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Regional Variations in Intramyocellular Lipid
Concentration Correlate With Muscle Fiber Type
Distribution in Rat Tibialis Anterior Muscle

Henk M.M.L. De Feyter,1* Gert Schaart,2 Matthijs K. Hesselink,2 Patrick Schrauwen,3

Klaas Nicolay,1 and Jeanine J. Prompers1

1H MR spectroscopy (MRS) has proved to be a valuable nonin-
vasive tool to measure intramyocellular lipids (IMCL) in re-
search focused on insulin resistance and type II diabetes in
both humans and rodents. An important determinant of IMCL is
the muscle fiber type, since oxidative type I fibers can contain
up to three times more IMCL than glycolytic type II muscle
fibers. Because these different muscle fiber types are inhomo-
geneously distributed in rodent muscle, in the present study we
investigated the distribution of IMCL within the rat tibialis an-
terior muscle (TA) in vivo using single-voxel 1H MRS along with
the muscle fiber distribution in the TA ex vivo determined from
immunohistological assays. IMCL levels in the TA differed by up
to a factor of 3 depending on the position of the voxel. The
distribution of IMCL over the TA cross section was not random,
but emerged in a pattern similar to the distribution of the pre-
dominantly oxidative muscle fiber types. Dietary interventions,
such as high-fat feeding and 15 hr of fasting, did not signifi-
cantly change this typical fiber type-dependent pattern of IMCL
content. These results stress the importance of voxel position-
ing when single-voxel 1H MRS is used to study IMCL in rodent
muscle. Magn Reson Med 56:19–25, 2006. © 2006 Wiley-Liss,
Inc.

Key words: intramyocellular lipids; 1H MRS; fiber type; rat; tib-
ialis anterior muscle

Skeletal muscle insulin resistance is one of the earliest
detectable aberrations in and a predisposing factor for the
development of type II diabetes. Increased content of in-
tramyocellular lipids (IMCL) has been closely associated
with decreased whole-body and skeletal muscle insulin
sensitivity in both healthy and diabetic humans, as well as
in animals (reviewed in Ref. 1). IMCL itself probably does
not interfere with the insulin signaling pathway directly;
rather, it is considered a surrogate marker of lipid metab-
olites, such as long chain acyl-CoA, diacylglycerol, and
ceramides, that are likely to induce defects in the insulin
signaling cascade (2). The good correlation of IMCL with
insulin sensitivity led to the suggestion that IMCL could be
used as a biomarker for insulin resistance in rat models (3).

Skeletal muscle stores lipids not only intracellularly,
but also extracellularly within interstitial adipocytes.
Lipid extraction analysis of muscle biopsy samples there-
fore cannot differentiate between IMCL and extramyocel-
lular lipids (EMCL) and hence may overestimate the actual
IMCL content (1). The discovery that IMCL and EMCL
resonate at different frequencies in the 1H MR spectrum of
human skeletal muscle was an important methodological
advance in the study of skeletal muscle lipid metabolism
(4). The resonance at 1.28 ppm is independent of the angle
between the muscle fibers and the static magnetic field,
and therefore is attributed to the CH2 groups of IMCL
because IMCL is dispersed as spherical droplets within the
muscle cells. The other lipid CH2 peak shifts with the
angle between the muscle fibers and the field, and is there-
fore attributed to EMCL, which supposedly is arranged in
a sheet-like manner along the muscle fibers. The largest
chemical shift difference between the two peaks is
0.2 ppm, which is obtained when the muscle fibers are
aligned parallel with the magnetic field (5). Since 1H MRS
is a noninvasive method, it allows repetitive analysis of
IMCL in the same area. Thus, 1H MRS-based IMCL mea-
sures are especially useful for determining IMCL levels in
human studies, as well as for animal intervention and
longitudinal studies.

Using 1H MRS, Neumann-Haefelin et al. (6) showed that
the IMCL content in rat depends on age, strain, and gender,
which complicates comparisons among different rat
groups and different studies. They also showed that the
rather oxidative soleus muscle (SOL) has a higher IMCL
content than the predominantly glycolytic tibialis anterior
(TA) (6,7). Similar differences have been observed in hu-
man calf skeletal muscles, and the SOL has been reported
to contain about three times more IMCL than the TA (8,9).
This can be attributed to differences in the muscle fiber
type composition of the different muscles, since it is well
documented that the oxidative type I muscle fibers can
contain up to three times more IMCL than the glycolytic
type II muscle fibers (10,11).

