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Skeletal muscle atrophy and increased intramuscular fat after incomplete

spinal cord injury
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Study design: Cross-sectional and longitudinal design.
Objectives: (1) To quantify skeletal muscle cross-sectional area (CSA) after correcting for
intramuscular fat (IMF) in thigh muscle groups 6 weeks after incomplete spinal cord injury
(SCI), (2) to monitor the changes in muscle CSA and IMF after 3 months from the initial
measurement.
Setting: Academic institution Athens, GA, USA.
Methods: Six incomplete SCI patients (2874 years, 17875 cm and 7876 kg, mean7SE, C7 to
L3, American Spinal Injury Association B or C) were tested at 571 weeks and 3 months after
the initial measurement. T1-weighted magnetic resonance images were taken of both thighs. Six
able-bodied (AB) controls were matched in age, sex, height and weight (2974 years, four male
and two female subjets, 17975 cm and 7776 kg).
Results: At 6 weeks post-injury, muscle CSA was 8274 cm2 in incomplete SCI and
123721 cm2 in AB controls (P¼ 0.04). IMF CSA was 5.271.3 and 2.370.6 cm2 in incomplete
SCI and AB controls, respectively (P¼ 0.03). Relative IMF was three-fold higher (P¼ 0.03) in
the SCI group versus AB controls (5.871.4 versus 2.070.6%). After 3 months, IMF increased
26% in the SCI group compared to the initial measurement (P¼ 0.02).
Conclusions: Skeletal muscle atrophy is associated with greater IMF accumulation in SCI
group 6 weeks post-injury compared to AB controls. Moreover, IMF continues to increase over
time in incomplete SCI.
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Introduction

Following spinal cord injury (SCI), the most prominent
adaptation is skeletal muscle atrophy.1–4 For example,
skeletal muscle cross-sectional area (CSA) has been
reported to be as much as 45% smaller than that of able-
bodied (AB) controls just 6 weeks after a clinically
complete SCI.2 Skeletal muscle atrophy has been
attributed to the loss of central activation and sub-
sequent unloading5 and is associated with adverse
metabolic sequelae, including glucose intolerance, in-
sulin resistance and later on type II diabetes.6,7

Skeletal muscle atrophy has been shown to be related
to the accumulation of intramuscular fat (IMF) in
complete SCI, elderly and stroke patients.4,8,9 IMF can
be defined as the sum of infiltrated fat within an
individual muscle group (intra- and extramyocellular fat

compartments) and intermuscular adipose tissue
(IMAT). IMF should not be confused with IMAT,
which is the visible fat infiltrated between muscle groups
such as quadriceps femoris and hamstring muscles.10 It
is not possible with computerized tomography and
magnetic resonance imaging (MRI) to separate between
intra- and extramyocellular fat compartments,8,9,11 but
MRI could measure IMAT as it has been previously
documented.10 It has recently been determined that in
complete SCI IMF accounts for a 70% reduction in
glucose tolerance.4 Goodpaster et al12 showed also that
IMF is negatively correlated with insulin sensitivity in
obese and non-obese subjects with and without type II
diabetes.
Over half of the SCI population consists of indivi-

duals with incomplete SCI.13,14 This group of patients
often presents with impairments ranging from minimal
sensory and motor loss below the level of lesion to
complete motor loss with sacral sparing only.15 Skeletal
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muscle adaptations after acute incomplete SCI are not
well documented. It has been reported that in order to
accurately quantify the extent of muscle atrophy,
skeletal muscle size needs to be corrected for IMF.4

Failure to correct for IMF could result in under-
estimation of muscle atrophy by B12% in SCI
individuals.4

