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Study design: Survey.
Objective: Determine intramuscular fat (IMF) in affected skeletal muscle after complete spinal
cord injury using a novel analysis method and determine the correlation of IMF to plasma
glucose or plasma insulin during an oral glucose tolerance test.
Setting: General community of Athens, GA, USA.
Methods: A total of 12 nonexercise-trained complete spinal cord injured (SCI) persons (10
males and two females 40712 years old (mean7SD), range 26–71 years, and 875 years post
SCI) and nine nonexercise-trained nondisabled (ND) controls 2979 years old, range 23–51
years, matched for height, weight, and BMI, had T1 magnetic resonance images of their thighs
taken and underwent an oral glucose tolerance test (OGTT) after giving consent.
Results: Average skeletal muscle cross-sectional area (CSA) (mean7SD) was 58.6721.6 cm2

in spinal cord subjects and 94.1732.5 cm2 in ND subjects. Average IMF CSA was
14.576.0 cm2 in spinal cord subjects and 4.772.5 cm2 in nondisabled subjects, resulting in an
almost four-fold difference in IMF percentage of 17.374.4% in spinal cord subjects and
4.672.6% in nondisabled subjects. The 60, 90 and 120 min plasma glucose or plasma insulin
were higher in the SCI group. IMF (absolute and %) was related to the 90 or 120 min plasma
glucose or plasma insulin (r2¼ 0.71–0.40).
Conclusions: IMF is a good predictor of plasma glucose during an OGTT and may be
a contributing factor to the onset of impaired glucose tolerance and type II diabetes, especially
in SCI. In addition, reports of skeletal muscle CSA should be corrected for IMF.
Spinal Cord (2004) 42, 711–716. doi:10.1038/sj.sc.3101652; Published online 10 August 2004
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Introduction

Observations of magnetic resonance images (MRI)
revealed that intramuscular fat (IMF) and subfascial
fat appeared to be increased in chronic spinal cord
injured (SCI) patients when compared with nondisabled
(ND) controls. Goodpaster et al1–3 demonstrated that
subcutaneous, subfascial and intramuscular fat (IMF)
of lean or obese subjects could relate to euglycemic
clamp insulin sensitivity. IMF was correlated with
insulin sensitivity (r¼�0.45), while subfascial and
subcutaneous fat had little relation, r¼�0.36 and
�0.12, respectively. The concept that fat could impede
sugar metabolism in skeletal muscle could be a

mechanism for the 1 million new diabetes cases each
year in those 20 years of age or older4 in the United
States. In fact, diabetes is the fifth leading cause of death
in the United States, responsible for 212,000 deaths
annually (US government statistics).

Inactivity probably plays a role in insulin resistance.
Individuals with SCI occupy the lowest end of the
physically activity spectrum, and there is an increased
prevalence of insulin resistance and type-II diabetes in
this population. Bauman and Spungen5 demonstrated
that individuals with SCI had elevated plasma glucose
90 or 120 min after and elevated plasma insulin 120 min
after a 75 g oral glucose load. Elevations in glucose and
insulin were less in ND controls. From this cross-
sectional design, impaired glucose tolerance and type II
diabetes appeared to occur more often after SCI.
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An additional issue concerns increases in fat accumu-
lation in the thighs and the reliability and validity of
cross-sectional area (CSA) measurements. If individuals
with SCI have increased fat accumulation in the thighs
after injury that is not quantified and corrected, the
result is a potentially large overestimation of CSA.
Responses to training or other interventions could also
be unreliable if changes occur in fat CSA.

The relation between regional fat distribution in the
thighs and oral glucose tolerance has never been
investigated in individuals with SCI. This study was
conducted to examine the distribution of fat in the
thighs of individuals with complete SCI and ND
individuals and investigate the relation of these fat
stores to oral glucose tolerance. The aim was also to
provide evidence that inactivity and the resulting IMF
accumulation are related to the development of im-
paired glucose tolerance and type II diabetes. A
secondary purpose was to support the concept that
IMF accumulation needs to be quantified and corrected
for when measuring skeletal muscle CSA.

Methods

Subjects
In all, 10 male and two female subjects, nonexercised
trained, complete SCI individuals were recruited from
Shepherd Center (Atlanta, GA, USA). Three male and
six female subjects, also nonexercised trained, were
recruited as ND controls from the student population of
The University of Georgia and the staff of Shepherd
Center. All controls had voluntary motor control and
somatic sensation in both lower and upper limbs. Each
provided written informed consent after the study was
explained. The Human Research Review Boards of the
Shepherd Center and The University of Georgia
approved the study. We certify that all applicable
institutional and governmental regulations concerning
the ethical use of human volunteers were followed
during the course of this research.