Variations in fiber type composition can explain differ-
ences in IMCL levels found among different muscles stud-
ied as a whole. However, rodent muscle can also show a
marked regionalization of the different muscle fiber types
within a specific muscle itself, in both the cross-sectional
plane and the longitudinal direction (12). Wang and Ker-
nell (12) showed a pronounced regionalization of type I
muscle fibers in cross sections of the TA of the rat. These
type I fibers were clustered in the medial-posterior part of
the muscle, close to the tibia bone. The pronounced re-
gionalization of type I muscle fibers in the rat TA and the
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higher capacity of type I fibers to store IMCL compared to
type II fibers suggest that IMCL levels may vary signifi-
cantly within the cross section of the rat TA. This may
imply that differences in voxel positioning within the rat
TA can cause a large variability in the IMCL signal mea-
sured by single-voxel 1H MRS, which could result in a
misjudgment of changes in IMCL content during longitu-
dinal and/or interventional studies in rats. Therefore, the
aim of the present study was to examine the IMCL content
at different positions in the TA of Wistar rats and relate it
to muscle fiber type composition as assessed by immuno-
histological analysis.

Furthermore, we determined the IMCL content at differ-
ent positions within the TA after the rats were subjected to
starvation and high-fat feeding. Neumann-Haefelin et al.
(7) showed that the increase in plasma free fatty acids
(FFA) during starvation was paralleled by muscle-type-
dependent changes in IMCL content in the rat, when mus-
cles were studied as a whole. To examine whether inter-
ventions with predicted increases in blood FFA (fasting
and a high-fat diet) affected IMCL within the TA in a
fiber-type-specific manner, we examined IMCL content af-
ter 15 hr of fasting and after consumption of a high-fat diet,
and assessed its relation to muscle fiber typology.

MATERIALS AND METHODS

Animals and Study Design

Experiments were performed on 14 male Wistar rats (�16
weeks old, mean body weight � standard error of the mean
(SEM) � 0.375 � 0.007 kg). The animals were housed in
pairs at 20°C and 50% humidity, on a 12-hr light-dark
cycle, with ad libitum access to normal chow and water
during the time preceding the experiments. All experi-
mental procedures were approved by the Animal Ethics
Committee of Maastricht University.

Twelve animals were subjected to two single-voxel 1H
MRS measurements separated by 7 days. All animals were
in the fed state unless stated otherwise. Six animals were
put on a high-fat diet (�16% fat, �50% carbohydrate,
�18% protein, diet W402106; Arie Blok Dieetvoeding,
Woerden, The Netherlands) ad libitum for 7 days after the
first measurement. The remaining six animals stayed on
normal chow but were fasted for 15 hr preceding the
second measurement. Both MRS sessions were performed
at identical time points starting at 8 a.m. and lasted ap-
proximately 4.5 hr. The animals were randomly assigned
to the dietary intervention groups.

During the MR experiments the animals were anesthe-
tized using isoflurane (Forene®, 1–2%) in a mixture of O2

and N2O (0.15:0.30 L/min) and body temperature was
maintained at 37°C � 1°C using a heating pad. Respiration
was monitored using a pressure sensor that registered the
movement of the thorax (ECG trigger unit; Rapid Biomed-
ical, Wurzburg, Germany), and blood oxygenation and
heart rate were measured with a pulse oximeter (Nonin
8600V; Nonin Medical, Inc., Plymouth, MN, USA).

At the end of the second MRS measurement, the anes-
thetized animals were killed by cervical dislocation. The
TA from the hindleg measured during the MRS experi-
ment was rapidly excised, and the midbelly region was

frozen in melting isopentane and stored at –80°C until it
was used for immunohistological analysis.

Two animals were used to study the reproducibility of
the 1H MRS measurement (see below).

MR Experiments

Single-Voxel 1H MRS

All MR experiments were performed on a 6.3 Tesla hori-
zontal bore Varian MR system using an ellipsoid 1H sur-
face coil (18/22 mm). In all rats we measured the SOL and
TA, always starting with the SOL and repositioning the
animal between measurements. The animal was posi-
tioned laterally on the heating pad with the lateral side of
the lower hindleg on the 1H surface coil. The leg was
positioned in such a way that the largest cross section of
the SOL or TA, respectively, was in the isocenter of the
magnet and the muscle fibers were aligned with the static
magnetic field. Transversal images of the midbelly region
of the muscles were acquired using an adiabatic spin-echo
sequence (pulse repetition time (TR) � 2 s, echo time
(TE) � 24 ms) to achieve proper placement of the spectro-
scopic regions of interest (ROIs).

