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Magnetic resonance imaging and electromyography

as indexes of muscle function

GREGORY R. ADAMS, MARC R. DUVOISIN, AND GARY A. DUDLEY
Biomedical and Environmental Laboratories, The Bionetics Corporation, and Biomedical Operations and
Research Office, National Aeronautics and Space Administration, Kennedy Space Center, Florida 32899

ApAaMs, GREGORY R., MARC R. DuvoOISIN, AND GARY A.
DUDLEY. Magnetic resonance imaging and electromyography as
indexes of muscle function. J. Appl. Physiol. 73(4): 1578-1583,
1992.—Electromyography (EMG) is commonly used to deter-
mine the electrical activity of skeletal muscle during contrac-
tion. To date, independent verification of the relationship be-
tween muscle use and EMG has not been provided. It has re-
cently been shown that relaxation- (e.g., T,) weighted magnetic
resonance images (MRI) of skeletal muscle demonstrate exer-
cise-induced contrast enhancement that is graded with exercise
intensity. This study was conducted to test the hypothesis that
exercise-induced magnetic resonance (MR) contrast shifts
would relate to EMG amplitude if both measures reflect muscle
use during exercise. Both MRI and EMG data were collected
for separate eccentric (ECC) and concentric (CON) exercise of
increasing intensity to take advantage of the fact that the rate
of increase and amplitude of EMG activity are markedly
greater for CON muscle actions. Seven subjects 30 + 2 (SE) yr
old performed five sets of 10 CON or ECC arm curls with each
of four resistances representing 40, 60, 80, and 100% of their 10
repetition maximum for CON curls. There was 1.5 min between
sets and 30 min between bouts (5 sets of 10 actions at each
relative resistance). Multiple echo, transaxial T,-weighted MR
images (1.5 T, TR/TE 2,000/30) were collected from a 7-cm
region in the middle of the arm before exercise and immedi-
ately after each bout. Surface EMG signals were collected from
both heads of the biceps brachii and the long head of the triceps
brachii muscles. CON and ECC actions resulted in increased
integrated EMG (IEMG) and T, values that were strongly re-
lated (r = 0.99, P < 0.05) with relative resistance. The rate of
increase and absolute value of both T, and IEMG were greater
for CON than for ECC actions. IEMG and T, for both CON and
ECC actions were correlated (r = 0.99, P < 0.05). The results
suggest that 1) surface IEMG accurately reflects the contrac-
tile behavior of muscle and 2) exercise-induced increases
in MRI T, values reflect some processes that scale with
muscle use.

muscle function

MAGNETIC RESONANCE SPECTROSCOPY (MRS) has be-
come an accepted tool for in vivo biochemical studies of
muscle tissue. Magnetic resonance (MR) imaging (MRI)
is a variant of this methodology that is rapidly becoming
the standard for many clinical diagnostic applications
because it provides unparalleled visualization of ana-
tomic detail of soft tissues such as muscle, tendon, carti-
lage, and various organs. MRI has also begun to be used
in basic muscle research. For example, MR images of
skeletal muscle show exercise-induced contrast enhance-
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ment, which appears to be graded with exercise intensity
(7). This has been used to infer which muscles were used
during the activity and the extent of their contribution.

Electromyography (EMG) has long been the noninva-
sive method of choice for analyses of muscle activation
during exercise (2). It entails sampling electrical activity
from a muscle region of interest with needle or surface
electrodes. There is good relation between EMG ampli-
tude and force development for a variety of types of vol-
untary muscle actions, suggesting that increases in force
necessitate greater muscle use. This suggestion, how-
ever, has not been independently verified.

It has long been known that EMG responses differ
markedly between concentric and eccentric exercise. Al-
though EMG activity is strongly related to work rate for
both eccentric and concentric actions, EMG amplitude is
much less for eccentric actions (1, 3, 18, 21). This study
exploited these well-established observations to test the
following hypotheses: I) contrast shifts in MR images
will be linearly related to exercise intensity if the changes
relate to the extent of muscle use, 2) the magnitude of
these shifts will be greater for concentric than for eccen-
tric actions over a range of exercise intensities, because
less muscle is used during eccentric actions, and 3) con-
trast shifts in MR images will correspond to EMG ampli-
tude if both measures reflect muscle use during exercise.
The results support all three hypotheses, suggesting that
shifts in MRI contrast after exercise are an excellent
measure of muscle use.