Owing to the fact that thigh muscle is relatively large
and has been linked to metabolic disorders12,16,17 and
skeletal muscle atrophy has been associated with
increased IMF accumulation,4,9 accurate quantification
of muscle size and IMF a few weeks after incomplete
SCI is of particular interest. In addition, early quanti-
fication of muscle atrophy reflects the importance of
early interventions to defend muscle size. Early rehabi-
litation interventions should start when individuals with
SCI become clinically stable.2 Additionally, while
skeletal muscle atrophy may not be completely avoided,
the length of the rehabilitation period should be enough
to slow the progression of this process. Previous studies
showed that 3 months of evoked resistance training were
sufficient to increase muscle size.18 Therefore, the aims
of this study were: (1) to measure skeletal muscle CSA
few weeks after incomplete SCI after correcting for
IMF, (2) to monitor the changes in skeletal muscle CSA
and IMF content in incomplete SCI individuals 3
months after the initial measurement. We hypothesized
that affected skeletal muscle CSA would be smaller and
that IMF would be larger in SCI individuals compared
with AB controls. Additionally, we hypothesized that
skeletal muscle CSA would decrease while IMF would
increase in incomplete SCI individuals during the 3
months after the initial measurement.

Methods

Subjects
Six acute, incomplete SCI and six AB controls
participated in this study. The SCI individuals were
classified according to American Spinal Injury Associa-
tion (ASIA) as B or C with their level of injury ranging
from C7 to L3. The physical and clinical characteristics

of the SCI group are listed in Table 1. All SCI
individuals were ‘incomplete’ with sacral sparing as
confirmed by ASIA and they were wheelchair dependent
with occasional ambulation. The SCI group was
recruited from the Shepherd Center (Atlanta, GA,
USA) approximately 6 weeks after injury when they
were medically stable. Six (four male and two female
subjects) AB controls were recruited and matched for
gender, age, height and weight with the SCI group
(Table 1). The AB controls were recruited from the
population of the University of Georgia and the
Shepherd Center. They were recreationally active but
not engaged in a regular exercise program. Four were
right-side dominant and the rest were left-side dominant
as determined by self-report. T1-weighted magnetic
resonance images of both thighs were taken of the SCI
group at 571 weeks post-injury with follow up scans 3
months after the initial scans, which were performed at
B4.5 months post-injury. In the control group, subjects
were scanned once at the beginning of the study. The
study was approved by the Institutional Review Boards
of the University of Georgia and the Shepherd Center,
and all participants provided written informed consent.

Magnetic resonance (MR) imaging
Skeletal muscle CSA was determined using proton-
weighted MRI. This method is highly reproducible and
reliable for determination of skeletal muscle composi-
tion.4,8,10 MR images of both thighs were acquired using
a 1.5 Tesla magnet and a whole body coil. T1-weighted
transaxial images, 1 cm thick and 0.5 cm apart, were
taken from the hip to the knee joints (17 slices, TR/TE
500/14ms, 40 cm field of view (FOV), one repetition and
256� 256 matrix size). The location of the scan was
specifically identified by placing a mark 6 inches
proximal to the patella and matched for the follow up
scan after 3 months for similar position in the magnet.
The MR images were analyzed with X-Vessel software.
The thigh images were automatically segmented into fat
(high intensity), skeletal muscle (mid intensity) and
background/bone (low intensity). A preliminary seg-
mentation of each 2D slice was obtained by simplex

Table 1 Physical and clinical characteristics of incomplete SCI and AB subjects

SCI AB

Subject
Age

(years)
Height
(cm)

Weight
(kg)

Injury
level

ASIA
classification

Age
(years)

Height
(cm)

Weight
(kg) Gender

1 18 173 68 L1 B 20 177 70 Male
2 19 170 61 L3 C 21 168 61 Female
3 46 195 98 T12 B 51 193 100 Male
4 33 178 84 T7 C 35 178 82 Male
5 24 193 86 T12 B 23 186 86 Male
6 25 168 64 C7 B 25 167 66 Female

Average 2874 17875 7876 F F 2974 17975 7776

Average values are presented as mean7SE. No significant difference exists between SCI and AB control groups. Gender applies
for both SCI and AB control groups
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optimization of the correlation between a Sobel-gradient
image computed from the original image.19 This first-
pass segmentation was used to correct for intensity
variations across the original image caused by radio
frequency heterogeneity.20 The corrected original image
was then resegmented into the three intensity com-
ponents using a fuzzy c-mean clustering algorithm.21

Manual selection of a pixel of skeletal muscle high-
lighted all skeletal muscle pixels and provided the total
number of skeletal muscle pixels exclusive of fat or low-
intensity pixels. Two trials on sample images were
performed to determine the test–retest reliability
(r¼ 0.99).