Single-voxel localized 1H MR spectra were acquired us-
ing the localization by adiabatic selective refocusing (LA-
SER) sequence (13) with additional outer volume suppres-
sion (TR � 1 s, TE � 28 ms, spectral width � 4000 Hz,
number of data points � 2048, sequence for water suppres-
sion with adiabatic modulated pulses (SWAMP) water
suppression (14), 2048 averages for SOL, 1024 averages for
TA). The voxel size was 1.3 � 1.3 � 2 mm3 for the SOL,
and 2 � 2 � 2 mm3 for the TA. In the SOL one voxel was
measured, whereas for the TA voxels were placed at three
different positions within the muscle cross section: (TA1)
lateral, (TA2) in the center, and (TA3) medial, close to the
tibia bone (Fig. 1). Unsuppressed water spectra (128 aver-
ages for SOL, 64 averages for TA) were recorded from the
same voxels and used as internal reference. Furthermore, a
series of eight unsuppressed water spectra were recorded

FIG. 1. Transversal adiabatic spin-echo image of the midbelly re-
gion of a rat lower hindleg with voxel positioning within the TA
muscle for single-voxel 1H MRS. M � medial, L � lateral, T � tibia
bone. Acquisition parameters: TR � 2 s, TE � 24 ms.
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with varying TEs (32 averages) to determine the T2 of
muscle water. The reproducibility of the IMCL quantifica-
tion in the TA cross-section was determined in one rat,
measured on 3 different days within 1 week. In one other
animal, the IMCL content at the described voxel positions
was studied in four different cross-sectional planes of the
TA, going from the knee toward the ankle, to analyze IMCL
variations in the longitudinal direction of the muscle.

Spectroscopic Imaging (SI)

SI was performed on one rat only. Because in control rats
the IMCL content in the TA is low, the SI data were
collected from a rat that had been on the high-fat diet for 7
days. A 2D SI sequence with LASER volume preselection
was used. The slice (3 mm thick) was selected in the
transverse orientation. The position and size of the LASER
box were adjusted to exclude subcutaneous fat and bone
marrow as much as possible, while covering most of the
TA muscle. The spectra were acquired with TR � 1 s, TE �
29 ms, SWAMP water suppression, and 48 averages. A
matrix of 8 � 8 was used over a field of view (FOV) of 5 �
5 mm2, resulting in a scan time of 51 min. Unsuppressed
water spectra were recorded with identical settings, except
that four scans were averaged.

Data Analysis

For the single-voxel spectra no further postprocessing was
applied, except for manual phasing. For the SI data a
Hanning filter was applied in both spatial dimensions and
spatial zero-filling was applied to 16 � 16 points, resulting
in a nominal voxel size of 0.29 �l. All spectra were fitted in
the time domain by using a nonlinear least-squares algo-
rithm (AMARES) in the jMRUI software package (15). The
unsuppressed water spectrum was phased and fitted to a
Lorentzian line shape. The zero-order phase correction
from the water spectrum was applied to the corresponding
water-suppressed 1H spectrum, and the total creatine (tCr)
CH3 peak was referenced to 3.02 ppm. In the water-sup-
pressed spectrum, the central line of the tCr CH3 peak and
the IMCL CH2 peak (1.28 ppm) was fitted to Gaussian line
shapes. The tCr linewidth (LWtCr) and IMCL linewidth
(LWIMCL) were constrained with respect to the linewidth of
the water peak (LWH2O

) according to

LWtCr � � 0.71 � 0.49 � LWH2O [1]

and

LWIMCL � 4.06 � 1.04 � LWH2O [2]

The constraint for the tCr linewidth was derived from previ-
ously measured and present data sets featuring a well-re-
solved triplet for the tCr CH3 resonance at 3.02 ppm (number
of data sets � 74, R � 0.735, P � 0.0001, not shown). The
constraint for the IMCL linewidth was derived from data sets
that were uncontaminated with EMCL (number of data sets �
91, R � 0.537, P � 0.0001, not shown).

