encoding gradients for 3D spatial encod-
ing. A TR of 333 ms was used, and the signal was sampled 
with a 5000 Hz spectral bandwidth and 1024 spectral 
points. DMRSI acquisitions were made using a Hamming-
weighted k-space acquisition pattern. DMRSI acquisition 
parameters for scans with the right leg parallel with the B0 
field: TE = 1.84 ms, voxel size = 14 × 14 × 25 mm3, matrix 
size = 10 × 10 × 12, number of averages = 16, acquisition 
time = 20:37 min. For the scan with the lower leg at an 
angle of 45° with B0, both T1w images and DMRSI acqui-
sition matrix were also angulated at 45° with respect to 
the B0 field (anteroposterior). A larger FOV was chosen 
to avoid aliasing from the upper leg. DMRSI acquisition 
parameters for scan with lower leg at an angle of 45° with 
B0: TE = 1.78 ms, voxel size = 15 × 15 × 25 mm3, matrix 
size = 10 × 14 × 12, number of averages = 8, acquisition 
time = 17:26 min. During all scans, the foot was not flexed.

2.3  |  DMRSI: Data 
reconstruction and analysis

Reconstruction and processing of the raw DMRSI data 
were performed with an in-house written MatLab (Version 
R2019a, MathWorks, Natick, MA) script. Channel com-
bination was performed using the Roemer equal noise 
algorithm.28 Spectra were denoised with a principal com-
ponent analysis–noise suppression algorithm29,30 and 
zero-filled to 2048 points. The linewidths and splittings of 
the HDO signal in each voxel were determined by fitting 
the signal with 2 Lorentzian lines, with equal linewidth, 
amplitude, and phase, using AMARES (Advanced Method 
for Accurate, Robust, and Efficient Spectral fitting).31

2.4  |  DTI: Data acquisition and analysis

Because the deuterium body array is not optimal for 1H MRI, 
DTI was performed on the same volunteers in the same posi-
tions using a Philips Ingenia 3 Tesla MRI scanner (Philips 

F I G U R E  1   Natural abundance DMRSI data in the right lower leg (subject 1) positioned parallel with B0. (A) Coronal T1w image. The 
white rectangle indicates the slice shown in panels B and C. Transversal T1w image with (B) segmentation of TA, SOL, and GM muscles, 
and (C) overlaid with DMRSI data. Spectra from selected voxels in TA (D), SOL (E), and GM (F), as indicated in panel C, showing the signal 
from HDO at 4.7 ppm (x-axis range: 0–10 ppm = 457 Hz). DMRSI, deuterium MRSI; GM, gastrocnemius medialis; HDO, deuterated water; 
SOL, soleus; TA, tibialis anterior; T1w,T1-weighted
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Healthcare, Best, The Netherlands) and a 16-channel an-
terior and 12-channel posterior receive coil. DTI data was 
acquired using a single-shot spin-echo EPI sequence. The 
acquisition parameters were: TE = 57 ms; TR = 5000 ms; 
FOV = 480 × 276 × 150 mm3; in-plane resolution = 3 × 3 
mm2; slice thickness = 6 mm; SENSE = 1.9; b values (num-
ber of directions) = 0 (1), 1 (6), 10 (3), 25 (3), 100 (3), 200 (6), 
400 (8), and 600 (12) s/mm2; fat suppression with SPectral 
Attenuated Inversion Recovery, Spectral Presaturation with 
Inversion Recovery, and gradient reversal. Data processing 
was performed using QMRITools (github.com/mfroeling/
QMRITools).32 The data was first denoised using a principal 
component analysis–noise suppression algorithm,29 after 
which the data were corrected for motion and eddy cur-
rents. Next, intravoxel incoherent motion correction was 
performed,33 and the tensor was calculated using an iterative 
weighted linear least-squares algorithm.34 For each voxel, the 
angle of the principal eigenvector was calculated relative to 
the through plane vector. For each muscle, the average fiber 
angle was then calculated over a volume of interest, which 
corresponded to the voxels analyzed for the DMRSI data.

