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Abstract: Intramyocellular lipid (IMCL) has been inversely associated with insulin sensitivity in some, but not all, 
studies. This study utilized fast, high-resolution, magnetic resonance spectroscopic imaging (MRSI) to: investigate 
relationships between muscle lipids (IMCL and extramyocellular lipid (EMCL)) and insulin sensitivity in muscles of 
varying oxidative capacity, explore ethnic differences in these relationships, and determine whether a eucaloric, low-fat 
dietary intervention would reduce IMCL and increase insulin sensitivity. Subjects were 30 healthy, African-American 
(AA; n=14) and European-American (EA; n=16) males, BMI 26.49 (±5.57) kg/m2, age 21.80 (±7.84) yrs. Soleus and 
tibialis anterior muscle lipids were quantified using MRSI. Insulin sensitivity was assessed via intravenous glucose 
tolerance test. A 2-week, eucaloric, low-fat diet intervention was conducted in a sub-group (n=12) subjects with 
assessments at baseline and post-intervention. Neither IMCL nor EMCL levels differed between ethnicities. In the total 
group, and within EA (but not AA), both tibialis anterior IMCL and EMCL were inversely associated with insulin 
sensitivity (P<0.05 for both); soleus muscle lipids were not associated with insulin sensitivity. Soleus, but not tibialis 
anterior, IMCL declined in both ethnic groups (average 25.3%; p<0.01) following dietary intervention; insulin sensitivity 
was unchanged. Results suggest that an association of muscle lipids with insulin sensitivity may be influenced by the 
oxidative capacity of the muscle group studied and may vary with ethnicity. 
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INTRODUCTION 

 The role of excess muscle lipid accumulation (as intra-
myocellular (IMCL) and extramyocellular lipid (EMCL)) 
and its potentially detrimental effect on insulin sensitivity 
has been under active investigation by many scientific 
groups [1-5]. This negative association has been proposed to 
be causal, a hypothesis that is supported by data linking fatty 
acid metabolites to defects in insulin signaling [6-8]. How-
ever, the cause-and-effect nature of the relationship has not 
been confirmed. The absence of an association between 
IMCL and insulin sensitivity among normoglycemic women 
[9] suggests that the association may be more readily appa-
rent in metabolically perturbed or “at risk” subjects, such as 
those predisposed to or with type 2 diabetes, or the elderly 
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[3-5]. This population-specific association calls into question 
whether IMCL is a direct contributor to decreased insulin 
sensitivity, or if, instead, it is either a marker for metabolic 
state, or the result of a metabolic perturbation [10]. There-
fore, it is important to examine the association between 
IMCL and insulin sensitivity in healthy, free-living popula-
tions, and to determine if manipulation of IMCL is associa-
ted with changes in insulin sensitivity.  

 One potential cause for the discrepancies among studies 
is the specific muscles investigated. The soleus muscle is 
commonly used because it is the largest muscle in the calf 
and is oriented parallel to the magnetic field during magnetic 
studies. These characteristics allow for easy identification 
and collection of spectra with increased spectral quality. 
However, the soleus muscle is a highly oxidative muscle, 
displaying significantly higher succinic dehydrogenase acti-
vity as compared to the adjacent tibialis anterior muscle [11]. 
Such biochemical differences in oxidative activity between 
muscle groups may affect both muscle lipid utilization and 
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the relationship of muscle lipid content to whole-body 
insulin sensitivity [12,13]. Therefore, studies assessing the 
association between muscle lipid content and insulin sensi-
tivity should assess several muscles that differ in oxidative 
activity. 
 Ethnicity is known to be a profound determinant of 
insulin sensitivity. African Americans (AA), vs. European 
Americans (EA), are less insulin sensitive independent of 
obesity and body fat distribution [14-17]. Several studies 
have reported greater total muscle lipid in AA vs. EA [18-
21]. A study of 60 AA and EA women found that higher 
intermuscular adipose tissue independently predicted lower 
insulin sensitivity [20]. In that study, the authors recom-
mended future studies incorporate direct assessment of 
IMCL and EMCL to clarify the associations of these depots 
with insulin sensitivity. An editorial accompanying this pub-
lication suggested that future research should investigate 
ethnic differences in the relationship of muscle lipids to 
metabolic outcomes, such as insulin sensitivity, using a 
closely matched cohort [22].  
 Our laboratory recently developed a method of assessing 
muscle lipids using a novel, fast, two-dimensional magnetic 
resonance spectroscopic imaging (MRSI) sequence [23]. 
This method involves utilizing a short repetition time (TR = 
145.9 ms) 2D MRSI sequence to achieve a very high resolu-
tion data set (volume-per-voxel = 0.0625 cc) in a brief period 
of time (~10 minutes). Overall, this new sequence greatly 
increased voxel spatial resolution, allowed for simultaneous 
assessment of multiple muscle groups, and significantly 
decreased the total scan time and subject burden [23]. This 
methodology may be valuable for studies requiring rapid or 
repeated assessment of muscle lipid. However, the applica-
tion of this methodology to physiologic studies involving 
metabolic outcomes has not been examined. 
 This study was conducted in a group of healthy, free-
living AA and EA males to investigate the relationship 
between muscle lipids (as IMCL and EMCL) and insulin 
sensitivity in muscles varying in oxidative activity. The 
study used our newly developed, fast, high-resolution, MRSI 
technique, which allowed us to investigate multiple muscle 
groups with differing levels of oxidative activity and lipid 
levels in a single, short-duration, acquisition. Secondary 
aims of this study were to determine whether ethnic diffe-
rences existed in the association between muscle lipids and 
insulin sensitivity, and whether manipulation of muscle 
lipids via low-fat diet both reduced IMCL and increased 
insulin sensitivity. 