The IMCL and tCr levels were expressed as a percentage
of the water signal measured in the same voxel. For the SI
data set, the water and IMCL signals in the voxels from the

two leftmost columns and the two uppermost rows do not
originate from the same location, due to the water–fat shift.
Therefore, these voxels were discarded, resulting in 14 �
14 usable voxels.

Immunohistology

The TA muscles of five animals from in the dietary inter-
vention study were used for immunohistological staining.
Cryostat sections (5 �m thick) of midbelly muscle were
thaw-mounted on uncoated glass slides. Air-dried cryosec-
tions were treated with 0.5% Triton X-100 (Merck) in
phosphate-buffered saline (PBS) for 5 min, washed with
three exchanges of PBS for 5 min, and processed for triple-
immunofluorescence staining. In brief, sections were incu-
bated for 45 min at room temperature with a mixture of
primary antibodies: a rabbit polyclonal antiserum against
the basement membrane protein laminin (L-9393; Sigma,
Zwijndrecht, The Netherlands), a monoclonal antibody
against myosin heavy chain 1 (A4.840), and a monoclonal
IgG1 antibody against myosin heavy chain 2A (N2.261).
The latter two antibodies were developed by Dr. Helen
Blau and obtained from the Developmental Studies Hy-
bridoma Bank under the auspices of the NICHD and main-
tained by the Department of Biological Sciences, Univer-
sity of Iowa, Iowa City, IA, USA. Antibodies were diluted
in 0.05% Tween20 (Sigma) in PBS. Thereafter the sections
were washed three times with PBS for 5 min and incu-
bated for 30 min at room temperature with the appropriate
secondary antibody mixture diluted in 0.05% Tween20/
PBS. The sections were then washed again three times for
5 min with PBS and mounted in Mowiol.

Sections were examined using a Nikon E800 fluores-
cence microscope coupled to a Basler A101C progressive
scan color charge-coupled device camera. Images were
captured for every single color (red, green, and blue) from
all sections, processed, and analyzed using Lucia GF 4.80
software (Lucia, Czech Republic). Special care was taken
to use the same camera settings (gain and exposure time)
while grabbing images.

Statistics

The results are presented as mean � SEM. The normality
of the data was examined by means of the Shapiro-Wilk
test. One-way analysis of variance (ANOVA) with a Bon-
ferroni post-hoc test was used to compare the IMCL and
tCr values from the different voxel positions. The effect of
the different dietary interventions was evaluated using a
paired Student’s t-test. P � 0.05 was considered statisti-
cally significant.

RESULTS

Single-Voxel 1H MRS
The typical linewidths of the water peak after localized

shimming were 14 Hz or 0.052 ppm at 6.3 Tesla. The
SWAMP water suppression performed very well, so it was
not necessary to use postprocessing techniques to remove
residual water signal. Figure 2 shows typical single-voxel
water-suppressed 1H spectra from the TA. The orientation-
dependent dipolar splitting of the tCr CH2 resonance at
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3.92 ppm (doublet) and tCr CH3 resonance at 3.02 ppm
(triplet) confirm the proper positioning of the rat hindleg.
The majority of the spectra did not contain an observable
EMCL peak. For the spectra that did contain an EMCL
signal, the IMCL and EMCL peaks were well separated
(�0.15 ppm).

Figure 3 shows the IMCL content for the different voxel
positions in the TA and the SOL measured in 12 rats
during the first MRS session. IMCL was remarkably heter-
ogeneously distributed within the cross section of the TA.
The IMCL levels displayed a typical pattern related to the
voxel position from which the signal originated: IMCL
values were lowest in the lateral region (voxel position 1)
and highest in voxel position 3, close to the tibia bone,
while the IMCL level at voxel position 2, in the center of
the TA cross-section, was between the values of voxel
positions 1 and 3. The IMCL contents at the different TA
voxel positions all differed significantly from each other
(N � 12; TA1 vs. TA2, P � 0.022; TA1 vs. TA3, P � 0.001;
TA2 vs. TA3, P � 0.007). The IMCL content of the SOL was
significantly different from the IMCL content of the TA at
voxel positions 1 (N � 12; P � 0.003) and 3 (N � 12; P �
0.047), but was similar to the IMCL content of the TA at
voxel position 2.

The tCr content of the TA (also shown in Fig. 3) did not
change as a function of voxel position, and for each voxel
position it showed a smaller variation (SEM) compared to
IMCL (N � 12). The tCr content at any voxel position in the
TA was higher than that in the SOL (N � 12, all P � 0.001).

