MUSCLE ACTIVITY INDUCED BY RECIPROCAL GAIT

the resistance of the skin). The EMG signal was amplified (Bag-
noli-8 EMG System, DELSYS) with band-pass filtering between
20 and 450 Hz. Ankle joint motion was recorded with an electro-
goniometer (Goniometer System, Biometrics), whose two sensor

heads were placed on the fateral part of the shank and foet of the

subject (Fig, 14). Hip joint motion was estimated from the data
recorded by using another goniometer attached to the lateral aspect
of the apparatus (Fig, 1A).

In six subjects, the VICON 370 system (Oxford Metrics) was
used to analyze the lower limb motion more accurately. Eight
markers were attached to the right and left sides of the subject on
the skin overlying the following landmarks: the acrominon (SHO),
greater trochanter (GTR), lateral malleolus (AKL), and the top of
the great toe (TOE). We defined the hip and ankle joint angles as
the angles formed by the SHO, GTR, and AKL and by the GTR,

- AKL, and TOE, respectively. Furthermore, in these subjects, the
actual load applied to each foot sole was measured using four load
cells (LMA-A-1KN, Kyowa, Tokyo, Japan) placed under the four
corners of the stainless foot plate (Fig. 1B). During the experiment,
all data were continuously monitored by Power Lab software
(Chart version 4, AD instrumenis) and were digitized at I kHz for
Jater analysis, :

Data analysis

The digitized EMG signal was full-wave rectified after the DC
component was subtracied, It was then averaged over the-last 30
locomotion cycles (Fig. 1C). The data of the first 30 cycles were
discarded, because the EMG activity often showed gradeal decay, and
it took ~30 s (i.e., 30 cycles) to become stationary (Fig. 10). The
locomotor-like EMG activity was quantified using the integrated
value of the averaged EMG signal and the duration over which the
muscle was active (Fig. 10). We regarded the muscle to be active
when ifs averaged EMG signal consistently exceeded the level of
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resting EMG activity (mezn value + 3 X SD), Furthermore, to
examine the phase-dependent changes in the EMG activity, the
averaged EMG signal was divided into 10 bins, and the mean
amplitude in each bin was calculated, The ranges of hip and ankle
movements were calculated from the data obtained by electrogoni-
ometers, and those were compared with the VICON data. The load
applied on each foot sole was quantified by calenlating the summation
of the data from four toad cells.

Statistics

Values are given as means ® SE, Two-way ANOVA was used to
test the difference in the EMG magritude, duration, and hip and ankle
joint range of motion among the three conditions. Tukey's post hoc
test was applied to identify differences among the conditions. Signif-
icance was accepted at P < (.05,

RESULTS
Fattern of the locomotor-like EMG activity

Figure 2A shows the averaged waveform of the joint angle
(estimated by electrogoniometers) and the EMG activity ob-
tained from an SCI subject during alternate leg movement. In
this subject, EMG bursts modulated with the locomotion cycle
were observed in Sol, Gas, and BF. A similar muscle activation
pattern was observed in other subjects. Figure 2B indicates the
number of subjects whose muscle activity was judged to be
significant in each of 10 leg movement phases. For all subjects,
the EMG activity was observed in Sol and Gas during the
backward leg swing phase corresponding to the stance phase in
normal locomotion. Similarty, the EMG activity was observed
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'FIG. 2. A: ensemble averaged waveform
of hip and ankle joint motion and induced
EMG activity in cach lower limb muscle

obtained from an SCI patient. B: probability
of the occurrence of EMG activity in the
lower limb muscles during passive leg
movement. Data show number of subjects
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in BF for 8 of 10 subjects diring the hip-flexion phase
corresponding to the swing phase in nommal - locomotion.
Namely, the active phase of these muscles mainly corre-
sponded with the phase during which they were mechanically
stretched. The EMG activity of the TA was observed for two

subjects, and no EMG activity was induced in the RF. In the -
. RESULTS and DISCUSSION sections, we will focus only on these.

activated muscles {Sol, Gas, and BF).

Typical averaged waveforms of the EMG activity for three
experimental conditions cbtained from two subjects are shown
in Fig. 3 (A and D, bilateral alternate; B and E, unilateral; C and
F, bilateral synchronous leg movements). As clearly shown in
these waveforms, the amount of EMG activity varied from
condition to condition. I the unilateral leg movement (Fig. 3,
B and E), no EMG activity was observed in the nonmoving left
leg. The magnitude of the EMG activity was smaller for the
unilateral leg movement condition (Fig. 3, B and E) than for the
ordinary bilateral alternate leg movement condition (Fig. 3, A
and D). In the bilateral synchronous leg movement condition,
the EMG activity was present for both legs (Fig. 3, C and F);
however, its magnitude was smaller than that for the bilateral
alternate leg movement condition (Fig. 3, A and C).