MATERIALS AND METHODOLOGY 

Subjects 

 Subjects were 30 free-living, adult males, 14 of AA and 
16 of EA descent recruited from the University community 
and the surrounding Birmingham area. Subjects were 
enrolled in one of two studies, which were approved by the 
Institutional Review Board at the University of Alabama at 
Birmingham. Both subjects, and the parents of any subjects 
who were minors, provided informed consent. All subjects 
were considered adult based on pubertal stage of 5, accord-
ing to the criteria of Marshall and Tanner [24]. Subjects were 

excluded if they were taking medications, diagnosed with 
syndromes known to affect body composition or physical 
activity, or had experienced chronic, recurrent infections or 
any major illnesses. Additional criteria for inclusion in the 
dietary intervention sub-study (n=12) were: aged 19 - 45 
years, body mass index [BMI, defined as weight in kg/height 
in (m2)] of 24.9 to 33.0, healthy, nonsmokers, and no history 
of diabetes, cardiovascular disease, hypertension, or chronic 
illness. Exclusion criteria for this study included having any 
metal objects in their body or participating in habitual 
moderate or aerobic exercise totaling more than 2 hours per 
week.  

Protocol 

 Subjects reported to the UAB Center for Nuclear Imag-
ing Research (CNIR) to undergo MRSI. They were then 
admitted in the late afternoon to the General Clinical Res-
earch Center (GCRC) for an overnight stay. At approxi-
mately 1800 h, subjects were provided a standardized dinner 
meal consisting of 55% carbohydrate, 15% protein, and 30% 
fat (total group, baseline) or ~60% carbohydrate, ~30% 
protein, and <10 % fat (post-diet intervention). A small 
snack was also provided and was consumed by 2000 h. After 
2000 h, only water or noncaffeinated, noncaloric beverages 
were allowed until after testing was completed the following 
day. Soft, flexible catheters were placed in each arm the 
following morning to collect blood for serum analyses and to 
conduct insulin sensitivity testing. Testing was conducted 
while subjects were in a fasted condition. Testing was 
conducted in all subjects (n=30) at baseline and following 
the 2-week, low-fat diet-intervention arm in a subset of 
subjects (n=12). 

Body Composition 

 Total and regional body composition (fat mass and lean 
mass) were measured by dual-energy X-ray absorptiometry 
(DXA) using a GE Lunar Prodigy densitometer (GE Lunar 
Corporation, Madison, WI). All scans were performed and 
analyzed according to manufacturer’s instructions with 
enCORE 2002 Version 6.10.029 software. Specialized ana-
lyses were performed using a “Region-of-Interest” (ROI) 
“Custom” analysis sequence. For quantification of total leg 
tissue, a box was manually drawn with the upper boundary 
of the ROI formed by a line placed through the joint of the 
femur adjacent to the angle of the pelvis, and the remaining 3 
sides placed on either side of the leg and below the foot.  

