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Abstract Complete spinal cord injury (SCI) results in
inactivation and unloading of affected skeletal muscles.
Unloading causes an increased susceptibility of muscle
to contraction-induced injury. This study used magnetic
resonance imaging (MRI) to test the hypothesis that
isometric contractions would evoke greater muscle
damage to the quadriceps femoris muscle (mQF) of SCI
subjects than that of able-bodied (AB) controls. MR
images were taken of the mQF prior to, immediately
post, and 3 days post electromyostimulation (EMS).
EMS consisted of five sets of ten isometric contractions
(2 s on/6 s off, 1 min between sets) followed by another
three sets of ten isometric contractions (1 s on/1 s off,
30 s between sets). Average muscle cross-sectional area
(CSA) and the relative areas of stimulated and injured
muscle were obtained from MR images by quantifying
the number of pixels with an elevated T2 signal. SCI
subjects had significantly greater relative area [90 (2)%
versus 66 (4)%, P<0.05; mean (SE)] but a lesser abso-
lute area [16 (3) cm2 versus 44 (6) cm2, P<0.05] of
mQF stimulated than AB controls. During EMS, peak
torque was reduced by 66% and 37% for SCI and
control subjects, respectively. Three days post EMS,
there was a greater relative area of stimulated mQF in-
jured for the SCI subjects [25 (6)% versus 2 (1)%,

P<0.05]. Peak torque remained decreased by 22% on
day 3 in the SCI group only. These results indicate that
affected muscle years after SCI is more susceptible to
contraction-induced muscle damage, as determined by
MRI, compared to AB controls. They also support the
contention that electrically elicited isometric contrac-
tions are sufficient to cause muscle damage after a pro-
longed period of inactivity.

Keywords Electrical stimulation Æ Magnetic resonance
imaging Æ Muscle injury Æ Spinal cord injury

Introduction

Complete spinal cord injury (SCI) results in inactivation
and subsequent unloading of affected skeletal muscle.
Fibers of affected muscles have been reported to be small
in size (Castro et al. 1999b; Martin et al. 1992), pre-
dominantly fast twitch (Grimby et al. 1976; Round et al.
1993), and have a low resistance to fatigue (Castro et al.
2000; Rochester et al. 1995). These factors contribute to
the limited ability of muscle in SCI patients to produce
and maintain torque, which could make training affected
muscles to elicit muscle hypertrophy difficult to obtain.
Another confounding factor that could potentially im-
pact a training program for SCI patients, is an increased
vulnerability to contraction-induced muscle injury after
SCI, due to the extreme unloading and inactivation.

It is generally known that unloading causes affected
muscles to be predisposed to contraction induced injury
(Ploutz-Snyder et al. 1996; Warren et al. 1994). Studies of
lower mammals have shown that hindlimb suspension
(Krippendorf and Riley 1993, 1994; Warren et al. 1994),
immobilization (Appell 1986), and spaceflight (Riley et al.
1995) put muscles at a higher risk of injury. Tasks that
appear rather mild can evoke muscle injury that is
uncharacteristic of the activity when performed under
normal conditions. For example, reambulation after
hindlimb suspension caused sarcomere lesions that were
not observed inmuscles studied after hindlimb suspension
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alone (Krippendorf andRiley 1994). Human studies have
also illustrated that unloading predisposes the muscle to
greater muscle injury. Ploutz-Snyder et al. (1996) found
that eccentric contractions with relatively light loads
causedmuscle injury in the suspended limb of able-bodied
individuals after unilateral lower limb suspension
(ULLS).

Magnetic resonance imaging (MRI) has been used
to measure muscle activation (Adams et al. 1993;
Akima et al. 2000; Conley et al. 1995; Fisher et al. 1990;
Shellock et al. 1991a) and exercise-induced muscle injury
(Baldwin et al. 2001; Dudley et al. 1997; Foley et al. 1999;
Ploutz-Snyder et al. 1996, 1998; Prior et al. 2001;
Shellock et al. 1991b; Takahashi et al. 1994). Immedi-
ately following a bout of contractions there is an increase
in signal intensity and T2 relaxation times (Adams et al.
1992, 1993; Fisher et al. 1990). Adams et al. (1992, 1993)
demonstrated the unique ability of MRI to map and
quantify the pattern of muscle activation after electr-
omyostimulation (EMS). Previously, it has been thought
that the increase in muscle T2 immediately following
exercise was simply due to increased extracellular fluid
volume. As it turns out, if the extracellular fluid is in-
creased without exercise, the effects are not the same as
from exercise alone (Ploutz-Snyder et al. 1997).