3  |   RESULTS

Figure 1 shows the results of the DMRSI measurements 
from 1 of the subjects (subject 1), with the lower leg 

positioned parallel with B0. The naturally abundant HDO 
signal could be detected in the 4.9 mL voxels with good 
sensitivity. Spectra from selected voxels in the tibialis 
anterior (TA), soleus (SOL), and gastrocnemius medialis 
(GM) muscles showed a distinctive pattern. The HDO sig-
nal in TA was clearly split. In GM, a splitting could also 
be observed, but it was smaller than in the TA. In SOL, no 
splitting could be resolved by eye. Splittings as determined 
from the AMARES fits (Supporting Information Figure 
S1) are reported in Table 1 for the 3 subjects. The size of 
the splittings was quite consistent among subjects for TA 
and GM, although a larger variation was observed in SOL. 
Mean splittings were 31.0 ± 0.5 Hz in TA, 20.9 ± 2.2 Hz 
in GM, and 15.1 ± 4.4 Hz in SOL. The splitting patterns 
for the different muscles did not change in the proximal-
to-distal direction, as illustrated for the TA in Supporting 
Information Figure S2.

The results from the DMRSI measurement with the 
lower leg at an angle of approximately 45° with B0 (subject 
1) are shown in Figure 2. In this orientation, no splittings 
could be observed in any of the 3 muscles. Calculated split-
tings from the AMARES fits were 8.8 ± 1.6 Hz for TA, 10 ± 
1.1 Hz for SOL, and 10.3 ± 1.5 for GM, respectively, which 
are much smaller than the fitted linewidths (Table 1). 	
For the TA and GM muscles, the difference in spectral ap-
pearance between the 2 orientations can be appreciated 
from an overlay of the spectra from the 2 scans of subject 

T A B L E  1   Splittings and linewidths of the HDO signal in the DMRSI spectra determined from AMARES fits, and muscle fiber angles 
determined from DTI measurements

Muscle

Parallel with B0 45° with Respect to B0

Splitting 
(Hz)

Linewidth 
(Hz) Fiber Angle

Splitting 
(Hz)

Linewidth 
(Hz) Fiber Angle

Subject 1 TA 31.4 ± 1.0 27.9 ± 0.3 24.7° ± 10.7° 8.8 ± 1.6 26.2 ± 2.8 62.9° ± 8.6°

SOL 12.6 ± 1.8 29.0 ± 3.1 43.4° ± 15.6° 10.0 ± 1.1 27.7 ± 1.9 74.2° ± 10.2°

GM 23.4 ± 1.8 29.5 ± 1.6 32.4° ± 6.6° 10.3 ± 1.5 29.8 ± 4.9 45.0° ± 17.7°

Subject 2 TA 31.2 ± 0.9 29.0 ± 0.5 27.8° ± 12.8° – – –

SOL 12.5 ± 2.0 30.5 ± 1.1 33.9° ± 8.6° – – –

GM 19.0 ± 2.3 32.3 ± 0.9 26.7° ± 8.7° – – –

Subject 3 TA 30.4 ± 2.0 36.1 ± 2.1 13.6° ± 7.8° – – –

SOL 20.3 ± 0.8 33.3 ± 2.6 20.4° ± 8.9° – – –

GM 20.5 ± 0.8 33.8 ± 2.5 19.4° ± 4.5° – – –

Mean TA 31.0 ± 0.5 31.0 ± 1.0 22.0° ± 7.5° – – –

SOL 15.1 ± 4.4 30.9 ± 2.3 32.6° ± 11.5° – – –

GM 20.9 ± 2.2 31.8 ± 1.7 26.2° ± 6.5° – – –

Data are means ± SD. Values are reported for the TA, SOL, and GM muscles when the lower leg was parallel with B0 (3 subjects) and at an angle of 
approximately 45° with respect to B0 (1 subject). For each muscle and each orientation, n = 11–12 voxels were analyzed from 3 transversal slices of each 
DMRSI data set (n = 4 voxels from each slice, except for 1 of the slices from subject 3, for which only n = 3 voxels did fit in the GM muscle). The volumes of 
interest used to determine the mean muscle fiber angles from the DTI data corresponded with the voxels analyzed for the DMRSI data.
Abbreviations: AMARES, Advanced Method for Accurate, Robust, and Efficient Spectral fitting; DMRSI, deuterium MRSI; HDO, deuterated water; GM, 
gastrocnemius medialis; SOL, soleus; TA, tibialis anterior.
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1 for a selected voxel, whereas the spectra from a voxel in 
the SOL are very similar for the 2 orientations (Supporting 
Information Figure S3).