Intramuscular Lipid Measurements 

 All measurements were performed on a 4.1 T whole body 
imaging and spectroscopy system at the CNIR, which was 
interfaced to a Bruker console (Bruker Instruments, Inc). All 
acquisition and processing methods for this study have been 
previously described [23]. Briefly, intramuscular lipids 
(IMCL and EMCL) of muscles in the right calf were mea-
sured using a slice-selective, fast 2D MRSI sequence. 
Following the MRSI, a set of high-resolution axial scout 
images was obtained to co-register with the spectroscopic 
image so that the muscle group of each pixel could be 
identified. These anatomical images were collected in 10-
mm slices with a slice separation of 15 mm.  
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 All MRSI data sets were converted and reconstructed 
using a custom-built software package written in the MatLab 
version 6.1 (The MathWorks, Inc, Natick, MA). Individual 
spectra and spectra from regions-of-interest (ROI) were 
manually chosen and extracted for spectral analysis as 
previously described and representative spectra from this 
population have been previously shown by Newcomer et al. 
[23]. For IMCL determination, a small summed ROI from a 
6x6 set of voxels (soleus) or 4x4 set of voxels (tibialis 
anterior) that was free from marbling and produced adequate 
peak splitting was identified. For EMCL determination, a 
large summed ROI each for the individual soleus and tibialis 
anterior muscles was manually drawn and included all 
voxels inside the facial layers of each of the muscles was 
identified [23]. These spectra were analyzed by fitting the 
peak positions and areas through time domain fitting using 
Java-Based Magnetic Resonance User Interface (jMRUI) 
version 2.1 [European Consortium of Scientists; 25). IMCL 
and EMCL content in the soleus spectra were fit using pre-
viously published fitting models and sets of prior knowledge 
information [23, 26-29]. Lipid peak amplitudes were norma-
lized to an external peanut oil phantom using similar metho-
dology as described by Perseghin et al. [30]. Consequently, 
all peak areas in this study are expressed in arbitrary units 
(a.u.) relative to the phantom signal amplitude.  

Insulin Sensitivity Testing 

 At approximately 0700, a frequently-sampled, intrave-
nous glucose tolerance test (FSIGT) was conducted. Glucose 
(300 mg/kg) was administered intravenously at time “zero” 
followed by insulin (0.02 U/kg) at time 20 min. Blood 
samples were collected 24 times (72 ml total) in the young 
adult participants, and 33 times (99 ml total) in the adults, 
and were analyzed for glucose and insulin. Glucose and 
insulin data were entered into Min Mod computer software 
(version 5.15; Richard N. Bergman, Department of Physio-
logy and Biophysics, University of Southern California, Los 
Angeles, CA) to generate the insulin sensitivity index, Si 
[31]. 
 Glucose concentration was assessed using the glucose 
oxidase method (Analox, Lunenburg, MA). Insulin was 
assayed in duplicate 100 µl aliquots using double-antibody 

RIA with reagents obtained from Linco Research Inc. (St. 
Charles, MO). The assay sensitivity was 2.9 µIU/ml, and 
mean intra-assay and interassay coefficients of variation 
were 4.0% and 3.5%, respectively. 

Diet 

 Participants in the very low-fat diet-intervention arm of 
this project (n=12) were provided with all meals and snacks 
for 2 weeks by the GCRC Metabolic Kitchen, and instructed 
to consume only food provided. The test diet was eucaloric, 
contained an average of 25 grams of fiber/day, and had a 
macronutrient composition of <10 % energy from fats, ~60% 
from carbohydrates, and the remainder (≥30%) from protein. 
Energy needs were calculated using the Harris-Benedict 
formula multiplied by an activity factor of 1.35 to determine 
total daily energy requirements, as previously described [32]. 
All menus were prepared by a registered dietitian using 
Minnesota Nutrient Data Systems for Research (NDS-R), 
version 4.06.  