The same changes in signal and T2 also peak
2–6 days after an exercise bout that induces muscle
injury (Mair et al. 1992; Takahashi et al. 1994). Delayed
changes in the MR signal correlate with other indicators
of muscle fiber injury, such as delayed onset muscle
soreness (Takahashi et al. 1994). The time-course of T2
changes has been reported during the early phase of
recovery after exercise that induces damage and the
general conclusion had been that T2 changes reflect
edema. However, studies that have been carried out over
longer periods of time have reported increases in muscle
T2 up to 80 days after exercise, well after swelling has
resolved (Shellock et al. 1991b).

The use of EMS for the training of SCI patients has
received considerable attention for many years. The
potential for contraction-induced muscle injury in this
population should be considered due to the long period
of inactivity and unloading that the affected muscles of
these patients endure. In the present study, MRI was
used to assess the amount of muscle activated and in-
jured after one bout of EMS consisting of 80 isometric
contractions. We hypothesized that SCI patients would
experience greater muscle injury after a bout of EMS
which was not expected to cause injury to the muscles of
able-bodied (AB) controls.

Methods

Subjects

Eight AB (two female) and eight SCI (one female) subjects partic-
ipated in this study. SCI level of injury ranged from C5 to T9 and
the average time post injury was 10 (3) years. Descriptive data on all
subjects is listed in Table 1. SCI and AB subjects had no history of

lower extremity pathology and gave informed consent prior to
testing. Both groups were asked to refrain from ingesting non-ste-
roidal anti-inflammatory medications and the AB group was not
currently involved in lower extremity resistance exercise. All meth-
ods were approved by the Institutional Review Boards of the Uni-
versity of Georgia and Shepherd Center. Briefly, subjects had MR
images of the left thigh taken prior to, immediately after, and 3 days
post electrical stimulation that evoked 80 isometric contractions.

Quadriceps femoris experimental setup

The quadriceps femoris muscle (mQF) was stimulated essentially as
described previously (Adams et al. 1993; Castro et al. 1999b, 2000;
Hillegass and Dudley 1999). Subjects were seated in a custom-built
chair with the hip and knee secured at approximately 70� of flexion.
The leg was firmly secured to a rigid lever arm with an inelastic
strap to ensure that the knee extensors could only perform iso-
metric contractions. The moment arm was established by placing a
load cell (model 2000A; Rice Lake Weighing Systems, West Cole-
man Street, Rice Lake, Wis., USA) parallel to the line of pull and
perpendicular to the lever arm. Torque was recorded from the load
cell using a MacLab A-D converter (model ML 400; ADInstru-
ments, Milford, Mass., USA) sampling at 100 Hz and interfaced
with a portable Macintosh computer (Apple Computer, Cupertino,
Calif., USA).

Electrical stimulation protocol

Two 8·10-cm surface electrodes (Uni-Patch, 1313 West Grant
Boulevard, Wabasha, Minn., USA) were placed on the distal vastus
medialis and the proximal vastus lateralis muscle. This electrode
placement has been previously shown to allow sufficient recruit-
ment of mQF in both able-bodied and SCI subjects (Adams et al.
1993; Hillegass and Dudley 1999). A commercial stimulator
(TheraTouch model 4.7; Rich-Mar Corporation, Inola, Okla.,
USA) was used for EMS. The initial torque was determined in the
following manner. For SCI patients, the maximum torque was
determined by increasing current incrementally until torque no
longer increased. The AB controls performed a maximum volun-
tary contraction (MVC) for isometric knee extension prior to EMS.
The subjects were highly motivated and all had prior experience
with knee extension MVC. Then, the current that elicited approx-
imately 60% of isometric knee extension MVC was determined.
The EMS protocol consisted initially of five sets of ten 2-s isometric
contractions with 6 s and 1 min rest between contractions and sets,
respectively, at the current that was initially determined. The rest
between contractions and sets was established in an effort to min-
imize fatigue. At the completion of the five sets of ten, another
three sets of ten 1-s contractions with 1 s and 30 s of rest between
contractions and sets were used. The 1-s contractions were utilized
to ensure significant contrast shift on MRI as it has been reported
that the T2 increase is directly related to exercise intensity (Fisher
et al. 1990). For both groups, contractions were evoked with 50-Hz
trains of 450-ls biphasic pulses.