Magnetic resonance imaging (MRI) and analysis
of thigh composition

T1-weighted transaxial images of both thighs were
collected at a field strength of 1.5 T with a Sigma
imaging system (General Electric, Milwaukee, WI,
USA), utilizing a 40 cm field of view and a 256� 256
matrix. Individual cross sections were 1 cm thick and
1 cm apart. Analysis of the thigh began with the first
image distal to the gluteal muscle and proceeded distally
to the image just proximal to the appearance of the
patella. Analysis of the images were performed using the
Xvessel software (Ron Meyer, PhD at Michigan State
University).

Sample MR images showing partial analysis proce-
dures are presented in Figures 3 and 4. Images were
automatically segmented into fat, skeletal muscle and
background/bone regions. A preliminary segmentation
of each original 2D slice into fat versus nonfat was

obtained by simplex optimization of the correlation
between a Sobel-gradient image computed from the
original image6 versus the corresponding gradient image
computed from single-threshold fat-segmented image.
This first-pass segmentation was used to correct for
intensity variations across the original image caused by
RF heterogeneity, as suggested by Cohen et al.7 The
corrected original image was then resegmented into the
three aforementioned components using a fuzzy c-mean
clustering algorithm.8 Manual selection of any pixel of
skeletal muscle subsequently highlighted all skeletal
muscle pixels in the region and provided a total number
of skeletal muscle pixels exclusive of any fat or low
pixels. A manual tracing was drawn around the outside
edge of the highlighted skeletal muscle region (including
the fascial border) to create a new region of interest
(ROI). The ROI contained skeletal muscle, subfascial
fat, intramuscular fat and low-intensity pixels. A second
manual tracing was drawn around the skeletal muscle
under the fascia to differentiate between subfascial and
IMF. A manual tracing was also drawn around the
femur in order to exclude it from the ROI. The total
number of pixels within the ROI and a frequency
distribution and histogram of all pixels and signal
intensities were produced. A representative histogram is
presented in Figure 2. To differentiate between skeletal
muscle and fat in the histogram, a midpoint between
skeletal muscle and fat peaks was chosen. Midpoint
values corresponded to an average signal intensity of
378 (arbitrary units). Skeletal muscle pixels were p378
and fat pixels were 4378. The value calculated as
skeletal muscle pixels from the histogram was the sum of
the skeletal muscle and low-intensity pixels. The values
used in the final calculation of percent fat were (1)
skeletal muscle pixels from segmentation, (2) fat pixels
from the histogram and (3) a total region that
represented the sum of (1) and (2) and low pixels. The
individual collecting the data performed two trials on 20
sample images (half from ND and half from SCI) to
determine test–retest reliability. Scores were r¼ 0.99 for
skeletal muscle pixels from segmentation, r¼ 0.98 for fat
pixels from the histogram and r¼ 0.99 for the whole
region.

Glucose tolerance test and insulin assay

Following an overnight fast, subjects reported to
the laboratory at 0900 h and each was administered a
75 g oral glucose load within 5min. Blood samples
were collected immediately before, and 60, 90 and
120 min after glucose ingestion for measurement
of plasma glucose and plasma insulin. Blood for plasma
glucose determination was collected with sodium
fluoride and blood for plasma insulin with heparin.
Blood was either immediately centrifuged and separated
for analysis or frozen at �201C until it could be
analyzed. Plasma glucose assays were performed on an
automated glucose analyzer and plasma insulin by
radioimmunoassay.
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Statistical analysis
SCI and ND subjects were examined as independent
groups or pooled into one group for regression analyses
as needed. Independent t-tests were conducted to detect
between group differences. Nonparametric tests for two
independent groups were also performed to account for
the possibility that SCI individuals represent a non-
Gaussian population. Simple regression analyses were
performed with plasma glucose and plasma insulin
during the glucose tolerance test as the dependent
variables and measures of thigh composition as the
predictor variables. All analyses were conducted in the
SPSS version 10.0.

Results

Characteristics
Subject characteristics are presented in Table 1. SCI
subjects were significantly older than ND subjects
(42712, range 26–71 versus 2979, range 20–54,
respectively), but they were similar in height and weight.
SCI subjects’ level of injury ranged from C-3 to C-7 and
duration of injury was 875 years (range 1–16 years). All
SCI subjects were classified as ASIA A complete.