Data Analysis 

 Baseline differences in demographic and metabolic out-
comes between ethnic groups were assessed with t-tests. 
Pearson’s correlation coefficients were calculated to examine 
relationships between muscle lipids and anthropometric and 
metabolic variables. Three outliers (defined as ≥2 standard 
deviations from the mean) were present in muscle lipid data. 
Data were analyzed as a complete set and with outliers 
removed. No outcome differences resulted from conducting 
analyses with vs. without outliers, therefore final analyses 
include all data. Changes in muscle lipids and Si with the 
diet intervention were assessed using paired t-tests. All 
statistical tests were two-tailed and were performed using a 
significance level of 0.05. Analyses were performed using 
SAS 9.1 (SAS Institute, Cary, NC). 

RESULTS 

Subject Characteristics 

 Descriptive characteristics of the total population are 
summarized in Table 1.  

Table 1. Descriptive Data and Metabolic Variables; Mean (SD) 
 

 Total Group  
(N=30) 

African-American 
(n=14) 

European-American 
(n=16) Pa 

Age 21.80 (7.84) 21.14 (7.29) 22.38 (8.50) 0.67 

Weight (kg) 83.14 (15.91) 86.25 (13.22) 80.41 (17.91) 0.32 

BMI (kg/m2) 26.49 (5.57) 27.64 (5.04) 25.48 (5.96) 0.30 

Total body fat mass (kg) 21.77 (12.40) 21.91 (11.46) 21.65 (13.55) 0.95 

Trunk fat mass (kg) 10.81 (6.48) 10.59 (6.10) 11.00 (7.00) 0.87 

Total Leg fat mass (kg) 8.49 (4.82) 8.79 (4.28) 8.22 (5.37) 0.76 

Soleus IMCL (arbitrary unitsb) 0.98 (0.59) 0.93 (0.60) 1.03 (0.60) 0.67 

Soleus EMCL (arbitrary unitsb) 1.64 (0.77) 1.58 (0.87) 1.70 (0.69) 0.69 

Tibialis anterior IMCL (arbitrary unitsb) 0.48 (0.38) 0.58 (0.49)c 0.39 (0.26) 0.19 

Tibialis anterior EMCL (arbitrary unitsb) 1.66 (1.20) 1.45 (1.30)c 1.82 (1.13) 0.42 

Insulin sensitivity [x 10-4 min-1 / (µIU/ml)] 3.21 (2.19) 2.19 (1.75) 4.11 (2.19) 0.01 
a for difference between ethnic groups, b arbitrary units relative to an external phantom, c n=13. IMCL = intramyocellular lipid; EMCL = extramyocellular lipid. 
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 The two ethnic groups did not differ with respect to 
demographic variables, body composition, or muscle lipid 
content. On average, Si in the total group was  47% lower  in  
AA vs. EA (P<0.05). The dietary intervention subgroup 
population was comprised of 12 men (6 AA, 6 EA), mean 
age was 30.1 (±5.8) years, mean weight was 90.0 (±9.9) kg, 

and mean BMI was 27.9 (±2.9) kg/m2. Mean total body fat 
mass was 25.3 (±6.4) kg, with a mean trunk fat mass of 13.3 
(±3.6) kg, and a mean total leg fat mass of 9.0 (±2.5) kg. 
 Muscle lipids were shown to be correlated with multiple 
anthropometric and body composition measures in EA men 
but not AA men (Table 2). Muscle lipids were not associated 

Table 2. Associations between Muscle Lipids and Anthopometric and Serum Data by Ethnicity; r(p) 
 

 African-American 
(n=14) 

European-American 
(n=16) 

 Soleus 
IMCL 

Soleus 
EMCL 

Tibialis anterior 
IMCL 

Tibialis anterior 
EMCL 

Soleus 
IMCL 

Soleus 
EMCL 

Tibialis anterior 
IMCL 

Tibialis anterior 
EMCL 

BMI 
0.11 

(0.71) 
-0.005 
(0.99) 

0.25 
(0.41) 

-0.05 
(0.87) 

0.59 
(0.01) 

0.37 
(0.15) 

0.47 
(0.07) 

0.44 
(0.08) 

Total body fat 
mass 

0.26 
(0.37) 

0.23 
(0.42) 

0.39 
(0.19) 

0.20 
(0.51) 

0.62 
(0.01) 

0.57 
(0.02) 

0.51 
(0.04) 

0.51 
(0.04) 

Trunk fat 
mass 

0.26 
(0.38) 

0.20 
(0.50) 

0.41 
(0.16) 

0.14 
(0.64) 