METHODS

Subjects. Seven subjects (6 males and 1 female) partici-
pated in the study. Their age, height, and weight aver-
aged 30 + 2 yr, 178 + 4 cm, and 81 + 6 (SE) kg, respec-
tively. All were familiar with upper body resistance exer-
cise. The procedures, purpose, and risks associated with
the study were explained, and written consent was pro-
vided. The study was approved by the Human Research
Review Board at the Kennedy Space Center, FL.

Exercise protocol. The maximum amount of resistance
with which each subject could perform 10 unilateral con-
centric “dumbbell curls,” flexion of the forearm about
the elbow joint, in the standing position was determined
~1 wk before data collection. On the test day, subjects
performed five sets of 10 concentric or eccentric unilat-
eral actions at four different resistances of increasing
magnitude: 40, 60, 80, and 100% of the 10 repetition max-
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TABLE 1. Exercise protocol for standing unilateral
dumbbell curls

Regimen Left Right
Muscle action Eccentric Concentric
Relative resistance 40% Con 10 RM 40% Con 10 RM
Rest 30 min 30 min

Relative resistance
Rest
Relative resistance
Rest
Relative resistance

60% Con 10 RM
30 min

80% Con 10 RM
30 min

100% Con 10 RM

60% Con 10 RM
30 min

80% Con 10 RM
30 min

100% Con 10 RM

Five sets of 10 actions were performed at each relative resistance,
with 1.5 min of rest between sets. Exercise session started with eccen-
tric actions performed with left or right arm. In this example, the left
arm was used for eccentric muscle actions, the right for concentric
(Con) actions. RM, repetition maximum.

imum (RM) for concentric curls (Table 1). Each subject
started the exercise session by performing five sets of 10
eccentric actions with the left or right forearm flexors at
the lightest resistance. After MR images of the “exer-
cised” arm (see below), concentric curls with the same
resistance were performed with the opposite arm. These
were repeated until the four different resistances had
been used. There was 1.5 min of rest between sets and 30
min between eccentric or concentric actions with a given
resistance. Exercise conditioning that emphasized use of
the forearm flexors was precluded for the 3 days immedi-
ately before data collection to ensure optimal perfor-
mance. The prescribed exercise bouts were completed by
all but two subjects, who performed 5 to 7, instead of 10,
concentric actions for each of the last two sets at
the heaviest relative resistance, 100% of the concentric
10 RM.

Eccentric actions were performed by lowering a dumb-
bell from the fully flexed to fully extended position of the
forearm. An investigator raised the resistance for the
subject between actions. Subjects raised the dumbbell
from the fully extended to the fully flexed position for
each concentric action, while an investigator lowered it
between actions. Subjects were encouraged to hold
proper form and to maintain the same cadence for all
actions. Exercise was stopped if this was not the case.

MRI. Subjects were imaged before exercise and imme-
diately (2.3 + 0.1 min) after performance of five sets of 10
eccentric or concentric actions at each relative resis-
tance. Transaxial MR images were acquired at a field
strength of 1.5 T using a Signa (General Electric, Mil-
waukee, WI) imaging system. T,-weighted images (TR/
TE 2000/30, 60, 90, 120) were collected using a 25-cm-
diam extremity coil. A 256 X 128 matrix was acquired
with one excitation and a 20-cm field of view; total collec-
tion time was 5 min 12 s. Five 10-mm slices were collected

at 5-mm intervals, with the third cross section in the
middle of the forearm flexors. This resulted in a sam-
pling region that spanned 7 cm along the length of the
arm. Ink marks on the arm and forearm along with the
cross hairs of the imager were used to ensure a similar
elbow joint angle and position of the arm in the magnet
bore over repeated MR images. Successive MR collec-

1579

tions were spaced =30 min apart to allow recovery of T,
in previously exercised muscle (7).

