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Localized proton NMR spectroscopy using stimulated echoes (STEAM ) has been used
to study metabolites in different proximal skeletal muscles of normal volunteers at rest.
Single scan water-suppressed proton NMR spectra obtained at 1.5 and 2.0 T (Siemens
Magnetom ) from a 64-ml volume-of-interest ( VOI) yield resonances due to triglycerides,
phosphocreatine plus a minor contribution from creatine, and betaines comprising carnitine
and choline-containing compounds. The observation of the pH-dependent resonances of
carnosine required multiple acquisitions and echo times as short as 20 ms. 7', and T,
relaxation times of muscle metabolites were obtained by varying the repetition time and
echo time of the STEAM sequence, respectively. Although rather long T, values such as
180 ms for (phospho-) creatine correspond to natural resonance linewidths of only 2 Hz,
the observed linewidths of typically 10-12 Hz are entirely determined by the short 77,
relaxation times (25-30 ms) of the water protons used for shimming. The spectroscopic
results from 24 muscle studies on 17 young male volunteers show remarkable intra- and
interindividual differences in the absolute signal intensities of mobile lipids. Further met-
abolic variations were observed for the relative concentrations of betaines (by a factor of
2) and carnosine (by a factor of 3) when total creatine is assumed to be constant. © 1991
Academic Press, Inc.

INTRODUCTION

In recent years in vivo NMR spectroscopy (MRS) of muscle has been largely syn-
onymous with applications of phosphorous MRS (7, 2) and surface coil (3) “local-
ization.” Although previous reports on proton MRS of skeletal muscle in humans (4-
9) unraveled valuable information complementary to data about the energy metabolism
derived from phosphorous spectra, the results were often compromised by technical
Limitations such as poor resolution (linewidths of 16-30 Hz), spectral distortions
(artifacts from binomial water suppression and mathematical resolution enhance-
ment), long echo times, as well as limited (one-dimensional DRESS) or low-quality
(SPARS) localization techniques.

The present study was intended to elucidate the quality of localized proton NMR
spectra of skeletal muscle in humans that can be achieved on a 1.5-T or 2.0-T whole-
body MRI system. In particular we have considered the accessible signal-to-noise ratio
(SNR ) and corresponding time resolution, the spectral resolution, the technical and
biological reproducibility, and the measurement of 7', and T relaxation times of
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muscle metabolites in vivo as prerequisites for quantitative determinations of metabolite
concentrations. The approach chosen here is based on the development of image-
controlled localized MRS using stimulated echoes ( 10), and its successful application
to studies of normal (11, 12) and pathological (13, 14) human brain. The STEAM
technique addresses the problems of localization, signal overlap, and contamination
due to superficial structures like skin and subcutaneous fat (/5).

Potential clinical applications of proton MRS of muscle may include early diagnosis
of myopathies, physiological studies in sports medicine, and future extensions to a
biochemical characterization of cardiac myopathies and infarctions.

EXPERIMENTAL

Localized proton NMR spectra were obtained using the STEAM technique (10) as
described earlier in detail (/7). Single voxel localization is accomplished in a single
scan by means of three orthogonal slices that define a volume-of-interest (VOI) by
their intersection. Typically, gradient strengths of 2 mT m ™' were employed for a 4
X 4 X 4 cm? (64 ml) VOI. The timing scheme for the three slice-selective radiofre-
quency (rf) pulses and the preceding chemical-shift-selective (CHESS) water suppres-
sion rf pulse with a bandwidth of 60 Hz reads

90° (CHESS) — 90° (#1) — TE/2 — 90° (#2) — TM — 90° (#3) — TE/2 — STE.