0.69 
(0.003) 

0.58 
(0.02) 

0.49 
(0.05) 

0.46 
(0.07) 

Right Leg fat 
mass 

0.22 
(0.45) 

0.32 
(0.26) 

0.26 
(0.39) 

0.39 
(0.18) 

0.40 
(0.12) 

0.49 
(0.05) 

0.53 
(0.03) 

0.56 
(0.02) 

Fasting 
glucose 

-0.04 
(0.90) 

0.26 
(0.37) 

-0.11 
(0.72) 

0.04 
(0.90) 

0.09 
(0.74) 

0.26 
(0.34) 

0.20 
(0.45) 

-0.08 
(0.77) 

Fasting 
insulin 

-0.11 
(0.70) 

-0.10 
(0.73) 

0.004 
(0.99) 

0.005 
(0.99) 

00.7 
(0.79) 

0.14 
(0.60) 

0.18 
(0.52) 

0.43 
(0.10) 

IMCL = intramyocellular lipid; EMCL = extramyocellular lipid. 

     
Fig. (1). A and B. Relationship between intramyocellular lipid of the soleus (n=30) and the tibialis anterior (n=29) muscles and insulin 
sensitivity (Si) in a population of healthy, adult males. 

      
Fig. (2). Relationship of soleus muscle intramyocellular lipid to insulin sensitivity (Si) in African-American (AA) and European-American 
(EA) males. 
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with serum fasting glucose or insulin levels in either 
ethnicity. 
 IMCL was 2-fold higher in the soleus than in the tibialis 
anterior. EMCL levels between the two muscles did not 
differ. No significant relationships between soleus IMCL and 
Si were observed either in the entire group (Fig. 1A), or 
within the ethnic subgroups (Fig. 2). A significant, inverse 
relationship between tibialis anterior IMCL and Si was 
observed both in the entire group (Fig. 1B), and within EA 
subjects (Fig. 3; P<0.05). EMCL of the soleus muscle and Si 
were not associated in the total group, or in either ethnic 
group. The association between EMCL of the tibialis 
anterior and Si in the entire group was r=-0.33 (P=0.08). 
When examined by ethnicity, this was significant in EA (r=  
-0.51, P<0.05), but not AA (r=-0.37, P=0.21). 

 Soleus IMCL was reduced by 25.3% with the low-fat diet 
intervention (P<0.01; Fig. 4); no change was observed in 
tibialis anterior IMCL (P=0.14; data not shown). An increase 
in soleus EMCL approached significance (P=0.07) but no 
significant change in EMCL of the tibialis anterior was 
observed (P=0.11). Si did not change with the low-fat diet 
intervention (P=0.33; Fig. 4). 

DISCUSSION 

 This study was designed to test the use of a novel, fast, 
MRSI technique to explore the relationship of muscle lipids 
to insulin sensitivity in muscles of differing oxidative capa-
city. We found that, in this free-living population of healthy 
men, insulin sensitivity was correlated with tibialis anterior, 

      
Fig. (3). Relationship of tibialis anterior muscle intramyocellular lipid to insulin sensitivity (Si) in African-American (AA) and European-
American (EA) males. 

 
Fig. (4). Change in intramyocellular lipid of the soleus muscle and insulin sensitivity following low-fat, eucaloric diet intervention (mean ± 
SD). 

10

8

6

4

2

0

0.0 0.5 1.0 1.5 2.0 2.5

Intramyocellular lipid (arbitrary units)

AA

r=-0.12; p=0.70
-4

-1
S

[x
10

m
in

/(
µ

IU
/m

l)
]

I

10

8

6

4

2

0

0.0 0.5 1.0 1.5 2.0 2.5

EA

r=-0.62; p=0.01

Intramyocellular lipid (arbitrary units)

-4
-1

S
[x

10
m

in
/(

µ
IU

/m
l)