The reproducibility of the IMCL determination at the
different voxel positions within the TA was measured in
one rat, which was not included in the dietary-interven-
tion study. The three typical voxel positions used in the
TA were analyzed on 3 different days within 1 week. The
coefficient of variance of the IMCL measurement was
16.7% for TA1, 16.7% for TA2, and 14.5% for TA3. The
reproducibility of the tCr quantification varied from 7.6%
for TA1 to 10.3% for TA2 and 14.3% for TA3. The analysis
of variations in IMCL content in the longitudinal direction
of the TA, measured in a second rat that was not included
in the dietary-intervention study, revealed that the pattern
shown in Fig. 3 was constant in the midbelly region (mid-
dle part) of the muscle (data not shown).

SI

SI was performed to visualize the spatial IMCL distribution
within the TA cross section at a higher resolution. Figure 4
shows the IMCL levels for the 14 � 14 voxels from the SI data
set (N � 1). The color-coded IMCL image was overlaid on a
coregistered MR image for anatomical guidance. The SI re-
gion covered most of the TA cross section and confirmed the
inhomogeneous distribution of IMCL. A clear gradient was
observed in the IMCL levels, with the highest values in the
medial-posterior part, close to the tibia bone, and the lowest
values in the peripheral anterior region.

Immunohistology

To clarify the origin of the spatial differences in IMCL
concentration, we performed immunohistological analy-
ses on muscle cross-section regions corresponding to the
voxel positions used for the single-voxel 1H MRS. Exam-
ples of the immunohistological images are depicted in Fig.
5. The immunohistological staining shows basal lamina in
blue, type I muscle fibers in red, and type IIa fibers in
green. Fibers without any staining represent the IIb muscle
fiber type. The tissue displayed in the left panel of Fig. 5
(TA1) contained only a few type IIa fibers and no type I

FIG. 3. IMCL and tCr content relative to the water signal as a
function of voxel position. Data are presented as mean (N � 12) �
SEM. * P � 0.05 relative to voxel position TA1, ** P � 0.05 relative
to voxel position TA3, # P � 0.05 relative to voxel position TA1, TA2,
and TA3.

FIG. 2. Typical examples of single-voxel localized 1H MR spectra
using LASER and SWAMP water suppression from voxel positions
1–3 in rat TA muscle. Acquisition parameters: TR � 1 s, TE � 28 ms,
1024 averages, voxel size � 2 � 2 � 2 mm3.
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fiber. This part of the TA muscle was composed mainly of
the nonoxidative type IIb fibers. The tissue in the middle
panel (TA2) contained a few type I fibers and some more
type IIa fibers, but was still dominated by nonoxidative
fibers. The tissue shown in the right panel (TA3) was
dominated by the oxidative type I and type IIa fibers. In
Fig. 6a–c the average IMCL content from different voxel
positions is displayed as a function of the average percent-
age of type I, IIa, and IIb muscle fibers within these similar
voxel positions, respectively. The muscle fiber type quan-
tification was performed in the histological regions corre-
sponding to the three MRS voxel positions. The IMCL data
and the immunohistological data are from the same ani-
mals (N � 5). A larger amount of oxidative type I and type
IIa fiber was paralleled by a higher IMCL level, and the
relative amount of glycolytic IIb fibers showed a negative
relationship with IMCL.

Dietary Interventions

IMCL can change during and after interventions that in-
duce increased plasma FFA, such as a high-fat diet and
fasting. We examined the influence of both dietary inter-
ventions on the IMCL content in TA and SOL and the
IMCL distribution within the TA. The high-fat diet re-
sulted in a substantial increase in IMCL in all voxels of the
TA (N � 6; post-diet vs. pre-diet; TA1: �115%, P � 0.008;

TA2: �120%, P � 0.001; TA3: �111%, P � 0.002) as well
as in the SOL (post-diet vs. pre-diet; SOL: �67%, P �
0.036) (Fig. 7a). In contrast, the 15-hr fasting procedure did
not induce any significant changes in IMCL for the voxels
in the TA (N � 5; one dropout due to failing heating pad;
Fig. 7b). The fasting procedure did result in a decrease of
IMCL in the SOL (post-diet vs. pre-diet; SOL: –40%, P �
0.004). Neither dietary intervention affected the tCr con-
tent in the TA or SOL (data not shown).

The dietary interventions had no effect on the T2 of
muscle water measured in the different voxels (data not
shown), which justifies the use of the water signal to
quantify the IMCL and tCr content.