The investigations were performed at 1.5 T (Erlangen) and 2.0 T (Géttingen) on
a Siemens Magnetom MRI/MRS system in both cases. Proton images and spectra
were acquired using Helmholtz transmit/receive coils of 17-cm diameter. For the
determination of relaxation times the repetition time TR was varied between 750 and
3000 ms, and the echo time TE between 20 and 270 ms (TM = 30 ms). Localization
of the VOI in the leg muscles was guided by proton NMR images obtained with an
interleaved multislice FLASH sequence (16) using a repetition time of TR = 100 ms
and a flip angle of 70°. Volunteers consisted of 17 trained and untrained young men
(20-35 years) of whom informed consent had been obtained.

RESULTS

Representative results for a 1.5-T-proton MRS study of human skeletal muscle in
vivo are shown in Fig. 1. The spectra originate from a 4 X 4 X 4 cm?® VOI in the
lateral quadriceps muscle of a young male volunteer at rest as depicted in the image
in Fig. 1a. Figure 1b refers to a single scan (fully relaxed) acquisition at an echo time
of TE = 50 ms, and Fig. Ic demonstrates the SNR improvement that results from
512 acquisitions at a repetition time of TR = 1500 ms. In addition to the dominating
methylene signals from mobile lipids at 1.0-1.5 ppm and the residual water peak at
4.7-4.8 ppm, a single-scan spectrum allows an unambiguous identification of the
intense resonances of the N-methyl group (three protons) of (phospho-) creatine at
3.0 ppm and of the N-trimethyl group (nine protons) found in the compound class
of betaines such as carnitine and cholines at 3.2 ppm. Further signals in the 13 min
spectrum in Fig. 1¢ are due to resonances of the acyl chains of lipids including terminal
methyl moieties at 0.8-1.0 ppm, main methylene protons (1.1-1.5 ppm), - and -
methylene protons at 2.0-2.5 ppm, and olefinic protons of oleic acid at 5.4 ppm. The
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FiG. 1. Sixty-four-megahertz (1.5 T) transverse FLASH NMR image (70°, TR = 100 ms, TE = 11 ms,
256 X 256 data matrix } and localized proton NMR spectra from the upper thigh of a normal volunteer. (a)
Axial image indicating a 4 X 4 X 4 cm? (64 ml) VOI selected for proton spectroscopy of the lateral quadriceps
muscle, (b) corresponding single scan (fully relaxed) spectrum, and (¢) 512 acquisitions using TR = 1500
ms. Localization was achieved using the STEAM technique (TM = 30 ms, TE = 50 ms). Resonance signals
are due to residual water (4.7-4.8 ppm), terminal methyl (0.8-1.0 ppm), acyl chain methylene (1.1-1.5
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C2-bound aromatic ring proton of histidine (one proton) in the muscle dipeptide
carnosine (3-Ala-His) resonates at 8.0 ppm. At the relatively long echo time of TE
= 50 ms the corresponding C4-bound imidazole proton of carnosine can hardly be
detected. The present assignments are in agreement with previous studies of skeletal
muscle in humans (5-7) and anesthetized rats (17), as well as with high-field NMR
studies of perchloric acid extracts of various muscle tissues (18, 19).

About 24 studies on the upper thigh of 17 different healthy volunteers were performed
to establish intra- and interindividual reproducibilities and dependencies of proton
NMR spectra of normal human muscle in vivo. Figure 2 shows images and corre-
sponding spectra from three different locations within the upper thigh of the same
volunteer as in Fig. 1. They demonstrate intraindividual spectral variations. It turns
out that only slight shifts in the position of the VOI either within the lateral quadriceps
muscle (Fig. 1b, 2a) or within the great adductor muscle (Figs. 2b, 2¢) result in dramatic
alterations in the resonance signals of mobile triglycerides. This is best seen in the
lipid/ creatine ratio using total creatine as a relative internal standard. These findings
may be explained by different average concentrations of fat in the respective volumes.

As with the intraindividual differences shown above, a series of studies on three
different volunteers, depicted in Fig. 3, revealed large interindividual spectral variations
even when attempting to localize the VOI in approximately the same position in the
great adductor muscle. The resulting single-scan proton NMR spectra at TE = 50 ms
show considerable variations in the lipid / creatine ratio as might have been anticipated
from the intraindividual results.