]
I



142     The Open Obesity Journal, 2010, Volume 2 Lawrence et al. 

but not soleus, IMCL and that this association was apparent 
among EA, but not AA, subjects. Diet-induced depletion of 
IMCL was not associated with a change in insulin sensiti-
vity. Results suggest that examination of multiple muscle 
groups with varying oxidative capacities is important in 
studies of muscle lipids and metabolic outcomes. Further-
more, IMCL may not be a primary determinant of insulin 
sensitivity among healthy young subjects, and does not 
appear to explain lower insulin sensitivity among AA vs. EA 
in this study cohort.  
 In the present study, we observed an association between 
IMCL of the tibialis anterior and Si, but did not find a simi-
lar association between soleus IMCL and Si. Prior reports 
regarding the relationship between IMCL and insulin sensi-
tivity have produced discrepant results. Significant associa-
tions have been consistently observed in obese populations 
[33], and in populations with, or at increased risk for, type 2 
diabetes [3-5]. However, the relationship between IMCL and 
insulin sensitivity is less consistent in heterogenous popula-
tions of healthy adults ([5,9] suggesting that the relationship 
may be too subtle to detect, or even nonexistent, in these 
groups.  

 An alternative explanation for discrepant results in the 
association between IMCL and insulin sensitivity may lie 
with the specific muscle analyzed. Previous studies often 
assessed IMCL in only one muscle, and most studies used 
the soleus muscle. However, differential relationships of 
insulin sensitivity with differing muscles with varying oxida-
tive activity have been reported in both animal and human 
studies. A study investigating the association of IMCL and 
insulin sensitivity in rats showed that the relationship 
differed depending on the specific muscle examined [34]. 
Specifically, they showed that an inverse association of 
glucose uptake was associated with tibialis anterior IMCL, 
but not soleus IMCL. Conversely, in a study of normal-to-
obese, nondiabetic men, Ghan and colleagues reported an 
inverse relationship of insulin-stimulated glucose disposal 
with soleus IMCL (P=0.0049), but not IMCL of the tibialis 
anterior [35]. In that population, when subdivided into nor-
mal/overweight vs. more overweight groups, the relationship 
of soleus IMCL and insulin-stimulated glucose disposal was 
only apparent in the lower-weight cohort.  

 The mechanisms for differences among studies and 
populations in the IMCL-insulin sensitivity relationship are 
unclear. It has been suggested that the fatty acid metabolites 
implicated in diminished translocation and activity of cellu-
lar glucose transporters resulting in decreased insulin sensi-
tivity may differ in content and/or action between the muscle 
fiber types [34]. These metabolites, such as long-chain acyl 
coenzyme A, diacylglycerol, and/or ceramide, may be stron-
ger determinants of peripheral insulin resistance than are the 
absolute IMCL levels [6,35]. Further research is warranted to 
determine if the muscle-specific association between IMCL 
and insulin sensitivity observed in this study is due to such 
metabolic differences at the cellular level. The identification 
of differences in the relationship between IMCL of muscles 
of differing oxidative activity and insulin sensitivity reported 
by our research group and others emphasizes the importance 
of assessing multiple muscle groups in future clinical 
studies.  

 A secondary aim of this study was to examine ethnic 
differences in the relationship of muscle lipids to insulin 
sensitivity. In our population, insulin sensitivity was 47% 
lower among AA vs. EA, despite having no significant diffe-
rences between ethnicities in body composition, fat distribu-
tion, or muscle lipid levels. These results suggest that lower 
insulin sensitivity among AA may not be explained by 
greater skeletal muscle lipid levels. However, in this 
population, the relationship of muscle lipids to insulin 
sensitivity differed with ethnicity, such that tibialis anterior 
IMCL and EMCL were associated with insulin sensitivity 
only among EA. Other studies have noted ethnic differences 
in IMCL-insulin sensitivity relationships. Forouhi et al. 
studied of a group of 40 Asian and European adult men who 
were matched for age and BMI [36]. In that cohort, IMCL 
was inversely associated with insulin sensitivity in the 
European men (P=0.02), but not in the Asian men. Similar to 
our cohort of AA and EA men, their group also reported a 
significant ethnic difference in insulin sensitivity, such that 
insulin sensitivity was lower among the Asian men com-
pared to the European men (P=0.01). Unfortunately, EMCL 
data were not reported in that study. Our finding that asso-
ciations of EMCL and insulin sensitivity differ with ethnicity 
is, to our knowledge, novel and should be investigated 
further. Additionally, research in a larger and more heteroge-
neous population is warranted to identify the ethnic diffe-
rences in the relationship of muscle lipids to insulin sensi-
tivity and, specifically, determine if muscle lipids play a 
stronger role in metabolism among EA vs. AA individuals.  

