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Abstract
The reproducibility of repeated single-voxel 1H MRS (SV-MRS) and spectroscopic imaging (MRSI)
measurements of intramyocellular lipid (IMCL) in the tibialis anterior muscle of five lean and five
overweight female Caucasians, during 7 days of controlled dietary fat and calorie intake, was assessed
at 1.5 T. Duplicate measures of IMCL relative to total muscle creatine (IMCL/tCr) obtained 3 days
apart by both SV-MRS and MRSI correlated well (r =0.65 and r =0.95, respectively, P <0.05). The
coefficients of variation for repeated measures of IMCL/tCr by SV-MRS and MRSI were 24.4% and
10.7%, respectively. IMCL/tCr measured by MRSI was higher in overweight subjects than in lean
subjects (8.3 ± 3.8 vs 4.3 ± 2.4, P <0.05). Although both methods achieved good reproducibility in
measuring IMCL in vivo, MRSI was found to offer greater flexibility and reliability, and higher
sensitivity to IMCL differences, whereas SV-MRS was advantageous with respect to shorter scan
time and ease of implementation.
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INTRODUCTION
Intramyocellular lipid (IMCL), the small droplets of triglycerides in skeletal muscle fibers, is
an important source of cellular energy for the tissue and has been increasingly implicated in
the pathophysiology of obesity, insulin resistance, and diabetes mellitus (1–4). An
understanding of in vivo metabolism of IMCL thus has the potential to contribute significant
new insights into the worldwide problem of obesity and its complications. Measures of IMCL
have traditionally been derived from destructive biochemical analyses of muscle tissue biopsy
specimens. However, this approach is limiting, as it does not permit reliable and consistent
discrimination of IMCL from extramyocellular lipid (EMCL), and is not applicable in
longitudinal studies (5,6). In contrast, it has been recently shown that magnetic susceptibility
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differences and appropriate geometric orientation of in vivo muscle fibers can induce a
frequency difference of up to ~0.2 ppm between the resonances of IMCL and EMCL on 1H
MRS, to allow reliable discrimination between IMCL and EMCL in human calf muscle (7–
16). Non-invasive 1H MRS clearly offers a distinct advantage over biopsy in longitudinal
studies of muscle lipid content and metabolism.

Although several single- (SV-MRS) and multi-voxel or spectroscopic imaging (MRSI) studies
of IMCL have now been reported (10–16), there remains a need to fully establish the
experimental conditions needed to derive consistent in vivo human muscle IMCL
measurements by 1H MRS, especially in studies of obese and diabetic subjects with high
intermuscular adipose tissue infiltration, which might lead to inadequate discrimination of
IMCL and EMCL (17). Furthermore, IMCL is a dynamic energy pool, and the in vivo
concentration fluctuations due to dietary, metabolic, and physiological demands (14,18–20)
may confound interpretation.

We therefore undertook this study to assess the reproducibility and reliability of making
repeated measurements of IMCL in the tibialis anterior (TA) muscle of lean and overweight
female Caucasians by 1H SV-MRS and MRSI, under conditions that would minimize the
potential confounding effects of uncontrolled dietary caloric and fat intake on IMCL
concentrations. For each subject, only the total daily calories and total calories from fat
consumed were controlled. The choice of source of calories and fat was left to individual
preference.

METHODS
Study subjects

Ten healthy pre-menopausal female Caucasians, 25–45 years of age, were recruited for the
study. Of these, five were overweight, as assessed by body mass index (BMI) (mean ± SD age
32.5 ± 5.7 years; BMI 33.5 ± 4.2 kg/m2), and five were lean (age 32.3 ± 8.7 years; BMI 20.4
± 0.9 kg/m2). All subjects were medically healthy, with regular menstrual cycles and sedentary
lifestyles. Subjects with diabetes, taking oral contraceptives, or who had undergone a weight
change of more than 5 kg within the preceding 3 months were excluded from the study.