The determination of 7, and T, relaxation times is documented in Figs. 4 and 5
showing two series of 1.5-T-proton NMR spectra from a 64 ml VOI in the lateral
quadriceps muscle of the same volunteer. The spectra have been recorded at repetition
times of TR = 750 ms, 1500 ms, and 3000 ms (TE = 50 ms), and at echo times of
TE = 50 ms, 135 ms, and 270 ms (TR = 1500 ms), respectively. The inserts covering
the aromatic range in Fig. 4 are magnified by a factor of 18. For display purposes the
decrease in signal intensities with increasing echo time in Fig. 5 has been accounted
for by multiplying the spectra at TE = 135 ms and 270 ms with scaling factors of 2
and 4, respectively, as compared to the spectrum at TE = 50 ms. The evaluated T,
and T, relaxation times of the detected muscle metabolites are summarized in Table
1. No significant differences in relaxation times were observed for the quadriceps and
the great adductor muscle. The values were determined from both signal areas and
peak heights using a nonlinear Gauss—-Newton fitting procedure for T') values and a
linear least-squares fit for T, values. Deviations from the values given in Table 1 are
in the range of +10%.

Additional measurements were performed on a 2.0-T-whole-body system using very
short echo times as have recently been obtained for both STEAM spectroscopy (20)
and subsecond FLASH MRI (21). Figure 6 shows single-scan spectra at TE = 20 ms

ppm), a- and B-methylene (2.0-2.5 ppm), and olefinic protons (5.4 ppm) of lipids, N-methyl protons of
phosphocreatine and creatine (3.0 ppm), N-trimethyl protons of betaines (3.2 ppm) comprising carnitine
and choline-containing compounds, and an aromatic resonance from the C2-ring proton of the histidyl
moiety (8.0 ppm) in carnosine.
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FI1G. 2. Sixty-four-megahertz (1.5 T) axial FLASH NMR images (as Fig. 1) and localized proton NMR
spectra (64 ml, single scan, TM = 30 ms, TE = 50 ms) from different positions in the upper thigh of a
normal volunteer. The spectra demonstrate intraindividual variations in (a) the lateral quadriceps muscle
(compare Fig. Ib), and (b, c) the great adductor muscle.

(a) and TE = 50 ms (b) from a 64-ml VOI in the medial quadriceps muscle. The
inserts depict the resonances of the aromatic C2 (8.0 ppm )- and C4-bound (7.0 ppm )
ring protons of carnosine taken from spectra recorded at a repetition time of TR
= 1500 ms using 512 acquisitions. The resulting SNR allows accurate determinations
of the short T, values of carnosine as listed in Table 1. The T’ relaxation times for
the betaines were identical to those at 1.5 T, while those for (phospho-) creatine were
slightly smaller. In most cases the improved resolution and water suppression at 2.0
T allowed additional measurements on the N-CH, protons at 3.9 ppm. The pH values
of the resting muscles under investigation were found to be 7.0 based on the chemical
shift titration curve reported in (7).

DISCUSSION

Localized proton NMR spectra from human skeletal muscle are less complex than
spectra from human brain (71, 12) since only triglycerides, ( phospho-) creatine, and
betaines are sufficiently concentrated to be detectable within reasonable measuring
times, 1.e., within single-scan acquisitions for a 64-ml VOI and within a few minutes
for a 8-ml VOL. In fact, the water-suppressed spectra are dominated by a variety of
resonances from mobile lipids that preclude the direct observation of other compounds
with smaller signals in the same chemical shift ranges. In particular, the detection of
lactate would require spectral editing techniques (22) 1n order to evaluate the training
status of muscle in sports medicine or its energetic response to a workload in mito-
chondrial myopathies. Variations in intracellular pH may be monitored via the chem-
ical shifts of the carnosine ring protons (7, 23) with a time resolution of the order of
minutes depending on the size of the selected VOI.
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FiG. 2—Continued