T, calculations were performed using the software rou-
tines on the Signa system. T, values were determined for
ten 1-cm? regions of the biceps brachii muscle, five in the
triceps brachii muscle, and one in the bone marrow on
each slice. MR image files were ported to a personal com-
puter for calculation of muscle cross-sectional area
(CSA) by use of a modified version of the Image software
package (Research Services Branch, National Institutes
of Mental Health).

EMG. EMG electrodes were placed over the midbelly
of the long head and short head of the biceps brachii
muscle and the long head of the triceps brachii muscle.
Electrode sites were prepared using a razor, sandpaper,
and alcohol. The EMG equipment and techniques used
have been described previously (6).

A potentiometric goniometer was attached to the lat-
eral aspects of the arm and forearm, and the axis of rota-
tion was “aligned” with that of the elbow. The signal
from the potentiometer was calibrated with the elbow
joint at 90° to provide a measure of range of motion dur-
ing exercise. The elbow joint angle with relaxed full ex-
tension was ~30°, whereas full flexion with minimal ef-
fort gave an angle of ~160°.

Signals from the three EMG sensor units and the po-
tentiometer were digitized in real time at a rate of 1,000
samples/s with a personal computer. The signal from the
potentiometer was used to trigger 1 s of data acquisition.
The trigger point was set 10° from relaxed full extension
for concentric actions and 10° from full flexion for ec-
centric actions. The integrated root mean squared EMG
(IEMG) was determined by taking the 1-s integral of the
EMG and multiplying by the square root of 2. Data were
obtained for the first and last set of eccentric or concen-
tric actions at each relative resistance. Data for the two
sets were averaged to provide a cumulative index of EMG
activity.

Statistics. T,, CSA, and EMG data were each com-
pared over the four different exercise intensities with use
of a two-way analysis of variance (muscle action type by
resistance) with repeated measures over subjects. Simple
regression analysis was used to examine relationships
among variables. Correlations between variables (T, vs.
CSA, T, vs. EMG) were assessed by determining Pear-
son’s product r values. The level of significance was set at
P < 0.05.

RESULTS

The range of motion about the elbow joint for EMG
data collection was 52 + 2° to 141 + 2° for concentric
actions and 153 + 4° to 61 + 3° for eccentric actions. The
average angular velocities over these movement arcs
were 89°/s and 92°/s, respectively. IEMG activity of the
two heads of the biceps brachii muscle was similar during
exercise (data not shown); thus the values were averaged
for subsequent analyses.

IEMG activity of the biceps brachii muscle was mark-
edly less (P < 0.05) for eccentric than for concentric ac-
tions at any given exercise intensity (Fig. 1). It increased
(P < 0.05) as a function of relative resistance for both
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FIG. 1. Average integrated root mean squared electromyogram
(IEMG) activity of the long and short heads of biceps brachii muscle
for 5 sets of 10 unilateral concentric (CON) or eccentric (ECC) actions
of forearm flexors. Values are means + SE, recorded for 1st and last
sets, when 6 subjects performed against a relative resistance of 40, 60,
80, and 100% of 10 repetition maximum (10 RM) for concentric curls.
IEMG data were lost for 7th subject because of technical problems.
IEMG was related to relative resistance for concentric (IEMG = 9.07 X
%10 RM + 159, r = 0.99, P < 0.05) and eccentric (IEMG = 6.42 X %10
RM — 734, r = 0.99, P < 0.05) actions.

types of actions, with the rate somewhat greater (P <
0.05) for concentric actions. The triceps brachii muscle
showed minimal, if any, increases in IEMG activity with
exercise (data not shown).

The relationship between relative resistance and T, of
the biceps brachii muscle was similar for each transaxial
MR image (Fig. 2). T, changes were also uniform across
the 10 regions sampled in each image of the biceps bra-
chii muscle (data not shown). Values for the 10 regions
within each slice, and subsequently the individual slices,
were therefore averaged for analyses of T, responses to
exercise.