Skeletal muscle and intramuscular fat calculations
The procedure for calculating skeletal muscle CSA and
IMF CSA has been previously described in detail.4

Briefly, the outer perimeter of the thigh muscle groups
was traced and the femur bone was excluded (Figure 1).
The region of interest was then highlighted and the
signal intensity within this region was automatically
determined (see above). After the pixel signal intensity
was determined, a bimodal histogram of two peaks was
plotted. The first peak represents the muscle peak and
the second represents the fat peak. A mid-point between
the two peaks separates muscle from fat pixels. The
CSAs were calculated using the following equations:
Muscle CSA (cm2)¼ total number of pixels of
muscle*(FOV/matrix size)2 and IMF CSA (cm2)¼ total
number of pixels of IMF*(FOV/matrix size)2. To
control for the difference in skeletal muscle size between
the groups, IMF CSA was expressed relative to skeletal
muscle CSA. Relative IMF¼ ((IMF CSA/muscle

CSA)*100). In the control group, the nondominant
limb was chosen to represent skeletal muscle and IMF
CSA. In the SCI group, the involved thigh was chosen
for statistical analysis. This was defined as the thigh with
apparent muscle atrophy, MRI classified, after 6 weeks
(Figure 2). The difference in average CSA between the
involved and the less-involved thighs was not statisti-
cally different after both scans (see Results). However,
this design was chosen because incompleteness of the
injury could have influenced the degree of skeletal
muscle atrophy to one side compared to the other. This
assumption was based on the fact that incomplete SCI
individuals tend to have a weaker side compared to the
other side.22

Statistical analysis
Independent t-tests were used to test for any significant
differences in physical characteristics, skeletal muscle
CSA, IMF and relative IMF between the incomplete
SCI patients at 6 weeks post-injury and the AB controls.
Dependent t-tests were used to test for differences in
IMF, skeletal muscle CSA and relative IMF, 3 months
after the initial measurement for the incomplete SCI
only. Data are presented as mean7standard error (SE).

Figure 1 Representative single slice of thigh muscle group
showing manual tracing of region of interest (green) excluding
bone and subcutaneous tissue. The yellow portion within this
region represents IMF

Figure 2 (a) T1-weighted MRIs of the mid-thigh of AB
control and (b) individual with incomplete SCI 6 weeks post-
injury. Note the difference in muscle size between MR images
at (a) and (b). At (b), note the white material (IMF) infiltrated
within the left skeletal muscle groups
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Results

The physical characteristics of the SCI individuals and
AB controls are presented in Table 1. The SCI group
was 2874 years, 17875 cm and 7876 kg, mean7SE.
There were no differences in the age, height and body
weight between incomplete SCI and AB control groups
(P40.05), indicating the effectiveness of matching
between both groups. The duration of injury for SCI
group was 571 weeks, range¼ 3–7 weeks post-injury.

Skeletal muscle cross-sectional area
In the SCI group, skeletal muscle CSA of the involved
side was not significantly different from the less-involved
side, both at 6 weeks (8274 and 8475, P¼ 0.3) and
after 3 months (7678 and 7679, P¼ 0.6). At 6 weeks
after SCI and after correcting for IMF, the thigh skeletal
muscle CSA was 33% smaller than AB controls (8274
versus 123721 cm2, P¼ 0.04). Failure to correct for
IMF resulted in an underestimation of skeletal muscle
atrophy by B6% (8274 versus 8774 cm2, P¼ 0.01). In
the SCI group, thigh skeletal muscle CSA did not
significantly change during the following 3 months
(10%; 7678 cm2, P¼ 0.3; Figure 3).

Intramuscular fat cross-sectional area
In the SCI group, the IMF CSA of the thigh was 126%
larger 6 weeks post-injury compared to that of the AB
controls (5.271.3 versus 2.370.6 cm2, P¼ 0.03). Fol-
lowing 3 months, IMF CSA increased 26% in SCI
individuals (5.271.3 to 7.271.5 cm2, P¼ 0.02; Figure 4).

Relative intramuscular fat
Relative IMF (calculated as (IMF CSA/muscle CSA)*100)
was three-fold higher in the SCI group compared to the
AB group at 6 weeks (5.871.4 versus 2.070.6%, P¼ 0.03).
In the subsequent 3 months, relative IMF continued to
increase in the SCI individuals (8.672.5%; P¼ 0.02).