Thigh skeletal muscle and fat
Muscle and fat CSA and percent composition are
presented in Table 2. ND subjects had more skeletal
muscle CSA than the SCI subjects and those with SCI
had over three times more IMF and almost four times
more subfascial fat. Consequently, SCI subjects also had

almost a four-fold greater percentage of intramuscular
and subfascial fat in the thigh.

Glucose tolerance tests
Glucose and insulin responses to the oral glucose
tolerance test (OGTT) are presented in Table 3. Fasting
plasma glucose and plasma insulin were not different
between SCI and ND groups. SCI subjects had greater
60, 90 and 120 min plasma glucose and plasma insulin
during the OGTT. Taking the difference between fasting
plasma glucose and levels at the other time points, SCI
subjects had greater increases in plasma glucose at 60, 90
and 120 min during the glucose tolerance test than ND
subjects. Plasma insulin levels showed the same eleva-
tions in SCI subjects.

Correlation of glucose and insulin to fat
Significant r2 values were found between regional fat
content or percentage fat in the thigh and plasma
glucose or plasma insulin during the OGTT (Figure 1).
These r2 values were identical in both independent
groups and when the data were pooled. The IMF %
predicted the 90 and 120 min plasma glucose (r2¼ 0.52
and 0.71, respectively, Po0.001). The plasma insulin at
120min was also estimated (r2¼ 0.41). IMF predicted

Table 1 Subject characteristics

Variable SCI ND

Age (years) 42712 2979*
Height (cm) 177.8712.7 169.3710.3
Mass (kg) 79.4718.8 68.8718.4
BMI (kg/m2) 24.873.7 23.774.0
Level of injury C3–C7
Duration of injury (years) 875

Values are presented as mean7SD
*Po0.05 versus SCI

Table 2 CSA and % of skeletal muscle and fat in the thigh
of SCI and ND individuals

Variable SCI ND

Muscle CSA (cm2) 58.6721.6 94.1732.5*
IMF CSA (cm2) 14.576.0 4.772.5*
IMF (%) 17+4 5+3*
Subfascial fat CSA (cm2) 9.3+4.5 2.872.0*
Subfascial fat (%) 1173 372*

Values are presented as mean7SD
*Po0.01 versus SCI

Table 3 Responses to a 75 g oral glucose load measured in the
blood before, and 60, 90, and 120 min after glucose ingestion in
SCI and ND individuals

Variable SCI ND

Glucose insulin fasting 8377 8675
876 573

60 min 145733 110718**
92771 39+13*

90 min 148736 98715**
93+69 34+9*

120 min 142720 97720**
107+55 38+16**

Values are presented as mean7SD
*Po0.05 versus SCI. **Po0.01 versus SCI

Figure 1 Association between IMF (cm2) and plasma glucose
(mg/dl 120min value of oral glucose tolerance test) in chronic,
complete SCI and ND people
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both the 120 min plasma glucose and plasma insulin
(r2¼ 0.44 and 0.59, respectively, Po0.001).

Discussion

This study used MRI and a novel analysis method to
noninvasively quantify regional fat distribution and
its correlation to an OGTT in SCI and ND controls.
The data show the disparity in skeletal muscle CSA
between ND and SCI very clearly. More importantly,
the data show the large difference between groups in fat
accumulation and distribution, especially IMF. In
addition to high IMF, SCI subjects also had higher
glucose and insulin values than controls at all points
after glucose ingestion during the OGTT. Simple
regression analyses show the strongest relationships
between IMF percentage and the 90 and 120 min plasma
glucose levels.

SCI and ND groups were not different in height,
mass, and BMI. They were different in age and gender,
the SCI group was older and had more males. Age and
gender have been shown to have an effect on total body
composition. Older or female populations tend to have
more total fat than those who are younger or male.9–11

This is a limitation of this investigation. Nonparametric
statistics conducted to test between group differences
provide the same results as the parametric methods.
With nonparametric methods, the SCI and ND samples
are not different in height, mass, or BMI, but they are
different in age. However, the distribution of IMF and
the effect of gender and age have not been established in
the populations examined in this study using the current
novel analysis method. This is certainly an area for
future research using this method.