DISCUSSION

Using noninvasive MR techniques combined with invasive
examination of the spatial heterogeneity of rat muscle fiber
typology, we conclusively showed that spatial differences in
IMCL content are accounted for by muscle fiber type distri-
bution. Strikingly, the increase in IMCL content upon con-
sumption of a high-fat diet was similar across all fiber types,
preserving the pronounced pattern of IMCL distribution.
This study therefore underscores the importance of anatom-
ical positioning of the voxel of interest in rat muscle, in both
cross-sectional and longitudinal studies.

1H MRS is a well-established noninvasive method to
measure IMCL, and is frequently used to study lipid stor-
age in human skeletal muscle in relation to exercise, insu-
lin resistance, and type II diabetes. 1H MRS has also be-
come an important tool for research on insulin resistance
and type II diabetes in rat studies. In rat studies, 1H MRS
is often applied to the TA, among other aspects, because of
its characteristic muscle fiber architecture that maximizes
the separation of IMCL and EMCL peaks. The typical vol-
ume used in single-voxel 1H MRS in rat TA is about 8 �l,
which is small relative to the total volume of the TA
(�500 �l) and can therefore be representative of the whole
muscle only if the muscle itself displays a homogeneous
IMCL distribution. Since it is known that muscle fiber type
is an important determinant of IMCL content and that
muscle fiber types can be strongly regionalized in rat mus-
cle, we examined the spatial distribution of IMCL and
correlated this with immunohistological analyses of mus-
cle fiber typology within the rat TA cross section.

When fat storage in rat skeletal muscle is studied, the
IMCL is usually normalized to the tCr signal (3,6,7,16,17).
In human studies, however, the IMCL is often expressed as

FIG. 4. IMCL levels in the 14 � 14 voxels of the SI data set on top
of a coregistered MR image. Color coding represents the IMCL as a
percentage of the water signal. Acquisition parameters: TR � 1 s,
TE � 29 ms, 48 averages, voxel size � 0.31 � 0.31 � 3 mm3.

FIG. 5. Triple-immunofluorescence assay in representative areas (1.36 � 1.07 mm2) of the TA corresponding to voxel positions 1–3. Blue:
basal lamina; red: type I muscle fibers (slow oxidative); green: type IIa muscle fibers (fast oxidative).
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a percentage of the water signal originating from the same
voxel, since the tCr signal is small compared to the IMCL
signal and is not easy to quantify at commonly used clin-
ical field strengths (18). The present study focuses on
muscle fiber-type-related effects on the IMCL content.
Since the tCr concentration is also dependent on the mus-
cle fiber type (19), we chose to express both the IMCL and
tCr as a percentage of the water signal from the same voxel.

Both the single-voxel experiments at the different voxel
positions and the SI experiment showed that IMCL is
inhomogeneously distributed within the TA. The distribu-
tion of IMCL over the TA cross section was not random,
but emerged in a pattern very similar to the distribution of
the type I, IIa, and IIb muscle fibers. This was corroborated
by the relations between the different muscle fiber types
and the IMCL content (Fig. 6a–c). It has been shown that
oxidative muscle fibers can contain up to three times more
IMCL than glycolytic type IIb fibers (10,11), and therefore
it is most likely that the typical muscle fiber type distri-
bution in the TA accounts for the pronounced IMCL dis-
tribution. Thus far, rat muscles have mostly been studied
as a whole and classified as predominantly oxidative (e.g.,
SOL), glycolytic (e.g., TA), or intermediate (e.g., extensor
digitorum longus). Our results confirm the muscle fiber
type regionalization of the rat TA described by Wang and
Kernell (12). Although it has been classified as a “glyco-
lytic” muscle, the rat TA muscle contains a small amount
of oxidative type I and fast oxidative type IIa muscle fibers

that are clustered close to the tibia bone (12). Although the
amount of oxidative muscle fibers is modest relative to the
total number of fibers, the pronounced regionalization of
oxidative fibers within the TA profoundly affects the IMCL
content measured.