 A final aim of this study was to experimentally manipu-
late muscle lipids through diet in a small subset of these 
subjects and assess the effect of this manipulation on insulin 
sensitivity. Previous studies have shown that short-term ele-
vations of serum lipid, via either consumption of a high-fat 
diet or intravenous lipid infusion, have resulted in increased 
IMCL with a concomitant decrease in insulin sensitivity 
[37]. Other studies involving low-fat diets have shown that 
lipid restriction following a bout of exercise, using either 
10% or15% fat eucaloric diets, impaired the replenishment 
of IMCL in the soleus muscle [26,38]. Based on those 
findings, we hypothesized that reducing the dietary fat 
content of a eucaloric diet to <10% of kcals from fat would 
reduce IMCL and produce a corresponding increase in 
insulin sensitivity.  

 In response to the dietary intervention, soleus IMCL was 
significantly reduced by approximately 25%. In contrast, 
tibialis anterior IMCL did not change. This muscle-specific 
response is likely related to the differing enzymatic oxidative 
activity between the two muscle groups [11]. During non-
fasting conditions, the highly oxidative soleus muscle uti-
lizes a higher proportion of lipid for fuel as compared to the 
more glycolytic tibialis anterior muscle [39,40]. Therefore, 
when lipid stores are not being replenished through diet, 
soleus is likely to display more severe lipid depletion. Inte-
restingly, the diet intervention also resulted in an increase in 
soleus muscle EMCL that approached significance (P=0.07), 
but not in EMCL of the tibialis anterior. It is not clear why a 
low-fat diet would increase EMCL. Few published studies 
have included EMCL data, and the metabolic relevance of 
EMCL is not clear. We hypothesize that increased EMCL in  
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the soleus, a muscle group that relies primarily on lipid for 
energy, suggests that EMCL may be an intermediary storage 
depot for lipid being shuttled to the myocyte for energy use. 
To our knowledge, the finding that EMCL may change with 
a eucaloric, low fat diet intervention is novel, and suggests 
that EMCL may be relatively dynamic.  
 We hypothesized that reducing the dietary fat content to 
<10% of kcals in a eucaloric diet would reduce IMCL and 
improve insulin sensitivity. Despite a significant reduction in 
soleus IMCL with the dietary intervention, there was no 
significant change in insulin sensitivity in our population of 
overweight but otherwise healthy men. This observation is in 
contrast to several studies indicating that a reduction in 
IMCL through exercise or calorie restriction corresponds 
with significant improvement in insulin sensitivity [33, 41, 
42]. For example, one study of obese nondiabetic and 
diabetic adults provided a very-low calorie diet produced a 
significant decrease in IMCL (P<0.05) and increase in 
insulin sensitivity (P<0.01) after only 6 days of dietary 
intervention [33]. An important distinction between our 
study and the studies previously mentioned that may explain 
conflicting results is that our population was not in negative 
energy balance. Therefore, the process of negative energy 
balance itself may lead to improvements in insulin sensitivity 
independent of changes in IMCL. The present study is the 
first to show that, in a population of healthy, sedentary men, 
dietary fat restriction resulted in a decrease in IMCL in the 
absence of exercise or calorie restriction. Our study also 
suggests the possibility that the improvement in insulin 
sensitivity associated with the reduction of IMCL via caloric 
restriction may not be wholly due to the change in IMCL.  

CONCLUSIONS 

 Results from this study of healthy, free-living male sub-
jects show that this novel 2D MRSI sequence can effectively 
assess skeletal muscle lipid content in physiologic studies 
involving metabolic outcome. This technique may be useful 
for future studies regarding the cause-and-effect relationship 
between muscle lipids and metabolic health. Additionally, 
we have shown that the association between muscle lipids 
(as IMCL and EMCL) and insulin sensitivity may be inf-
luenced by both the muscle group studied and the ethnicity 
of the study subjects. Furthermore, significant reduction of 
IMCL via low-fat, eucaloric diet was not associated with a 
change in insulin sensitivity in this population of healthy, 
young males, suggesting that IMCL may not be a major 
determinant of insulin sensitivity in this cohort. 
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IMCL  = Intramyocellular lipid 
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DXA = Dual-energy X-ray absorptiometry 
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