Table 1 Subject characteristics and relative m. quadriceps femoris
cross-sectional area data. Values are mean (SE), except for SCI
level which is the range. n=8 for each group. SCI Spinal cord
injury, MVC torque from maximum voluntary contraction

Variable Able-bodied SCI

Age (years) 27 (1) 34 (2)
Height (cm) 174 (4) 178 (4)
Weight (kg) 76 (7) 76 (8)
SCI level C5–T9
Years post injury 10 (3)
MVC (Nm) 236 (27)
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The maximum torque that could be evoked via EMS was
measured on day 3 in five of the eight SCI subjects. The stimulation
set-up and electrode placement was similar to day 1, current was
again increased incrementally until torque reached a plateau. Five
of eight AB subjects (n=5) were also re-tested for MVC on day 3,
to determine if performance was compromised.

Magnetic resonance imaging

Standard spin-echo images of the thigh were collected using a 1.5 T
super-conducting magnet (Signa, General Electric, Milwaukee,
Wis., USA) essentially as described previously (Adams et al. 1993;
Baldwin et al. 2001; Dudley et al. 1999; Hather et al. 1992; Ploutz-
Snyder et al. 1996; Stevenson and Dudley 2001). Sixteen 1-cm-thick
transaxial images (TR/TE=2000/30,60) spaced 1-cm apart were
collected using a 25-cm-diameter extremity coil. A 256·128 matrix
was acquired with one excitation and a 20-cm field of view. The
proximal aspect of the patella was aligned with the distal portion of
the extremity coil for each image to ensure consistent subject po-
sition in the magnet over repeat MR images. A test-retest reliability
of r> 0.95 (P<0.05) for measuring mQF CSA has previously been
reported for these parameters (Adams et al. 1993).

MRI analysis

MR images were transferred to computer for calculation of T2
using a modified version of the public domain National Institutes
of Health (NIH) Image program (v. 1.52), written by Wayne
Rasband at NIH and available from the Internet by anonymous
ftp. After spatial calibration (20 cm/256 pixels=0.078 cm/pixel), a
region of interest (ROI) was defined by tracing the outline of the
mQF. The T2 for each pixel within the ROI was determined from
the native images. Pixels with a T2 between 20 ms and 35 ms were
assumed to represent muscle at rest in the pre-EMS images. The
area that was stimulated was assessed in the post-exercise images
and reflected by the pixels with an elevated T2 minus pixels in the
pre-EMS images with elevated T2. This was done in order to cor-
rect for pixels containing material such as fat, which have longer T2
values than muscle, and would be present in both images. Initially,
the mean and SD of the T2 of pixels in each pre-EMS image were
calculated. Pixels in matching post-EMS images with a T2 greater
than the mean plus 1 SD of the T2 of muscle pre-EMS were con-
sidered elevated. The CSA of such pixels was determined. CSA
values were averaged over eight slices starting with the first slice not
containing gluteal muscle and continuing distally for the next seven
slices to determine the average absolute and relative CSA of muscle
activated. This region of slices has been reported to represent the
maximum CSA of mQF (Castro et al. 1999a; Narici et al. 1989).
The CSA of pixels with an elevated T2 was determined from the
images taken on day 3 in the same manner to represent damaged
muscle.

Statistics

Statistical analyses were run using SPSS (v. 10.0). Variables were
analyzed with a one-way ANOVA. Relative CSA of stimulated
muscle and resultant torque values were analyzed with simple linear
regression. The level of significance was set at P £ 0.05. The data
are presented as mean (SE).

Results

The SCI subjects were slightly older (7 years, P<0.05)
than the AB controls but otherwise were similar in
height and weight (Table 1). Fatigue was greater for

the SCI subjects over the entire EMS protocol (Fig. 1).
On average, torque decreased by �66% for the SCI
group, while the AB controls showed a �36% reduc-
tion in torque after EMS. The AB controls showed
nearly complete recovery of torque between sets for
the first five sets, while there was clearly incomplete
recovery for the same protocol in the SCI subjects
(Fig. 1). While there was a substantial decrease in
torque for both SCI and AB subjects during the three
sets of 1-s contractions, this was expected and desired,
to allow a greater contrast shift to be seen on MRI. It
has been suggested that the T2 contrast shift associ-
ated with muscle activation is directly related to the
metabolic activity of the muscle (Adams et al. 1993).