Several issues complicate the comparison of these re-
sults with previous IMCL studies in Wistar rats. Besides
the different methods used to measure and quantify the
IMCL content, the positioning of the voxels also differs
among the studies. The voxel position within the rat TA in
the studies of Neumann-Haefelin et al. (6,7) is not identical
to any of the voxel positions used in our study. However,
the voxel position used by these researchers is in a region
close to the skin that contains hardly any type I and only
a few type IIa muscle fibers (personal observation during
histological analyses) and therefore can best be compared
with our voxel position 1. When the IMCL content re-
ported in our study is normalized to the tCr signal instead
of expressed as a percentage of the water signal, then voxel
position 1 contains �30% of the IMCL signal of the SOL
(data not shown), which is in good agreement with the
results of Neumann-Haefelin et al. (6,7).

Neumann-Haefelin et al. (6) described various determi-
nants of IMCL concentrations in rat hindleg muscles, in-
cluding age, strain, gender, and muscle type, and empha-
sized the need to take these factors into account when
studying diseases such as insulin resistance and diabetes.
Our results point to the voxel position when applying

FIG. 6. IMCL content in the TA plotted as a function of the muscle fiber type. Each data point represents the average IMCL content from
the different voxel positions (“ � TA1; ■ � TA2; E � TA3) and the corresponding percentage of type I (a), type IIa (b), and type IIb (c) fibers
(N � 5). Error bars represent SEM.

FIG. 7. IMCL content of the different voxel positions in the TA and the SOL (a) before and after 7 days of high-fat diet (N � 6), and (b) before
and after 15 hr of overnight fasting (N � 5). * P � 0.05 relative to IMCL content before dietary intervention.
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localized single-voxel 1H MRS as another determinant of
the IMCL content in rodent muscle. In practice, the voxel
is positioned manually, with the guidance of anatomical
landmarks such as the shape of the TA cross section and
the tibia bone. This raises the question as to how repro-
ducible the voxel positioning and thus the IMCL measure-
ment actually are. We have shown that the coefficient of
variance of the IMCL content is �16% for each voxel
position in the TA, covering both day-to-day variations in
the animal as well as the variation introduced by the
positioning of the voxels. The typical pattern of IMCL
distribution was constant in the midbelly region of the TA
(data not shown), which made the positioning of the voxel
in the longitudinal direction far less critical than that in
the cross-section of the muscle.

The described inhomogeneous distribution of different
muscle fiber types is a key feature of rodent TA muscle.
Besides the TA, other rodent muscles are also known to
display a pronounced regionalization of their different
fiber types. For example, rat gastrocnemius muscle is often
analyzed by separating the “white” (glycolytic) part from
the “red” (mixed or oxidative) part (20). To our knowledge,
1H MRS has not been used to study IMCL content in rat
gastrocnemius muscle. The complex muscle fiber align-
ment of the gastrocnemius muscle is not ideal for IMCL
determination. However, if one were to apply single-voxel
1H MRS to rodent gastrocnemius muscle, one could expect
a similar pronounced regionalization of the IMCL content
as described in the present study for TA, because of its
inhomogeneous fiber type distribution.

We investigated whether a dietary intervention could
change the IMCL distribution within the TA, because it has
been shown that, e.g., starvation affects IMCL levels in a
muscle-specific manner (7). Seven days of high-fat feeding
increased the IMCL content in the TA and SOL by more than
100% and approximately 70%, respectively. However, IMCL
was homogeneously increased within the TA and therefore
the distribution of IMCL was not changed. Fifteen hours of
fasting decreased the IMCL content in the SOL by 40%, but
did not cause a significant change in the IMCL levels in the
TA. These results appear to contrast with previous reports
indicating an increase of IMCL in glycolytic muscles (TA and
extensor digitorum longus) and a constant level of IMCL in
oxidative muscle (SOL), measured at 12, 24, 48, and 72 hr of
starvation (7). Our group size was rather small (N � 5), and in
contrast to the high-fat diet, the results of the fasting inter-
vention were not consistent for all animals. Some animals
showed an increase in IMCL in the TA, whereas others
showed a decrease in IMCL following the fasting period. On
average this resulted in unchanged IMCL levels in the TA
muscle. It is tempting to speculate that the fasting procedure
did not induce the expected increase in plasma FFA in all
animals; however; we do not have data on the plasma FFA
levels.

In conclusion, the variation of the IMCL content within
the TA was strongly related to the muscle fiber type dis-
tribution and differed by up to a factor of 3 for different
voxel positions. Despite changes in the IMCL content due
to high-fat feeding and fasting, the typical pattern of IMCL
distribution within the rat TA persisted. Therefore, posi-
tioning the voxel of interest is a crucial factor when using
single-voxel 1H MRS to study IMCL in rodents.
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