Figure 3 shows the DTI results of subject 1 for both 	
positions of the lower leg. Muscle fiber tracking results are 
shown for TA, SOL, and GM (Figure 3A,B). Average mus-
cle fiber angles calculated within volumes of interest cor-
responding to the DMRSI voxels are reported in Table 1, 	
and the mean values for the 3 subjects were 22.0° ± 7.5° 
for TA, 32.6° ± 11.5° for SOL, and 26.2° ± 6.5° for GM, 
respectively, when the lower leg was parallel to B0. When 
the lower leg (subject 1) was at an angle of approximately 
45° with B0, average fiber angles became 62.9° ± 8.6° for 
TA, 74.2° ± 10.2° for SOL, and 45.0° ± 17.7° for GM, re-
spectively (Figure 3D,F).

Figure 4 shows color maps of the muscle fiber angles 
in subject 1, with the leg positioned parallel with B0, to-
gether with maps of the residual quadrupolar splittings 
(in Hz) fitted from the DMRSI data. In addition, maps 
were created based on the theoretical relationship (see 

Discussion section) between muscle fiber angles and re-
sidual quadrupolar splittings according to the formula 
Δ� = |C

(
3cos2� − 1

)
|, where θ is the muscle fiber angle 

and C is a constant.

4  |   DISCUSSION

In this study, we measured deuterium MR spectra of the 
lower leg muscles at 7 Tesla, and we observed splittings 
in the natural abundance HDO signal in some but not all 
muscles. Furthermore, the size of the splittings varied be-
tween different muscles in the lower leg and depended on 
the orientation of the leg in the MRI scanner.

Deuterium is a quadrupolar nucleus and has an asso-
ciated quadrupolar coupling with the local electric field 
gradient. Both from ab initio calculations and NMR ex-
periments, the deuteron quadrupolar coupling constant 
of deuterated water in a liquid environment has been 
determined to be ~250 kHz at body temperature.23,24 In 

F I G U R E  2   Natural abundance DMRSI data in the right lower leg (subject 1) positioned at an angle of approximately 45° with respect to 
B0. (A) Sagittal T1w image. The white rectangle indicates the slice shown in panels B and C (cropped in the AP direction to the size of open 
part of rectangle). Transversal T1w image with (B) segmentation of TA, SOL, and GM muscles, and (C) overlaid with DMRSI data. Spectra 
from selected voxels in TA (D), SOL (E), and GM (F), as indicated in panel C, showing the signal from HDO at 4.7 ppm (x-axis range: 0–10 
ppm = 457 Hz). AP, anteroposterior
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in vivo deuterium MR spectra of brain, liver, tumor, and 
brown adipose tissue,1–4 quadrupolar splittings have not 
been observed because the quadrupolar interactions 
are averaged due to fast, isotropic rotational tumbling. 
However, in an ex vivo sample of macroscopically or-
dered bovine Achilles tendon, immersed in D2O, a well-
resolved splitting of the deuterated water signal could be 
detected by deuterium double-quantum–filtered NMR 
spectroscopy.25 Recently, similar experiments were per-
formed on ex vivo spinal cord in which 5 different water 
compartments were identified from the deuterium 
double-quantum–filtered spectra.35 The most prominent 
deuterated water signal showed a residual quadrupolar 
splitting of about 550 Hz and was assigned to the myelin 
water. This splitting was invariant with respect to the 
orientation of the spinal cord relative to the magnetic 
field, indicating that myelin acts as a liquid crystalline 
medium, which orients itself with respect to the mag-
netic field and not with the spinal cord. The splitting of 
the signal from another, smaller compartment (~1500 
Hz) was found to be orientation-dependent and was as-
signed to collagenous connective tissue.

Skeletal muscle also has a high degree of spatial orga-
nization, resulting in incomplete motional averaging. This 
effect is well known from 1H MR spectra of skeletal muscle, 

in which residual dipolar couplings can be observed for 
the resonances of Cr, taurine, and lactate14–16,20–22 due to 
not completely isotropic motion of the molecules. The 
splittings due to these residual dipolar couplings appeared 
to be orientation-dependent, and it was shown that the 
residual dipolar couplings are proportional to the angle θ 
between the muscle fibers and the main magnetic field B0 
according to 3cos2� − 1.14–17,19–22