Diet control
All the study participants were instructed to keep a prospective diet record for 7 days to be
used as the basis for their individualized diet plans. Each record consisted of a list and amounts
of items consumed such as meals, snacks, and drinks, expressed in common household
measurement units (e.g. ounce, pound, mL, cup, serving, tablespoon, or slice). On the basis of
these records, the caloric and fat contents of each subject’s diet were calculated using
commercially available software (Weight-By-Date Pro; ProVariant Software, Westerville,
OH, USA). A 1-week diet plan was then generated for each subject, slightly modified from the
diet record to maintain the total daily fat and caloric intake within ±5%. Starting on the 5th day
of the menstrual cycle, the subjects were started on the 7-day diet as instructed by a trained
dietitian. At 9:00 am of day 4 and day 7 of this 7-day diet period, 1H SV-MRS and MRSI scans
were performed on each subject after a 12-h overnight fast.

1H MRS methods
Duplicate 1H SV-MRS and MRSI scans of the TA muscle in the left calf for IMCL
measurements were performed on a 1.5 T whole-body Signa ‘LX’ MR system (General
Electric, Milwaukee, WI, USA), using the standard PRESS sequence [P. A. Bottomley, US
Patent 4480 228 (1984)] with a manufacturer-supplied transmit/receive quadrature lower-
extremity coil. To ensure reproducible voxel or slice positioning on repeated scans, tissue
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anatomy landmark-based prescription was used, in conjunction with an MRI-visible external
marker (Fig. 1) which remained affixed to the subject’s calf between scans. In both 1H SV-
MRS and MRSI acquisitions, the volume of interest was positioned to minimize inclusion of
visible adipose tissue, and 3 cm-thick outer-volume suppression bands were prescribed to
suppress signal around the six sides of the selected voxel. Water suppression and the static
magnetic field homogeneity were optimized using automated procedures supplied by the
instrument manufacturer.

1H SV-MRS—A 1.5 × 1.5 × 1.0 cm3 (2.25 cm3) voxel was positioned in the left calf TA
muscle on axial T1-weighted images (Fig. 1A), and then the data were acquired in 3.2 min with
the PRESS sequence, using TE/TR 35/1500 ms, 128 signal averages, 2048 time-domain points,
and a 1 kHz spectral width.

1H MRSI—Two-dimensional 1H MRSI data were recorded from a single 0.5 cm coronal-
oblique slice that bisected the single-voxel location in the left calf TA muscle (Fig. 1B). The
data were recorded in 14.5 min, using the PRESS-SI sequence, with 24 × 24 phase-encoding
steps, one excitation per phase-encoding step, field of view 16 cm, TE/TR 35/1500 ms, 2048
time-domain points, and 1 kHz spectral width. The nominal voxel size, after zero-filling to a
matrix size of 32 × 32 and then post-processing, was 0.22 cm3.

MRS data processing
The resulting 1H SV-MRS and MRSI data were processed using IDL-based MRS data analysis
software, XsOs-NMR, developed in-house by two of the investigators (X.M., D.C.S.). Peak
areas for IMCL, EMCL and tCr in both the SV-MRS and MRSI scans were obtained by
simulating and fitting the spectral resonances as a sum of Lorentzian lineshape functions, using
time-domain nonlinear least squares. Figure 2 illustrates the quality of the resulting fit for a
TA muscle spectrum of a lean female subject.

IMCL concentrations were expressed as peak area ratios relative to total muscle creatine
(IMCL/tCr). As the PRESS SV-MRS sequence supplied by the instrument manufacturer
automatically records a spectrum of the unsuppressed water resonance from the voxel of
interest, IMCL concentrations for 1H SV-MRS data were also expressed as peak area ratios
relative to internal tissue water (IMCL/W). For the 1H MRSI data, IMCL/tCr was obtained by
deriving the peak areas voxel-by-voxel, then computing the mean values for all TA voxels that
exhibited adequately resolved IMCL and EMCL resonances, which were selected by consensus
by two of the investigators (W.S., X.M.). Spectra from voxels with unresolved EMCL and
IMCL were excluded from further analysis; although this resulted in a variable number of
voxels for different subjects, it did not result in exclusion of any subject. Table 1 provides, for
each subject, the number of useable MRSI voxels in the duplicate scans included in the
statistical data analyses.