Discussion

This is the first study to investigate skeletal muscle
adaptations during the acute phase of incomplete SCI
after correcting for IMF. The primary findings of this
study were that thigh skeletal muscle CSA was 33%
lower in incomplete SCI individuals compared to their
matched AB controls, whereas IMF content was 126%
greater in SCI patients 6 weeks post-injury. Failure to
correct for IMF results in underestimation of muscle
atrophy. Furthermore, IMF content increased by an
additional 26% during the 3 months follow up in SCI
patients.
These data are in agreement with previous findings

from our laboratory. Castro et al2 showed a marked
atrophy in skeletal muscle CSA a few weeks post-injury
in SCI compared to AB controls. Elder et al 4 has
recently documented a marked increase in IMF in
chronic complete SCI individuals compared to AB
controls, an increase that was strongly correlated with
glucose intolerance in this population. Previous research
showed that unloading results in skeletal muscle
atrophy.23,24 For example, knee extensor muscle CSA
was reduced by 14% following 6 weeks of bed rest,23

and the thigh muscle CSA decreased 12% after 6 weeks
of unilateral lower limb suspension.24 The magnitude of
skeletal muscle atrophy reported in this study indicates
that incomplete SCI could evoke greater disuse than
previous reported models of microgravity. Furthermore,
skeletal muscle atrophy was even more pronounced by
6% after correcting for IMF. There was also a reduction
in muscle size by 10% after 3 months, which would
probably be of clinical significance although it did not
attain statistical significance. In healthy individuals, a
5% loss in muscle mass can impair organ function and
a loss of 20% or more can cause organ failure and
death.25 This demonstrates the importance of correcting
for IMF when referring to muscle size in clinical
populations. Surprisingly, the magnitude of muscle
atrophy was not different between the visually deter-

Figure 3 Skeletal muscle CSA in AB controls and incomplete
SCI individuals 6 weeks after injury (black and gray columns)
with follow up scan after 3 months (gray column, SCI only at
4.5 months post-injury). *Indicates significant difference from
AB controls at 6 weeks and 3 months. No significant difference
in SCI at 6 weeks and 3 months scans

Figure 4 IMF in AB controls and incomplete SCI patients 6
weeks after injury (black and gray columns) and 3 months
thereafter (gray column, SCI only at 4.5 months post-injury).
*Indicates difference from AB controls and # indicates
difference from first scan (Po0.05)
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mined involved and less-involved thighs. These find-
ings suggest that neural drive is responsible for the
one-side weakness that commonly occurs with in-
complete SCI and differing muscle atrophy is not a
major contributor.
It should be noted that the time course of evaluation

(6 weeks post-injury and 3 months after the initial scan)
is of clinical importance in context of interventions to
defend muscle size. Individuals with incomplete SCI
could not be involved in any intervention until they were
clinically stable; this turned out to be on average 6 weeks
post-injury. Castro et al2 showed that the greatest
magnitude of skeletal muscle atrophy occurs 3 months
after the 11th week scans. In addition, previous studies
showed that effective resistance training to increase
muscle strength and size would last approximately 3
months.18,26 In complete SCI, 3 months of evoked
resistance training result in skeletal muscle hypertrophy
up to 40%.18 Absence of effective intervention within
this period may result in the clinical consequences
demonstrated in this study. Therefore, clinicians admin-
istering interventions should be aware of the time course
required to attain maximum rehabilitation goals.
Body composition changes after SCI may be a

contributing factor for the increased risk of developing
obesity, type II diabetes and metabolic syndrome.6,7

Skeletal muscle atrophy after injury is theoretically
linked to reductions in total energy expenditure and
energy imbalance resulting in obesity and glucose
intolerance; predisposing individual with SCI to an
increased risk of cardiovascular diseases and type II
diabetes.7 Data to support this link is available in
chronic SCI who increased muscle CSA by 40% results
in enhancing glucose disposal after 12 weeks of
electrically stimulated resistance training.18