We observed the same orientation dependence for the 
splittings of the HDO deuterium signal in skeletal mus-
cle (Figure 1). These splittings will originate mainly from 
the residual deuteron quadrupolar coupling, which is 
typically an order of magnitude larger than the dipolar 
couplings. Moreover, residual dipolar couplings tend to 
average out due to chemical exchange between protons/
deuterons between water molecules.35 The sizes of the ob-
served splittings (the largest splitting was observed in TA 
when the lower leg was positioned parallel with B0, with 
a mean of 31.0 ± 0.5 Hz among the 3 subjects) are only 
a fraction of the deuteron quadrupolar coupling constant 
of ~250 kHz in liquid water23,24 and are also smaller than 
the splittings observed in tendon and spinal cord.25,35 This 
indicates only a very small preferential alignment of the 
HDO molecules in the muscle fibers, which can be de-
scribed by an alignment tensor that describes the average 

F I G U R E  3   Muscle fiber tracking 
results from DTI data in the right lower 
leg (subject 1), positioned parallel with B0 
(A,C,E) and at an angle of approximately 
45° with respect to B0 (B,D,F). (A,B) 
Illustration of muscle fibers of TA (green), 
SOL (blue), and GM (red) for 2 different 
viewpoints. (C,D) Transversal Dixon 
water images at the positions indicated 
by the red dashed lines in panels (A,B), 
with segmentation masks for the whole 
TA, SOL, and GM muscles. Of note, 
these are not the volumes of interest 
for which mean muscle fiber angles are 
reported in Table 1. (E,F) Color maps of 
calculated muscle fiber angles (in degrees) 
with respect to the through plane vector 
overlaid on Dixon water images
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orientation of the molecule with respect to the magnetic 
field. The observed quadrupolar splitting will depend 
on the alignment and the quadrupolar interaction pa-
rameters CQ and ηQ. The principal axis of the deuterium 
electric field gradient tensor lies along the O–D internu-
clear vector. If we neglect the small asymmetry parame-
ter ηQ~0.12, the quadrupolar splitting can be written as 
Δ�Q =

3

4
CQ(3cos

2
�OD − 1) , which is a quantity depending 

on the geometrical term and the motional averaging. The 
principal axis of the electric field gradient tensor is ex-
pected to be very slightly aligned with the muscle fibers. 
Thus, similar to the residual dipolar couplings observed in 
1H MR spectra of skeletal muscle, the residual deuteron 
quadrupolar coupling in HDO in muscle is expected to 
depend on the angle θ between the muscle fibers and the 
main magnetic field B0 and is proportional to 3cos2� − 1, 
which becomes 0 at the magic angle of 54.7°.

To determine muscle fiber angles, we acquired DTI 
data from the same volunteers in the same positions. 
When the lower leg was parallel with B0, the muscle fibers 
in TA run almost parallel with B0 (Figure 3) (Table 1). The 
TA also showed the largest residual quadrupolar splittings 
in the deuterium spectra for all subjects (Figure 1) (Table 
1), irrespective of the proximodistal position (Supporting 
Information Figure S2). In contrast, when the lower leg 
was parallel with B0, the muscle fibers in SOL are clos-
est to the magic angle. In accordance, no resolved split-
ting could be observed in the deuterium spectra from SOL 
for subjects 1 and 2. However, muscle fiber angles in SOL 
were more variable among the subjects, which has also 
been observed in previous DTI studies.36 In subject 3, with 
the smallest fiber angles in SOL, a splitting was visible in 
the deuterium spectra from SOL. For subjects 1 and 2, the 
splittings in GM were smaller than in TA and larger than 
in SOL; whereas in subject 3, splittings were similar in 
GM and SOL. In Figure 4, color maps of the fitted residual 
quadrupolar splittings in several transversal slices for sub-
ject 1 are compared with coregistered maps of muscle fiber 
angles and the derived Δ� = |C

(
3cos2� − 1

)
| maps, from 

which the spatial correlation can be clearly appreciated.
When the lower leg was positioned at an angle of ap-

proximately 45° with B0, no resolved splittings could be 
observed in any of the 3 muscles (Figure 2), and fitted 
splittings were much smaller than the linewidths (Table 
1). For the muscle fibers in TA, which run more or less par-
allel with respect to the tibia bone, the average angle be-
tween the muscle fibers and B0 (62.9° ± 8.6°) approached 
the magic angle in this orientation. Also for GM, the aver-
age angle was close to the magic angle in this orientation, 
whereas for SOL the average angle between the muscle fi-
bers and B0 (74.2° ± 10.2°) became larger than the magic 
angle. However, due to the 3cos2� − 1 relationship, the re-
sidual quadrupolar couplings are expected to be smaller at 

angles larger than the magic angle than at angles smaller 
than the magic angle. Although for the DMRSI scan with 
the leg positioned at an angle of 45° the voxel size in the 
transversal plane was slightly increased from 14 × 14 mm2 
to 15 × 15 mm2, averaging over slightly more muscle fibers 
will probably have had a negligible effect on the results.