The histogram (pixel number versus signal intensity)
produced from analysis of the quadriceps femoris
muscle group within a thigh MRI showed two distinct
regions (Figure 2). The peak on the left was distinct,
thin, and represented skeletal muscle. The peak on the
right was the peak representing fat. It was also distinct

and thin. Most of the pixels were in one or the other of
these two distinct peaks that were signal intensity units
apart, making it simple (pixel CSA times number of
pixels) to determine the skeletal muscle and fat CSA.
Test–retest reliability was r¼ 0.99 for muscle and fat
areas examined in both ND and SCI groups.

Several investigators have used magnetic resonance
spectroscopy (MRS) to quantify intramyocellular and
extramyocellular lipid.12–14 Jacob et al,13 compared
intra- and extramyocellular lipid in the tibialis anterior
and soleus skeletal muscles between ND insulin-sensitive
and insulin-resistant groups matched for age, sex, BMI,
percent body fat, VO2max, and waist-to-hip ratio. They
found intramyocellular lipid to be increased in the
insulin-resistant group. Contrary to the present study,
extramyocellular lipid, which is the closest comparable
fat measurement to those presented here, was not
different between groups. MRS methodology12–14 is
built upon measurements that come from only one or
two representative regions rather than the whole body
segment, possibly disguising or creating differences
between groups. It is also possible that the absolute
amount and distribution of fat (extramyocellular) in the
smaller tibialis anterior and soleus could have less of an
impact on insulin resistance than the larger thigh
muscles.

Our measurements of IMF with MRI are consistent
with the computed tomography measurements of the
thigh by Goodpaster et al,1–3 although our correlations
are much stronger. Computed tomography is subject to
some of the same limitations as MRS in that data is only
collected from a very limited number of slices of the
body segment (Figures 3 and 4). Goodpaster examined
ND lean and obese subjects, possibly limiting the
strength of the correlations by only showing the
contribution of fat accumulation and not also including

Figure 2 Representative histogram (pixel number versus
signal intensity) of a region of interest around the whole
thigh. Skeletal muscle peak is on the left and fat peak on the
right

Figure 3 MR image zoomed in to left thigh prior to any
analysis
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muscle atrophy. SCI individuals also have an extreme
degree of atrophy. There is an equivalent inverse
correlation between percent skeletal muscle and 2 h
plasma glucose of r2¼�0.67, suggesting that loss of
skeletal muscle mass and the accumulation of IMF have
almost equal parts in abnormal disposal of glucose. SCI
individuals appear to experience both factors simulta-
neously, whereas ND individuals who are simply obese
may not experience a loss of skeletal muscle mass as
their weight increases. We have reported 50% atrophy
of the quadriceps femoris muscle group in SCI without
correcting for IMF.15,16

Our data support the idea that lipid could interfere
with sugar metabolism in skeletal muscle, although a
clear mechanism has not been established. Palmitoyl
CoA arising from lipid metabolism could inhibit PFK
and disturb the gradients for sugar entry in skeletal
muscle.17,18 The data also support the notion that
inactivity plays a role in the etiology of impaired glucose
tolerance and type II diabetes. The strong relations
between plasma glucose and IMF exist within the
muscles directly affected by inactivity as a result of SCI.

The data presented here suggest that IMF increases
dramatically after SCI. Current methods estimate that
skeletal muscle CSA of the quadriceps decreases from
103 to 49 cm2 6 months after SCI.15 By accounting for
increases in IMF using the results of this study, the
actual atrophy of skeletal muscle would be closer to
65% than 50%. Similar errors may occur with
measurements of changes in muscle CSA in response
to resistance training. Actual muscle CSA may be over-

or underestimated depending on the state of IMF before
and after training. Training studies using MRI should
be evaluated in this regard.

In summary, this study showed with MRI that IMF is
a good predictor of plasma glucose during an OGTT.
Lipid around skeletal muscle accounts for about 70% of
the variance in plasma glucose 120 min after ingesting
a 75 g glucose in individuals with SCI and those who
are ND. The strong prediction of 2-h plasma glucose
appears to be due to both IMF accumulation and loss of
skeletal muscle mass caused by SCI. This is a major
health concern for those who have SCI and other
diseases that cause atrophy and increased inactivity,
including the sedentary lifestyle. Measurement of IMF is
essential for accurate representation of CSA. Failure to
account for IMF can cause an underestimation of
skeletal muscle size. MRI analysis of IMF could be a
tool to noninvasively assess the risk of impaired glucose
tolerance and type II diabetes. Future studies should
be conducted to further refine this technique and to
investigate the mechanistic relationship between IMF
and blood glucose.
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