Statistical methods
The reproducibility of the repeated measurements of IMCL by 1H SV-MRS and MRSI was
assessed with the Pearson correlation coefficient (r), and with the percentage coefficient of
variation (%CV). Pearson’s correlation coefficient was also used to determine the magnitude
of the correlation between 1H SV-MRS and MRSI measures of IMCL, as well as to assess
whether BMI correlated with 1H SV-MRS and MRSI measures of IMCL. Significant
differences were assessed at P <0.0.5 using two-tailed Student’s t-test. All results are expressed
as mean ± SD.
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RESULTS
Dietary caloric intake in lean and overweight subjects

During the 7-day diet period, the diet record showed that lean subjects consumed significantly
fewer total dietary calories (1746.4 ± 127.4 vs 2162.8 ± 240.9 kcal/day; P =0.009) and fewer
dietary fat calories (533.8 ± 63.5 vs 726.6 ± 157.7 kcal/day; P =0.04) than overweight subjects,
reflecting the relative amounts of total daily calories regularly consumed by individuals in the
two groups.

1H MRS data for TA muscle
1H SV-MRS—Figure 3 shows representative single-voxel MR spectra recorded from the right
calf muscle of a normal-weight female subject. To demonstrate the spatial heterogeneity of fat
distribution, data are shown for three 2.25 cm3 voxels (Fig. 2) which were prescribed on a
T1-weighted MRI slice parallel to the long axis of the TA muscle (i.e. perpendicular to the slice
shown in Fig. 1A), and were selected to contain: (i) muscle tissue with no visible intermuscular
adipose tissue (Fig. 3A, voxel ‘a’); (ii) muscle with minimal visible intermuscular adipose
tissue (Fig. 3A, voxel ‘b’); and (iii) muscle with relatively large amount of intermuscular
adipose tissue (Fig. 3A, voxel ‘c’). The lipid region of the spectrum for the voxel selected in
the lean muscle tissue (Fig. 3A, voxel ‘a’) shows a single peak, which, on the basis of its
chemical shift of 1.28 ppm, was assigned to IMCL (Fig. 3B, panel ‘a’). The spectrum from the
voxel selected to contain muscle with minimal visible intermuscular adipose tissue (Fig. 3A,
voxel ‘b’) shows two peaks, which could be readily assigned to IMCL at 1.28 ppm and EMCL
at 1.50 ppm (Fig. 3B, panel ‘b’) (10), whereas the spectrum from the voxel selected in muscle
with relatively large amount of visible intermuscular adipose tissue (Fig. 3A, voxel ‘c’) shows
a very large EMCL peak at 1.50 ppm which has completely obscured the smaller underlying
IMCL resonance (Fig. 3B, panel ‘c’). Also present in these spectra is a resonance with a
relatively stable amplitude which can be assigned to muscle tCr on the basis of its 3.0 ppm
chemical shift. These data illustrate that, for SV-MRS, careful a priori voxel placement is
critical to obtain minimally contaminated IMCL spectra, a requirement that can be challenging
for inexperienced MRI technologists or in studies of overweight or obese subjects.

1H MRSI—Figure 4 shows a 3 × 3 grid of voxels from the same lean subject as for single-
voxel data shown in Fig. 3, although the total size of all nine MRSI voxels (1.98 cm3) was
small enough to fit inside each of the SV-MRS voxels (2.25 cm3). Note that most of the MRSI
voxels exhibit spectra with well-resolved IMCL and EMCL resonances, and IMCL amplitudes
that are similar across voxels, whereas those of EMCL vary substantially from voxel to voxel.
For this study, only MRSI voxels with well-separated IMCL and EMCL resonances were
selected during processing for further analysis, a flexibility that is a distinct advantage of 1H
MRSI over SV-MRS. In addition, the spectra reveal resonances for tCr and tCho.