Therefore, the sizes of the observed deuterium quad-
rupole splittings in the different muscles and in the differ-
ent orientations are in good agreement with the expected 

F I G U R E  4   Color maps of (A) calculated muscle fiber angles 
(in degrees) with respect to the through plane vector, (B) residual 
quadrupolar splittings (in Hz) calculated from the muscle fiber 
angles θ using the formula Δ� = |C

(
3cos2θ − 1

)
| with C = 16.5Hz

, and (C) residual quadrupolar splittings (in Hz) fitted from the 
DMRSI data, for 6 consecutive transversal slices overlaid on Dixon 
water images. The 7T DMRSI data and 3T DTI data were obtained 
in the right lower leg (subject 1) positioned parallel with B0 and 
were coregistered based on Dixon images. The maps of residual 
quadrupolar splittings fitted from the DMRSI data (C) were 
extrapolated to the same resolution as the muscle fiber angle maps. 
T, Tesla
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orientation dependence of the residual deuteron quadru-
polar coupling in HDO. Deuterium is not the only quadru-
polar nucleus for which splittings are observed in human 
muscle tissue. Rösler et al. made a similar observation in 
39K MR spectra of the thigh and calf.37 39K is a spin 3/2 
nucleus, and its interaction with nonvanishing local elec-
tric field gradients theoretically leads to 3 peaks, namely 
an unshifted central line and 2 satellites equally shifted 
to both sides. Rösler et al. showed that, although in brain 
tissue and in an agar phantom only a single 39K peak was 
observed, in thigh and calf muscles 2 satellite peaks were 
visible, which were shifted by about +200 and −200 Hz. 
Although the measurements were unlocalized, and there-
fore different muscles with different muscle fiber orien-
tations contributed to the signal, the 39K splittings in the 
calf had an angular dependence with respect to the mag-
netic field B0 similar to what we observed for deuterium. 
Using double-quantum filtering with magic-angle exci-
tation, they could unequivocally show that the 39K satel-
lite signals in muscle tissue are caused by an anisotropic 
environment.

5  |   CONCLUSION

In conclusion, partial molecular alignment in skeletal 
muscle leads to residual deuteron quadrupolar couplings 
in HDO, the size of which depends on the angle between 
the muscle fibers and B0. This effect is also expected for 
signals from deuterated glucose, acetate, glutamate, and 
lactate, leading to further broadening of the inherently 
broad deuterium signals, which could reduce the spectral 
resolution of muscle deuterium spectra.
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FIGURE S1 AMARES fit results for selected voxels in the 
Tibialis Anterior (TA; green box), Soleus (SOL; blue box) 
and Gastrocnemius Medialis (GM; red box) muscles, for 
the deuterium MRSI (DMRSI) data set with the lower leg 
positioned parallel with B0. The upper row shows the orig-
inal spectrum in black, the fitted signal in blue and the re-
sidual in red. The rows below show the fitted components, 
i.e. two Lorentzian lines for deuterated water (HDO-1 and 
HDO-2), with equal linewidth, amplitude and phase, and 
one Lorentzian line for the signal from deuterated lipids
FIGURE S2 (A) Coronal T1w image of the right lower leg 
(subject 1) overlaid with the DMRSI acquisition grid and 
(B) DMRSI data from the same coronal slice, showing the 
signal from HDO in muscle at 4.7 ppm and the signal from 
deuterated lipids in bone marrow and subcutaneous fat at 
1.3 ppm (x-axis range: 0–10 ppm = 457 Hz). The TA mus-
cle is delineated with a green line in both panels
FIGURE S3 Overlay of spectra from the scans with the 
lower leg (subject 1) positioned parallel with B0 (in black) 
and with the lower leg positioned at an angle of approxi-
mately 45° with respect to B0 (in red), for selected voxels 
in the TA (green box), SOL (blue box) and GM (red box)
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