.Leg motions and load to foot sole

Figure 4A shows a typical example of the hip and ankle joint
angle movements obtained using the VICON system. In the
right (experimental) leg, both the hip and ankle joint angles
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moved in a similar manner among three conditions. On the
other hand, the left leg movement was completely out of phase
between the alternate and synchronons leg movement condi-
tions, and no obvious hip and ankle motion was observed
during the unilateral leg movement condition. There was no
significant difference in the range of motion of each joint
among three conditions for the right leg and between the
alternate and synchronous leg movement conditions for the left
leg (Fig. 4B). In the unilateral leg movement condition, the left
leg movement was kept at almost zero (Fig, 48). it should be
noted that the data in Fig. 48 contain the data measured with
electrogoniometcrs, because the joint angle movement esti-
niated using electrogomometers was not different from that
measured directly using the VICON system.

Figure 5A shows a typical example of the load applied to the
foot sole in the three conditions. The load was modulated
almost sicasoidally with the leg movement cycle. The load was
maximal and minimal, respectively, when the hip joint was
maximally extended and flexed. Although the load averaged
over time was not different from condition to condition (Fig.
5B), there was a statistically significant (P < 0.05) difference
in the peak-to-peak load among the three experimental condi-
tions (Fig. 5C). In comparison with the alternate leg movement
condition, the load. applied to the right leg was 85.5 = 3.8% in
the unilateral leg movement condition and 64.3 * 12.5% in the
synchronous leg movement condition. On the other hand, the
peak-to-peak load applied to the left leg was 22.5 = 44% in
the unilateral leg movement condition and 69.9 = 11.9% in the -
synchronous leg movement condition compared with the alter-
nate leg movement condition.
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FiG. 3. Averaged waveforms of hip and ankle joint motion, load on the leg, and induced EMG activities of limb muscles recorded from subjects 31 and 82
(top, right leg; botiom, left leg). A and I: alternate leg movement condition. B and E: unilateral leg movement condition. C and F: synchronous leg movement condition.
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FC. 4. Kinematical characteristics of imposed leg movement. A: changes
of hip (top) and ankle (bowom) joint angular motions in 1 cycle of leg
movement recorded from 1 subject using the VICON system. B mean value of
range of motion (ROM) of the hip (top) and ankle (bofrom) joint {n = 10). Alt,
Uni, and Syn indicate the alternate, unilateral, and syachronous leg movement
¢onditions, respectively. Eror bars indicate SE.

Difference in the induced EMG activity among
experimental conditions

Figure 6 summarizes the integrated BMG activity of the Sol,
Gas, and BF in three experimenial conditions. The integrated
EMG activity induced by bilateral alternate leg movement was
significantly larger (P < 0.05) than that induced during the
other conditions. The values of the percentage increase in
EMG magnitude induced by alternate leg movement compared
with that induced by unilateral leg movement were 291 * 70,
163 * 16, and 278 *+ 71% for Sol, Gas, and BF, respectively.

Figure 7 shows the mean EMG amplitade in each 10% bin
of the locomotion cycle {fop) and in the period during which
the muscle was.evaluated 10 be active (botfom). The amplitude
of the Sol EMG activity in the bilateral alternate movement
was significantly larger (P < 0.05) than that in the unilateral
movement from the 30 to 60% cycles, and significantly larger
than that in the sypchronous movement from the 30 to 70%
cycles {Fig, 7A). The duration of the EMG activity of the Sol
muscle during alternate leg movement was significantly longer
(P < 0.05) than that during the other conditions {Fig. 74}. Such
an amplifying effect of alternate leg movement on the EMG
activity was also observed for the Gas and BF muscles (Fig. 7,
B and Q).

781
DISCUSSION

These results show that the locomotor-like EMG activity
was significantly larger for alternate leg movement than for
unilateral and bilateral synchronous movements. in the piscus-
SION section, the neuronal mechanism underlying these results,
mainly in the coniext of what is known about the spinal
locomotor system that was revealed in previous animal and
human studies, will be addressed.