Reproducibility of repeated in vivo measurements of IMCL
Concentrations of TA muscle IMCL derived from duplicate MRS measurements on each
subject, 3 days apart, were compared (Fig. 5). For SV-MRS, these repeated measures of IMCL
correlated well, whether expressed relative to tCr (r =0.65, P <0.05; Fig. 5A) or to voxel tissue
water (r =0.76, P <0.05). The duplicate measures of IMCL obtained by 1H MRSI for each
subject (Fig. 5B) also correlated, but with a higher correlation coefficient (r =0.95, P <0.05)
than for SV-MRS. The mean %CV for IMCL/tCr measured by MRSI was 10.7% for all
subjects, 9.6% for lean subjects only, and 12.0% for overweight subjects only. The mean %
CV for IMCL/tCr (or IMCL/W) measured by SV-MRS was considerably poorer: 24.4%
(23.7%) for all subjects, 16.9% (16.1%) for lean subjects only, and 31.8% (31.3%) for
overweight subjects only.
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1H SV-MRS vs MRSI measures of IMCL
For individual subjects, the first and second measures of IMCL/tCr obtained by 1H SV-MRS
and MRSI correlated with each other (r =0.51, P <0.05 for SV-MRS scan 1 vs MRSI scan 1;
r =0.615, P <0.05 for SV-MRS scan 2 vs MRSI scan 2), as did the means of the duplicate
measures [r =0.63, P <0.05 for mean SV-MRS (scans 1 and 2) vs mean MRSI (scans 1 and
2)].

IMCL concentrations in lean and overweight subjects
Values of IMCL/tCr obtained by 1H MRSI were significantly higher (P <0.05) in overweight
subjects (8.3 ± 3.8) than in lean subjects (4.3 ± 2.4), whereas neither of the 1H SV-MRS
measures of IMCL showed a significant difference (IMCL/tCr: 5.3 ± 2.8 vs 4.7 ± 2.0 for
overweight and lean, respectively, P =0.70; IMCL/W: 0.040 ± 0.010 vs 0.034 ± 0.002 for
overweight and lean, respectively, P =0.58). IMCL/tCr measured by 1H MRSI approached a
positive correlation with BMI (r =0.592, P =0.07), whereas that measured by 1H SV-MRS did
not (r =0.05, P =0.89).

DISCUSSION
This study shows that reproducible 1H SV-MRS and MRSI measurements of IMCL can be
obtained from the human TA muscle at 1.5 T under conditions of controlled dietary caloric
and fat intake, with MRSI providing better reproducibility than SV-MRS. We have
demonstrated a well-tolerated, 7-day dietary plan that provides relatively stable amounts of
total daily calories and fat. Such dietary control has the potential to significantly enhance the
reliability of IMCL concentrations measured by 1H MRS, especially in longitudinal studies.
A significant difference was found between IMCL/tCr measured by MRSI for the lean and
overweight subjects, whereas SV-MRS failed to detect such a difference. This is probably due
to the 10-fold higher spatial resolution (0.22 vs 2.25 cm3), and greater voxel selection flexibility
of MRSI, which permit only IMCL spectra that are minimally contaminated by EMCL to be
selected after acquisition for further analysis (21). The resulting higher-quality MRSI data are
likely to be more sensitive to small differences in IMCL than data derived from spectra with
poorly resolved IMCL and EMCL resonances, as can be the case for data derived from the
larger SV-MRS voxels (e.g. Fig. 3B, ‘c’) (11,13,14,16).