Spectral Resolution and Relaxation Times

In comparison to brain studies the spectral resolution in proton MRS of muscle in
vivo is severely degraded by experimental linewidths (10-12 Hz) that are by a factor
of 3 greater than in brain. It is noteworthy that the broad lines are not caused by tissue
susceptibility problems but, in accordance with the full linewidth at half-height FWHH
= 1/(wT,), may be fully ascribed to the short 7, relaxation times (25-30 ms) of the
water protons that are used for shimming. Unfortunately, this “natural” linewidth
generally limits the achievable spectral resolution in spite of a rather high mobility of
all major metabolites as expressed by their relaxation times in Table 1. For example,
the T, relaxation times for (phospho-) creatine of 180 ms and for betaines of 110 ms
translate into natural linewidths of the order of 2-3 Hz. Even the T, values of 50 ms
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FIG. 3. Sixty-four-megahertz (1.5 T) axial FLASH NMR images (as Fig. 1) and localized proton NMR
spectra (64 ml, single scan, TM = 30 ms, TE = 50 ms) from the upper thigh of three different normal
volunteers (a~c). The spectra of the great adductor muscle demonstrate interindividual variations in the
lipid content.

(C4-proton) and 100 ms (C2-proton) of carnosine are significantly longer than those
of water. They are also longer than the 11 ms (C4-proton) and 39 ms (C2-proton)
reported for carnosine in human skeletal muscle at 4.7 T (7) using a complex com-
bination of techniques for localization and suppression of lipids and water. On the
other hand, T relaxation times of 300-500 ms were found for the respective anserine
resonances in rat legs in vivo at 8.5 T (17). However, these data were obtained in
CPMG experiments using a 180° pulse repetition time as short as 1.2 ms in order to
minimize signal attenuation due to molecular self-diffusion. An explanation of the
apparent T, shortening from 400 to 100 ms would require a constant (internal ) gradient
strength of the order of 1-2 mT m ™!, Unfortunately, the application of corresponding
CPMG sequences to human skeletal muscle would surpass by far the rf safety regu-
lations.

When considering the 7',/ T, ratio as an indicator for freedom in isotropic molecular
tumbling, it is striking that muscle water must be bound much tighter than, e.g., water
in neuronal tissues. In fact, a 7,/ 7T, ratio of about 30 is higher than for all other
“NMR-visible metabolites in human muscle or brain. The appearance of a short
spin—spin relaxation time and a long spin-lattice relaxation time may be related to
the association of muscle water to macromolecules or molecular aggregates that mainly
affects the overall (translational) motion of the molecule rather than its reorientational
mobility. Clearly, restricted mobility is not a general finding in muscle tissue as would
be the case for an increase of the intracellular viscosity imposing the same constraints
on all metabolites. The T, relaxation time of (phospho-) creatine is at the lower
boundary of the range of values (190-250 ms) reported for different regions in the
human brain (/2), and its T,/ T ratio of 7.5 is identical to that in neuronal tissue.

The mobility of the N-trimethyl resonance in muscle as compared to brain is reduced
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FIG. 3—Continued

by a factor of 3 as seen in T, and 7",/ T. This finding probably indicates a shift in
the contributing metabolites from choline-containing compounds in brain to carnitine
in muscle. A limited mobility of carnitine in vivo may reflect its subcellular site of
function at the mitochondrial membrane and the carnitine acyl transferases. The in
vitro observation that in standard subcellular fractionation most of the carnitine would
be recovered in the postmicrosomal supernatant ( 24) may be misleading. Finally, the
high degree of motional restriction observed for carnosine may be correlated to its
possible involvement in complex formation with metal ions such as copper (25).