Concentric actions resulted in an increase (P < 0.05) in
the biceps brachii T, that was strongly related to and
graded with relative resistance (Fig. 3). Eccentric actions
induced a smaller (P < 0.05) but significant increase in
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FIG. 2. T, values (means + SE, n = 7) of biceps brachii muscle in 5
different transaxial magnetic resonance (MR) images obtained
through midbelly of arm. Values were obtained at rest and immediately
after concentric curls. T, was not different among slices (P > 0.05).
Overall, it was related to relative resistance (T, = 0.12 X %10 RM +
27.4,r = 0.99, P < 0.05). See METHODS and Fig. 1 for more detail on MR
images and exercise protocol.

Relative Resistance (% 10 RM)

FIG. 3. Average T, (means + SE; n = 7) of bone marrow of humerus
and biceps brachii at rest and immediately after CON or ECC actions
performed with forearm flexors. T, of bone did not change (P > 0.05)
over repeat measures. T, of biceps brachii was related to relative resis-
tance for CON (T, = 0.12 X %10 RM + 27.5, r = 0.99, P < 0.05) or ECC
(T, = 0.03 X %10 RM + 27.8, r = 0.99, P < 0.05) actions. See Fig. 1 and
METHODS for more detail.

the biceps brachii T, that was also related to relative
exercise intensity. Over the course of the experiment, T,
of bone (Fig. 3) and triceps brachii did not change (P >
0.05). The triceps brachii data have been omitted for
clarity.

The biceps brachii T, and IEMG were correlated for
both concentric and eccentric actions when the same rela-
tive resistance was used by different subjects during ex-
ercise (Fig. 4).

DISCUSSION

MRS has added significantly to our understanding of
muscle metabolism. In recent years this technology has
been used to conduct in vivo studies on exercising human
muscle. Technical considerations (e.g., presence of a mag-
netic field, magnet bore size) have limited the types of
exercise used. Early studies used bulb squeezing to in-
crease metabolic demand because the forearm would fit
in the magnet bore (15). It was assumed that different
subjects performed the exercise consistently (i.e., similar
patterns of muscle recruitment) for the muscle groups
sampled. This assumption may not have been valid,
thereby confounding interpretation of the metabolic data
(15, 31).

EMG data collection requires assumptions similar to

1200 _
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10004 o Ecc

800 ]

600 | E,

400

IEMG (1V)

200 |

0

20 25 30 35 40 45 50

FIG. 4. IEMG during CON or ECC actions of forearm flexors plot-
ted against T, of biceps brachii obtained immediately after exercise
(means + SE; n = 6, r = 0.99, P < 0.05). See METHODS and Fig. 1 for
more detail.
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FIG. 5. Representative T,-weighted images of arm, demonstrating
contrast in forearm flexors before (Control, A) and after (100%, B) 5
sets of 10 concentric curls with resistance equal to 100% of CON 10
RM

those made in early in vivo MRS studies. Surface EMG
collections sample a relatively small region of a few mus-
cles, and it is virtually impossible to sense all the muscles
of interest and/or limit cross talk. Thus uniform activa-
tion of muscle outside the range of the electrodes or of
unsensored muscle is often assumed.

Recent observations suggest that exercise induces an
enhancement of MRI contrast between inactive and pre-
viously active muscles (Fig. 5) (7, 9). This effect has been
used to guide MRS coil placement for studies of muscle
metabolism (8, 14, 30, 31). In the present study, we
sought to compare MRI measures of activated muscle
with values obtained using EMG. Although EMG values
have been used to assess the extent of muscle activation,
no previous studies have independently validated this
assumption.