The absolute average CSA of muscle stimulated in
the AB controls was significantly greater than in the
SCI patients [44 (6) cm2 versus 16 (3) cm2, P<0.05],
due to the atrophied mQF of SCI subjects. However,
in a relative sense, there was a higher proportion of
the mQF stimulated in the SCI group [90 (2) versus
66 (4)%, P<0.05; Fig. 2]. Despite the small mQF of
SCI patients and the long duration since injury, the
available motor units responded quite well to stimu-
lation. Overall, EMS torque was predicted by the
following equation: torque (Nm) = 3.74 · stimulated
CSA (cm2) ) 14.37 (R2 = 0.93, P<0.05, Fig. 3). The
relative mQF CSA with an elevated T2 on day 3 was
significantly higher for SCI than AB subjects (25%
versus 2% of activated muscle, P<0.05, Fig. 4). The
damaged area was normalized to the amount of muscle
activated on day 1. AB subjects showed no decline in
MVC 3–4 days post stimulation (plus/minus 5%), yet
SCI subjects� electrically stimulated torque was reduced
by 22%.

Fig. 1 Fatigue during electromyostimulation (EMS). Spinal cord
injury (SCI) subjects (open circles) had incomplete recovery
between sets resulting in about a 66% decline in torque compared
to 36% in able-bodied controls (filled circles). Stim 1 protocol was
2-s contractions with 6 s and 1 min rest between reps and sets,
respectively. Stim 2 protocol was 1-s contractions with 1 s and 30 s
rest between reps and sets, respectively. n = 8 per group
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Discussion

The primary finding of this study was that long-term
SCI patients experienced increased muscle damage, as
determined by MRI, compared to that of able-bodied
controls following a single session of electrically-evoked
isometric contractions. The unloading and long-term
inactivity of the mQF in SCI patients resulted in an in-
creased susceptibility to contraction induced muscle in-
jury compared to able-bodied controls. There was a
greater relative area of muscle with increased T2 relax-
ation times in the SCI patients than AB controls (25%
versus 2% of activated muscle) 3 days after 80 isometric
contractions. The increased muscle damage also resulted

in compromised torque output on day 3 in the SCI
subjects. These findings support the hypothesis that the
mQF of SCI patients has an increased potential for
contraction-induced muscle damage.

These results may help to explain the incomplete
torque recovery during EMS that we have observed in
our laboratory. In our previous study of chronic SCI
patients, incomplete recovery was noted between sets
and for at least 60 min after surface EMS, which was
probably due to muscle fiber injury (Hillegass and
Dudley 1999). We found similar torque declines in a
study of SCI patients who had been injured for
6 months and it was concluded that muscle fiber injury
might have contributed to their torque declines during
isometric actions (Castro et al. 1999b). This present
study further supports the notion that SCI muscle can be
injured after isometric contractions and incomplete
recovery between sets may be indicative of muscle
damage in this population (Fig. 1). Previous studies
utilizing dynamic actions in AB subjects do suggest that
there can be evidence of fiber disruption immediately
following exercise (Gibala et al. 1995).

Was the increased muscle damage found in this study
due to the greater relative amount of muscle activated in
the SCI patients? The answer is ‘‘no’’. Adams et al. (1993)
report that the increased force produced by increasing
the amplitude of stimulation is due to a greater amount
of muscle mass stimulated. Percutaneous electrical
stimulation activates muscle in a synchronous pattern
and the stimulus on each motor unit is dependent only on
the stimulation parameters. Thus, it should be noted that
although the SCI patients had a relatively greater
amount of the available muscle stimulated, this was still
much less absolute muscle than the AB subjects. Neither
of which complicate our findings, as each group received
the same stimulus on activated motor units (for example
50 Hz, 2 s on/5 s off). If we were to have activated more
muscle in the AB group, we would expect there to be no
more or less relative damage.

Fig. 2 Representative single slice, binary T2 map of the quadriceps
femoris muscle (mQF) for one able-bodied (upper row) and SCI
(lower row) subject pre (left), immediately post (middle), and 3 days
post (right) EMS, respectively. Black represents muscle at rest,
borders drawn for clarity. In general, SCI subjects had smaller
mQF cross-sectional area (CSA) but larger relative amount of
muscle stimulated and injured

Fig. 3 Torque versus stimulated CSA. The average CSA of
stimulated muscle was plotted versus the initial torque prior to
the EMS protocol. Simple linear regression shows that torque (Nm)
can be predicted from the following equation: torque (Nm) = 3.74
· stimulated CSA (cm2) ) 14.37 (r2=0.93, P<0.05). All subjects
included, n = 16