Intra- and Interindividual Variations and Metabolite Concentrations

It is already evident from the inspection of NMR images that muscular tissues are
quite heterogeneous comprising fasciae, vascular structures, and depot fat within and
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FIG. 4. Sixty-four-megahertz (1.5 T) localized proton NMR spectra (64 ml, TM = 30 ms, TE = 50 ms)
from the upper thigh of a normal volunteer. The spectra of the lateral quadriceps muscle recorded at repetition
times (a) TR = 750 ms (512 scans), (b} TR = 1500 ms (512 scans), and (¢) TR = 3000 ms (256 scans)
demonstrate the 7', dependence of the metabolite resonances. The intensities have been scaled for direct
comparability. For display purposes the aromatic regions are magnified by a factor of 18 in the inserts.

around the muscle bundles. Accordingly, the spectra of different locations within the
same muscle and volunteer show considerable intraindividual variation in the relative
intensity of the lipid signal. Since a different nutritional status and lipid metabolism
are expected to complicate the problem, we did not include obese people in the present
study. However, even within the rather homogeneous group of young male volunteers
the spectra from the same muscles exhibit interindividual differences to a degree similar
to that of the intraindividual variations. The observed variations, e.g., in the lipid/
creatine ratio, may be due to intracellular triglyceride lipid droplets that are invisible
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FIG. 3. Sixty-four-megahertz (1.5 T) localized proton NMR spectra (64 ml, TM = 30 ms, TR = 1500
ms, 512 scans) from the upper thigh of a normal volunteer. The spectra of the lateral quadriceps muscle
recorded at echo times (a) TE = 50 ms, (b) TE = 135 ms, and (¢) TE = 270 ms demonstrate the T,

dependence of the metabolite resonances. The intensities have been scaled for direct comparability when
accounting for the magnifications in (b) and (c), respectively.
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TABLE 1

Spin-Lattice (T;) and Spin-Spin (7) Relaxation Times (1.5 T) of Major Metabolites Detected in
Localized Proton NMR Spectra of Human Skeletal Muscle in vivo at Rest

Molecular [ T, T,

Compound group (ppm) {ms) (ms) T\/T,
Lipids CH, 1.0-1.5 300 90 33
Creatines N-CH, 3.0 1350 180 7.5

N-CH; 3.0 — 160 —
N-CH, 39 — 100 —
Betaines N—(CHs,)s 32 1150 110 10.5
N-(CHs)3 32 — 110¢ —
Carnosine His, C2-H 8.0 1750 100 17.5
His, C4-H 7.0 — 50 —
Water OH 4.7 900 30 30

Note. The proton NMR data for creatines in skeletal muscle predominantly refer to phosphocreatine.
Betaines include carnitine and choline-containing compounds. The values represent median values with
deviations of about +10%.

¢ The relaxation times were obtained at 2.0 T.

in NMR images. The triglyceride concentration is approximately 3 times higher in
type I than in type II muscle fibers (26). The mixture of these fiber types in the upper
thigh muscles is known to vary in wide range between individuals, e.g. 29-78% slow
twitch fibers in the lateral great muscle (27). Obviously, this raises rather difficult
problems for standardization if proton MRS were to become a tool in early diagnosis
of fibrous-fatty degeneration in myopathies. 4dvanced stages of the disease normally
present no diagnostic challenge, and would be evident by clinical inspection and
MRI alone.

Relative metabolite concentrations were obtained from the NMR spectra by cor-
recting signal areas (or peak heights) with the in vivo relaxation times, the number of