The results of the present study show that IEMG activ-
ity of the biceps brachii increases as a function of the
relative resistance used during concentric or eccentric
actions of the forearm flexors (Fig. 1). The rate of in-
crease, as well as the absolute IEMG, was found to be
greater for concentric than eccentric actions. Similar re-
sults during submaximal cycle ergometry (1, 3), leg press
exercise on a sledge (18), and forearm curls (21) have
been reported. The increase in IEMG with exercise in-
tensity has been suggested to reflect increased motor
unit recruitment, because increasing firing frequency of
already active units has minimal effect on IEMG (2). The
suggestion that less skeletal muscle recruitment is
needed for eccentric than for concentric actions to coun-
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teract the same resistance is believed to reflect the inher-
ent ability of skeletal muscle to develop greater force
during eccentric actions (16). The ratio of the IEMG to
relative force for concentric vs. eccentric actions of the
forearm flexors in the present study was ~1.5 (Fig. 1).
This suggests that the in vivo force-generating ability of
the forearm flexors is ~50% greater for eccentric than
for concentric actions performed at an angular velocity
of ~90°/s. This seems reasonable if the forearm flexors
present an in vivo speed-torque relationship similar to
that of the knee extensors. Force output by the knee ex-
tensors is ~50% greater for eccentric than for concentric
actions at 90°/s (4).

The shifts in T,-weighted MR images on the biceps
brachii after exercise in the present study showed re-
markable correspondence to the IEMG data obtained
from the same muscle. T, increased as a function of rela-
tive resistance when either concentric or eccentric ac-
tions were performed (Fig. 3). The range of motion, speed
of movement, resistance, and therefore work rate were
the same for both types of actions. The rate of T, in-
crease, however, was markedly greater for concentric ac-
tions. Therefore, the concept that the magnitude of in-
crease in T, after exercise is dependent on work rate per
se is not supported by our results (7). A similar notion
has recently been put forth by Shellock et al. (26), who
found greater increases in T, of the forearm flexors after
subjects performed a bout of concentric actions to failure
than when the same exercise was performed using eccen-
tric actions.

T, and IEMG of the biceps brachii were correlated in
the present study for both concentric and eccentric ac-
tions (Fig. 4). Two independent measures of muscle use
therefore support the validity of one another. These re-
sults indicate that T, shifts after exercise reflect some
aspect of muscle activation. Bigland-Ritchie and Woods
(3) showed that the ratio of the EMG to torque for con-
centric vs. eccentric submaximal cycle exercise at 50 rpm
was ~2. The ratio relating energy cost of exercise to
torque for concentric vs. eccentric cycling was ~6. The
finding that energy cost increased at a greater rate than
EMG activity as a function of concentric vs. eccentric
cycling intensity was interpreted to indicate not only less
motor unit activation during eccentric cycling but also
less energy demand per unit force development for ec-
centric exercise (3, 5, 18). If a similar analogy can be
made from the T, and EMG data in the present study,
the results suggest that T, changes are somewhat but not
completely related to the metabolic response to exercise.
The ratio of the IEMG to torque for concentric vs. eccen-
tric actions found in the present study was ~1.5, whereas
the rate of increase in T, as a function of resistance was
about four times as great for concentric actions. The lat-
ter ratio would have been much greater if the metabolic
response to exercise had been responsible for the T,
changes, because it was recently shown that seven times
more energy is required to raise than to lower a given
load during resistance exercise performed in a fashion
similar to that in the present study (5).

The molecular mechanisms resulting in exercise-in-
duced MRI contrast enhancement have yet to be estab-
lished. MR signals are generated by placing samples in a
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powerful static magnetic field and then pulsing them
with radio-frequency energy. Susceptible nuclei will be
boosted to a higher energy state, producing a detectable
signal. The signal declines over time via two concurrent
processes described as “relaxation.” T, relaxation in-
volves the loss of energy to surrounding nuclei with simi-
lar resonant frequencies. T, relaxation results from in-
teractions between the excited nuclei and any perturbing
magnetic fields with no transfer of energy. The nondis-
criminatory nature of T, relaxation mechanisms greatly
increases the probability of such interactions; thus T,
tends to be much shorter than T, in heterogeneous solu-
tions.

Contrast in MR images depends primarily on nuclear
density (i.e., the number of rotational free protons) of the
tissue imaged. Bone, fat, muscle, connective tissue,
blood, and various organs have different proton nuclear
density. However, alterations in relaxation processes,
and thereby T, and T,, can have a significant impact on
the final image produced. As seen in this and other stud-
ies, images of skeletal muscle collected after bouts of ex-
ercise demonstrate an enhancement of contrast between
the active and nonactive muscle groups that appears to
be graded with exercise intensity (7). This change in pro-
ton signal intensity causes exercised muscles to appear to
“light up” in T,-weighted images (Fig. 5). Chronic exer-
cise conditioning may also alter MR image contrast. T,
has been shown to vary between trained and untrained
subjects (19, 22) and to correlate with fiber type in rest-
ing human and rabbit muscle (20, 23).