The higher prevalence of insulin resistance in spinal
cord-injured individuals compared to controls is well
established.6,27 Several factors such as body composi-
tion, age since injury and physical inactivity have been
shown to contribute to the higher rate of insulin
resistance after SCI.27 IMF is a better predictor of
insulin resistance in nondisabled, obese diabetics and
nondiabetics compared to subcutaneous and subfascial
fat.12 Moreover, IMF explains 70% of glucose intoler-
ance after chronic SCI.4 The mechanism relating IMF
and insulin resistance is not clear; however, the release
of intracellular fatty acid intermediates (eg, diacylgly-
cerol, ceramide, long-chain acyl-CoA) from IMF could
impair insulin signaling.28 In the SCI group, the increase
in IMF was B7 cm2 3 months after the initial scan,
which represents 50% of the reported value (14 cm2) in
chronic SCI over an 8-year period.4 The mechanism
behind IMF accumulation is not clear, but failure of
skeletal muscle to utilize glucose after paralysis may
inhibit the process of fatty acid oxidation and result in
greater IMF accumulation.29,30 Accumulation of IMF
and its possible role in explaining insulin resistance
demonstrate the importance of early interventions after
SCI as well as the search of modalities that can attenuate
muscle atrophy and preventing fat accumulation.

In the present study, MRI was used to separate
between muscle and fat pixels based on their signal
intensities. Previously, MRI was used to quantify
skeletal muscle response to unloading and after
SCI.1–4,23,24 The accuracy of MRI versus dual-energy
X-ray absorptiometery (DEXA) in determining skeletal
muscle atrophy has been previously investigated show-
ing that DEXA overestimates the proportion of the
muscle in fat-free mass after SCI and inaccurately
reflects the degree of muscle atrophy compared to
MRI.3 MRI also provides the advantage over computed
tomography (CT) by facilitating the acquisition of
multiple slices over a single slice commonly used in CT
scans, which can inaccurately represent the exact
changes in muscle size in response to training or disuse.
Furthermore, MRI protects against the risk of ionizing
radiation with exposure to CT.
One of the potential limitations to the current study is

matching SCI and AB controls, which is difficult due to
differing height, weigh and muscle CSA relations in SCI.
However, every effort has been made to match both
groups for age, height, weight and sex as has been done
in similar studies.2–4 The small sample size (n¼ 6), the
variability in level of injury (C7–L3) and ASIA
classification (B and C) could also be considered
limitations of the current study. This study was
conducted to provide supportive pilot data for future
studies with a reasonable sample size that could
investigate possible relation between IMF and insulin
resistance in incomplete SCI. It should be noted that the
effect size according to the current data was greater than
two standard deviations; this may have helped to attain
a statistical difference with the current sample size.
Additionally, the high precision of the MRI protocol
used in the study undoubtedly increased statistical
power; especially the error associated with this assess-
ment tool is less than 1%. Furthermore, irrespective of
level of injury and ASIA classification, the magnitude of
skeletal muscle atrophy was not significantly or clini-
cally different between an ASIA B (77 cm2) or C
(76.5 cm2) individuals after 3 months from the initial
measurement. This was further supported in the current
study by the less than 10% standard error of the mean in
SCI skeletal muscle size. Further studies, with a larger
sample size, may be warranted to address the effect of
level of injury and ASIA classification on muscle size
after complete and incomplete SCI.
In summary, this study showed that individuals with

incomplete SCI experience skeletal muscle atrophy as
early as a few weeks post-injury with further decline
after B4.5 months post-injury. Also failure to correct
for IMF results in underestimation of skeletal muscle
atrophy. The process of skeletal muscle atrophy is
associated with higher IMF in the incomplete SCI group
compared to their matched AB controls. Furthermore,
IMF accumulation continued to increase over a 3-
month period. Because muscle atrophy and high IMF
content are associated with increased risk for metabolic
disease, attempts to reverse these processes in SCI
patients may have very important health benefits.
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Therefore, our findings suggest that early intervention
(ie, beginning at least a few weeks after injury) in
individuals with incomplete SCI may be important to
reduce skeletal muscle atrophy and IMF accumulation.
Further studies should address the relationship between
skeletal muscle atrophy, IMF accumulation and in-
creased risk of developing type II diabetes in this
population.
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