Controlled dietary calorie and fat intake
Rather than providing the study participants with a predetermined diet of fixed calories and
macro-nutrients that might not agree well with a subject’s customary food preferences, we
implemented a sensible dietary control plan that tried to reconcile individual dietary
preferences with maintenance of a constant daily total caloric intake. This approach has the
advantage of supplying the subjects with calories from food sources that would result in more
innate IMCL fluctuations and metabolism, as well as in a dietary plan that would ensure
tolerance and, hence, compliance. A daily diet that is too different from that usually consumed
has the potential to affect IMCL concentrations in ways that would simply reflect temporary
systemic changes caused by changes in diet. In this study, we sought to avoid this potential
confounding effect by developing a realistic diet plan based on individual selection of nutrients,
with the only restriction being maintenance of total daily calories and fat intake. Although
Decombaz et al. (22) implemented an analogous dietary record method, in which the subjects
were asked to keep a 4-day dietary record, our method has further refined this approach by
attempting to minimize large variations in the individual diet records.
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Reproducibility of IMCL measurements
Although reproducibility studies of in vivo IMCL measurements by SV-MRS have been
reported (10,23–26), there have been no studies assessing the reproducibility of IMCL
measurements by MRSI on a 1.5 T MR system, nor have there been reports comparing the
reliability of these two techniques under carefully and sensibly controlled dietary caloric and
fat intake. Boesch et al. (10) performed five successive SV-MRS measurements of IMCL in a
single subject, identically repeated 1 week later, and reported a %CV of 6% for the TA muscle.
Similarly, Szczepaniak et al. (26) derived coefficients of variation of 7.9–11.8%, and Krebs
et al. (24) reported a within-subject %CVof 23.3% for the soleus muscle from consecutive
scans. With time intervals ranging from 30 min to 3 days, Rico-Sanz et al. (25) reported a %
CVof 13.6 ± 3.5%, and Torriani et al. (23) reported a %CV of 13.4–14.4% for the soleus
muscle. Without explicitly stated time intervals, Hwang et al. (13) and Larson-Meyer et al.
(14) reported %CVs of 13% for IMCL/W in TA muscle and 16.9% for IMCL/tCr in soleus
muscle for MRSI studies conducted on a 4 T MR system. In general, these previous
reproducibility studies followed one of two designs: (a) the time elapsed between consecutive
IMCL measures was much less than 24 h; (b) the time elapsed between consecutive IMCL
measures was 24 h or more. Depending on the study design, the reported %CVs would reflect
variations due to either systematic instrumental and subject repositioning errors or a
combination of physiological/metabolic IMCL fluctuations and systematic/repositioning
errors. As our study followed design (b) above, it is likely that our %CVs for SV-MRS and
MRSI measurements of IMCL include variations due to both systematic/repositioning errors
and physiological fluctuations. Overall, there is fair agreement between %CVs for studies that
used the same design. Not surprisingly, previous %CVs derived from same-day, consecutive
duplicate IMCL measures were generally lower, because they contain little or no contributions
from physiological fluctuations.

Our derived %CV for MRSI measurements of IMCL/tCr (10.7%) was about half that for our
SV-MRS measurements (24.4%), which might be attributable to the higher spectral data quality
that can be achieved by the higher spatial resolution and greater post-acquisition voxel selection
flexibility of MRSI. It is also of interest to note that our %CV for IMCL/tCr, derived from
MRSI measures obtained 3 days apart, compare favorably with previously reported SV-MRS
%CVs derived from duplicate, same-day IMCL measures. This suggests that our dietary control
of total caloric and fat intake may have minimized the contribution of physiological IMCL
fluctuations in our derived value of %CV for 1H MRSI measures.

IMCL vs BMI in lean and overweight subjects
In this study, higher IMCL concentrations were found by MRSI in overweight subjects
compared with lean subjects, which is in agreement with the study of Sinha et al. (27), but at
odds with that of Perseghin et al. (28), who found no significant differences in IMCL
concentrations between lean and overweight subjects. The discrepancy with the latter study
might be due to differences in the definition of ‘overweight’. In ref. (28), it was defined on the
basis of percentage total body fat, and not on the basis of BMI, as in our study. As we recently
showed that BMI, rather than the percentage of total body fat, is a more reliable index of
obesity-related health risks (29), it is likely that there was a great deal of overlap between the
subjects who were considered overweight and lean (21.9 vs 20.1 kg/m2) in the study of
Perseghin et al. (28), which might have masked potential IMCL differences.