C2-H
C4-H C2-H

C4-H

a 7 [3 H [] ] 7 1 [

5 4 3 5 4 3
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FiG. 6. Eighty-four-megahertz (2.0 T) localized proton NMR spectra (64 ml, single-scan fully relaxed,
TM = 30 ms) from the upper thigh of a normal volunteer. The spectra of the medial quadriceps muscle
recorded at (a) TE = 20 ms and (b) TE = 50 ms demonstrate the 7', dependence of metabolite resonances
at shorter echo times. The inserts represent the aromatic part of spectra that have been recorded at a repetition
time of TR = 1500 ms using 512 scans. They depict both the C2- and C4-ring protons in carnosine at 8.0
and 7.0 ppm, respectively.
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contributing protons, and by assuming a constant concentration of total creatine.
Summarizing the data for all volunteers the relative concentrations for betaines and
carnosine ranged from 5 to 11 and 3 to 11, respectively, as compared to 25 for creatine
which has been chosen as a (relative) reference. These large variations by factors of
2--3 are outside experimental errors and clearly reflect remarkable differences in the
steady-state metabolite concentrations between different locations, muscles, and vol-
unteers. Despite the large number of studies and data available it has so far been
impossible to establish any significant and reproducible correlations between the muscle
metabolite concentrations and the different muscles or the overall constitution of a
volunteer. There was only a slight tendency to higher concentrations of carnosine and
betaines and lower concentrations of lipids in the quadriceps muscle than in the great
adductor muscle.

The absolute concentration of total creatine in skeletal muscle has been enzymaticaily
determined in biopsy preparations to range from 25-29 m M (28, 29). Phosphorous
MRS studies from human distal muscle iz vivo confirm these values, and also indicate
that in intact muscle at rest the creatine kinase equilibrium is shifted to at least 90%
in favor of phosphocreatine (30). Carnitine is known to act as a cofactor for the
transport of fatty acids into the mitochondria, and is present in human muscle in
concentrations around 2 mM as determined by enzymatic assays (24). Carnosine
concentrations were determined to 1-8 mM (31).

Absolute quantification in MRS relies on identical coil loading and coil sensitivity
from one subject to the next which in this more qualitative study was not taken care
of. For example, the actual distance of the two circular coils varied according to the
thickness of the thighs. In addition, due to the inhomogeneities of the rf field the
absolute signal strengths in the NMR spectra depended on the position of the VOI
relative to the coils precluding absolute interstudy comparisons. Nevertheless, the
relative in vivo concentrations determined above may be combined with the assumption
of a 25 mM concentration for (phospho-) creatine yielding 5-11 m M for betaines
and 3-11 mM for carnosine. While the latter agrees with the range of biochemical
determinations (31), a 5~11 m M concentration of betaines clearly indicates that only
a smaller part of the N-trimethyl resonance is due to carnitine. Major contributions
must result from cholines or other betaines. The opposite assumption that the N-
trimethyl peak may be entirely attributed to the expected 2 m M carnitine concentration
would lead to total creatine concentrations ranging from 5-10 m M. These values
would have to be explained by a reduced visibility of creatine. They also show a
surprisingly high variability. A further argument against this hypothesis is the fact that
a 2 mM concentration of a CH; group is barely detectable in a single scan even from
a 64-ml VOL.

CONCLUDING REMARKS

Localized proton MRS of human skeletal muscle allows the assessment of lipids,
of betaines such as carnitine and cholines, and of (phospho-) creatine as well as the
recording of the pH-sensitive resonances of carnosine. Although the measurement of
T, and T, relaxation times provides a basis for the in vivo determination of absolute
metabolite concentrations, standardization may be compromised by marked intra-
and interindividual differences. Early diagnosis of myopathies with use of proton MRS
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would have to take account for these findings. Open questions remain the absolute
concentrations of carnitine and carnosine as well as their remarkable variability.

Although the spectral resolution in proton MRS of muscle is limited by the short
T, relaxation times of muscle water protons that are used for shimming, the high SNR
observed for single-scan acquisitions may be exploited for time-resolved functional
studies or transformed into multiscan acquisitions with measuring times of minutes
but much smaller VOI sizes. If motion-induced signal losses can be avoided, then
ECG-synchronized proton MRS of the heart may be used for a rapid and direct de-
termination of the lipid content in cardiac muscles. The recording of localized phos-
phorous NMR spectra of the human brain using STEAM sequences with echo times
of only 3 ms (20) provides a technical solution to this problem that may open new
ways for noninvasive monitoring of the deleterious alterations in lipid metabolism in
heart ischemia and infarction (32).
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