These changes in T, result from the dependence of
relaxation on the local molecular environment of the nu-
clei under study (10, 17). The signals used to produce the
MR images in this study arise from the protons of either
water or lipid. As evidenced by the bone marrow T,, no
gross changes in lipid signals were evident. Assuming
that these acute bouts of exercise did not cause subs..n-
tial changes in intramuscular fat, it is reasonable to con-
clude that the signal changes must arise from one or
more of the water compartments in muscle. Polak et al.
(23) demonstrated that differences between resting T,
values for rabbit soleus and gastrocnemius muscles are
related to the size of their extracellular fluid spaces. In-
creased perfusion would therefore seem to be an obvious
agent causing exercise-induced MR changes. The volume
of exercising muscle is known to increase as a result of a
redistribution of body water. In the present study, aver-
age CSA of the forearm flexors increased 18% (P < 0.05)
after five sets of 10 concentric curls were performed with
the heaviest resistance. This redistribution can be attrib-
uted to increased perfusion and the production and
translocation of ionic species, which would alter the os-
motic behavior of muscle cells (24, 25). Low-intensity
exercise is believed to be associated with an increase in
extracellular water, whereas high-intensity exercise is
primarily associated with a change in intracellular water
(27, 28). Changes in either intra- or extracellular water
would be expected to alter the relaxation characteristics
of the excited nuclei in a muscle sample (10). However,
Fisher et al. (7) found that muscle volume changes simi-
lar in magnitude to those seen with exercise, but elicited
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by venous occlusion, had little effect on T,. Hence exer-
cise-induced enhanced MRI contrast does not appear to
result from the simple increases in fluid volume that
would result from increased perfusion and extravascular
movement of plasma water. These findings suggest that
more complex, probably intracellular, events may be at
least partially responsible for exercise-induced contrast
enhancement.

The T, of muscle cytoplasm is reduced ~40-fold from
that of similar electrolyte solutions (13). It has been theo-
rized that there are three basic proton spin groups within
cells: organic protons on macromolecules (which would
not contribute signal in MRI), protons of water within
the hydration shell of macromolecules (bound), and the
protons of bulk water (free) (10, 29). These fractions also
exist in extracellular compartment of muscle (10). The
MR behavior of intracellular water is believed to result
from interactions between the surface of macromole-
cules and a bound water layer and exchange between this
layer and the relatively free cellular water. Proton mo-
tion within the free cellular water is itself fast enough to
average out molecular interactions; thus this large frac-
tion of cellular water may not be contributing propor-
tionally to MR relaxation processes. The smaller slowly
exchanging bound water fraction may determine much of
the MR relaxation character of muscle cells. Muscle cell
contraction involves conformational changes in the large
contractile proteins as well as mechanical alterations in
intracellular surfaces (11). Such surface alterations may
affect the bound water layer, which in turn may deter-
mine MR relaxation (10). In addition to alterations in the
size, shape, and charge of surfaces in muscle cells, con-
traction involves the production and/or translocation of
ions and metabolites. These processes would have os-
motic effects that alter the concentration of water as well
as direct effects on the MR relaxation of water; e.g., T,
was shown to increase as pH was lowered (12).

In all probability, exercise-induced changes in MR
images result from some complex combination of all the
above processes. Whatever the mechanism, the results of
this study indicate a correspondence between IEMG ac-
tivity and contrast shifts in proton-weighted MR images
for assessing work-related muscle activity. The validity
of both techniques is thus supported. Each modality pos-
sesses attributes and capabilities that ensure their con-
tinued contribution to our understanding of muscle con-
traction. In addition to providing a value that appears to
scale with exercise intensity (T,), MRI can provide ana-
tomic information such as muscle CSA. EMG is useful
for acute observations of motor unit activation in both
small and large muscle groups in real time.
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