The present study did not find a significant correlation between BMI and IMCL, although
values of IMCL/tCr derived by the 1H MRSI approached significance (r =0.592, P =0.07). This
is probably due to the limited sample size of our study, as well as to large variations in IMCL
within our two study groups. Alternatively, IMCL might not correlate at all with BMI (30), as
Virkamaki et al. (31) reported measuring different IMCL concentrations in subjects with
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similar BMI values. These conflicting observations suggest that obesity might be only one of
a number of factors that affect IMCL concentrations.

Limitation and future directions
The small sample size of this study limits the generalizability of our results and suggests caution
in extrapolating them to different study designs or paradigms. Future studies would need to
look at a larger sample size as well as at muscles other than TA (e.g. the highly oxidative soleus
muscle) and systemically investigate the variation in IMCL induced by diet, physical activity,
and other physiological factors.

CONCLUSION
Reproducible in vivo measures of IMCL in the TA muscle have been obtained by 1H SV-MRS
and MRSI under conditions of controlled dietary caloric and fat intake. In this study, values of
IMCL obtained by 1H MRSI were found to be more sensitive to differences between
overweight and lean subjects, as well as more reproducible than those derived by SV-MRS in
terms of coefficient of variation and Pearson’s correlation coefficient. These results suggest
that the higher spatial resolution and greater flexibility of 1H MRSI are advantageous for in
vivo measurements of muscle IMCL concentrations. On the other hand, the shorter scan time,
wider availability, and ease of implementation of SV-MRS are attractive features that make it
a viable alternative. Despite the limited sample size, this study suggests the possibility of
making reliable time-course 1H MRS measurements of IMCL through implementation of a
dietary control approach that minimizes non-specific fluctuations in IMCL concentrations,
while ensuring subject compliance and tolerance.
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Abbreviations used

BMI body mass index

CV coefficient of variation

EMCL extramyocellular lipid

IMCL intramyocellular lipid

MRSI magnetic resonance spectroscopic imaging

SV-MRS single-voxel 1H MRS

TA tibialis anterior

tCho total choline

tCr total creatine

W internal water
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Figure 1.
T1-weighted MR images depicting (A) placement of the voxel in the TA muscle for SV-MRS
data acquisition, and (B) location of coronal-oblique MRI slice traversing the TA muscle used
to prescribe all 1H MRSI scans. The white arrows point to the MRI-visible marker used to help
to achieve reproducible voxel or slice positioning in the same subject from scan to scan.
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Figure 2.
Sample time-domain non-linear least-squares Lorentzian lineshape model fitting of a TA
muscle spectrum for deriving IMCL, EMCL and tCr peak areas: (a) measured spectrum; (b)
calculated ‘best-fit’ spectrum; (c) individual components of the ‘best-fit’ spectrum; (d) residual
of the difference between the measured and calculated ‘best-fit’ spectra.
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Figure 3.
Representative SV-MRS data of the TA muscle of a lean subject: (A) T1-weighted MR images
showing voxels selected in calf muscle regions with (a) no visible intermuscular adipose tissue,
(b) minimal visible adipose tissue, and (c) large amount of visible intermuscular adipose tissue.
(B) Spectral data from voxels corresponding to those depicted in (A), consisting of resonances
for IMCL (1.28 ppm), EMCL (1.50 ppm), and tCr (3.0 ppm). The spectra depicted in (a), (b)
and (c) cover the range of spectral patterns observed in this study: (a) IMCL, resonance only,
which was uncommon, (b) resolved IMCL and EMCL resonances, which was typical, and (c)
a case of severe overlap of the IMCL resonance by that of EMCL.
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Figure 4.
Representative 1H MRSI data of the same TA muscle as in Fig. 3, showing the spatial
distribution of IMCL, EMC, and tCr in a 3 × 3 grid of voxels. Note well-resolved IMCL and
EMCL resonances in most voxels, and substantial variations in the intensity of EMCL, whereas
those of IMCL and tCr remain relatively constant spatially.
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Figure 5.
Correlation of first vs second IMCL/tCr values measured by (A) SV-MRS and (B) MRSI for
each of 10 subjects.
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