Fig. 4 Damaged muscle as percentage of activated muscle with
elevated T2 on day 3. Significant difference between groups
(P<0.05)
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High-force eccentric actions are not necessary to
evoke fiber injury in muscles that have been subjected to
unloading (Ploutz-Snyder et al. 1996; Warren et al.
1994). Warren et al.(1994) showed that just 15 tetanic
isometric contractions after, but not before, hindlimb
suspension in the soleus muscle of a mouse was sufficient
to evoke force loss. Others have shown elevated plasma
creatine kinase (CK) in human SCI patients after a
single bout of functional electrical stimulation leg cy-
cling (Robergs et al. 1993). While plasma CK is not a
direct marker of muscle injury, it has been repeatedly
shown that elevated CK levels provide support that
muscle fibers have been injured (Clarkson and Newham
1995; Clarkson et al. 1992). It is well documented that
eccentric actions can cause extensive contraction in-
duced muscle injury and muscle atrophy (10% reported
by Foley et al. 1999) in the able-bodied population.
Isometric actions were used in this study due to uncer-
tainty of the extent of damage that might have been
caused with eccentric actions. In this study, paralyzed
muscle was indeed more vulnerable to injury. Consistent
with the current literature on muscle injury following
eccentric exercise, we would expect even more damage
with isotonic exercise. Preliminary observations from
this laboratory suggested that isometric actions would
cause damage yet be minor enough that it would be
repaired within a few weeks (C.S. Bickel et al., unpub-
lished observations). In fact, isometric exercise has been
shown to cause small increases in plasma CK levels and
muscle soreness in some able-bodied subjects (Triffletti
et al. 1988).

Some researchers have suggested that the unloading
alone could cause muscle damage, while others argue it
is the activity after the unloading that causes the injury
to muscle. In this study the muscle contractions alone
caused the muscle injury. These patients were 10 years
post SCI, time enough for the atrophic response to reach
the lowest point. Cross-sectional studies of SCI patients
have shown that the affected muscles may atrophy for
up to 17 months after injury (Scelsi et al. 1982). Our
study of acute patients showed muscle CSA of the mQF
to decline the most (�16%) from 6 to 24 weeks of injury
and only a 3% decline from 24 to 46 weeks, thereafter
(Castro et al. 1999a; Dudley et al. 1999). Although it
should be noted that at 6 weeks post injury the SCI
mQF is already �30% smaller than age, height, and
weight matched controls (Castro et al. 1999a). Further-
more, short-term bedrest and ULLS do not alter the
MR image contrast of muscle, while activities that cause
muscle injury do (LeBlanc et al. 1987).

MRI has proven to be an excellent tool for assessing
the extent of a damaging bout of exercise on skeletal
muscle. This laboratory, and others have shown that
increases in T2 signal 2–3 days after exercise are indic-
ative of muscle injury in both young and old subjects
(Baldwin et al. 2001; Ploutz-Snyder et al. 1996). To our
knowledge this is the first study to document contrac-
tion-induced muscle injury with MRI in SCI patients
who are years after SCI. To further support our MRI

data, torque was also reduced by 22% 3 days after the
contractions in the SCI subjects with essentially no
change in MVC of AB subjects at the same time point.
As expected the muscle damage resulted in compromised
performance several days post activity. Taking together
the higher percentage CSA with elevated T2 and torque
reductions on day 3 after EMS in the SCI group com-
pared to AB controls, it is reasonable to conclude there
was indeed muscle injury.

The clinical and practical significance of these find-
ings are important. Skeletal muscle atrophy is a signifi-
cant problem associated with SCI and is primarily
responsible for limiting oxygen consumption during
FES exercise (Hopman et al. 1998). This might suggest
that in order to establish an FES exercise program to
evoke significant exercise responses that stress the car-
diovascular system, the muscle needs to be made larger.
Muscle hypertrophy is generally evoked through rela-
tively few (<100/week) high-force dynamic (concentric/
eccentric) contractions. These types of contractions will
cause muscle injury even to the untrained AB individual
who begins a resistance training program. Thus, time for
recovery and attention to proper progression is im-
portant when training SCI patients, as we have shown
that even isometric actions evoke substantial damage to
them, but not untrained AB people.

In summary, isometric exercise evoked significantly
greater muscle injury in SCI subjects compared to AB
controls as reflected from MRI and torque measure-
ments. This was probably related to the chronic
unloading and inactivity that these patients experience.
These results also support previous conclusions that
contraction-induced muscle injury may have contributed
to decrements in force production of both chronic and
acute SCI patients. Clinicians should proceed with
caution when developing and implementing EMS
training programs whose goal is to evoke muscle
hypertrophy.
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