Muscle activity induced by passive leg movement

We used the gait-training apparatus (Fig. 1A) to impose the
locomotory movement. However, the leg movement achieved
by this apparatus is different from the ordinary stepping move-
ment in the following two ways. First, the knee joint is locked
in an extended position throughout the entire locomotion cycle.
Second, the sole always touches the foot plate even during the
forward leg swing phase. That is, the sensory information from
the foot sole exists even in the swing phase, and there is no
clear instant that corresponds to “heel contact.” Despite these
differences in the movement pattern, the EMG activity was
observed in the paralyzed lower limb muscles during the
passive leg movement, as was shown during the body weight—
supported stepping movement on a treadmill in previous re-
ports (Dietz et al, 1995, 2002; Dobkin et al, 1993; Ferris et al.
2004; Harkema et al. 1997; Ivanenko et al. 2003). This is
because several factors that are important to this phenomenon,
ie., hip joint motion {Andersson and Grillner 1983; Grillner
and Rossignol 1978) and load information (Dietz and Duysens
2000; Duysens and Pearson 1980}, were well preserved, even
in our experimental setting. In fact, as for the first difference
regarding the knee joint motion, Dietz et al. (2002) have shown
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FIG. 5. Characteristics of load change during passive leg movement. A:
changes of load applied to the foot sole of each Ieg in 1 cycle of leg movement.
B: mean value of load averaged over 1 cycle (rn = 6). C: mean value of
peak-to-peak amplitude of load {n = 6). Alt, Uni, and Syn indicate the
alternate. unilateral, and synchronous leg movement conditions, respectively.
Error bars indicate SE. *Significant difference (P < 0,05). )
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6. 6. Effect of leg movement pattemn on muscle activity. Mean values of integrated rectified EMG induced by 3 types of leg movément. A: soleus {Sol).
B: gastrocnemius (Gas). C: biceps femoris. Induced activity level of all 3 muscles was significantly larger (P < 0.05} during the alternate leg movethent (Alf)
than the unilateral {Uni} and synchronous (Syn) leg movement conditions. Error bars indicate SE. *Significant difference (£ <C D.05).

_ that the knee-locked stepping movement (hip walking) does
not affect the induced muscle activity. The only difference
between normal and hip walking was that RY activity was
almost absent in hip walking (see Fig. 4 in their stady), a
finding that agrees with our result (Figs. 3 and 5). The second
difference regarding foot contact might influence the load
information associated with the ordinary locomotion cycle;
however, as shown in Fig. 5, we ensured that the load applied
to the leg was periodically changed with the leg motion cycle
in onr experimental setting, The load was maximal when the
hip joint was nearly maximally extended (Fig. 5), and this
loading pattern resembled that observed when a stepping
movement was imposed on a treadmill (Ferris et al., 2004). It
is therefore likely that a considerable portion of the afferent
neural inputs during normal walking could be preserved in our
experimental setting. .

In all subjects, coordinated EMG bursts can be induced by
imposing passive leg' movement in the lower limb muscle. As

“shown in Figs. 2 and 7, the phase in which the muscle activity
was observed coincided with the phase in which it was me-

chanically stretched. That is, Sol and Gas were active while the -

leg swung toward the backward, and BF was active while the
. leg swung toward the forward. It is therefore possible that the
muscle activity was associated with the stretch reflex response.
However, these results show that the muscle activity was
observed even in the muscle’s shortening phase (Figs. 2 and 7).
Conceming this point, Dietz et al, (1998) have also observed
that the leg muscle activity is equally distributed during short-
ening and it seems therefore likely that the locomotor-like muscle
activity results from the complex interaction of the afferent inputs
and the spinal neural circuits rather than simple stretch reflex,

Contribution of alternate leg movement

One of the most substantial features of human bipedal
locomotion is alternating leg movement. Therefore investigat-
ing how such an alternate leg movement pattern affects the
amount of locomotor-like EMG activity would give us impor-
tant information, especially regarding the problem of whether
the activity is actually “locomotory” or not. A relevant ap-
proach has been partly taken by Fertis et al. (2004). They found

that muscle activity could be induced for complete SCI patients
even in the nonmoving leg when the stepping movement was
imposed only on the other leg. Their results have provided
evidence that the human spinal cord has a mechunism to
efficiently realize alternating leg movement. However, we did
not observe any muscle activity in the nonmoving left leg (Fig.
3). This result was similar to the results of the study by Dietz
et al. (2002), who ascribed the contradiction with the work of
Feris et al. {(2004) to the difference in the speed of stepping
and the amount of the load (Dietz and Harkema 2004). Like-
wise, one of the possible reasons for the contradiction between
the results of Fermris et al. (2004) and our results is the
difference in the load pattern on the nonmoving leg, In this
study, the load was tonically applied and the amount of
modulation was small (Fig, 5), while in their study, a load
pattern resembling normal stepping was applied.

On the basis of the absence of muscle activity in the
nonstepping leg, Dietz et al. (2002). referred the possibility that
the interlimb coordination observed in normal subjects requires
the supraspinal systems. Concerning this point, a recent study
revealed thai the interlimb coordination includes the activity of
the supplemental motor cortex area (Debaere et al. 2001).
However, our data have provided strong evidence that the
spinal cord has an ability to coordinate the movement of both
legs. Figure 8 shows the relationships between Sol EMG
activity and ankle ROM (left), hip ROM (center), and the
peak-to-peak load (right) on the right foot sole. The EMG level
was significantly larger for locomotion-like alternate leg move-
ment than for vnilateral and bilateral synchronous movements,
although the hip and ankle joint movements were kept identical
in all experimental conditions. This result also indicates that
the stretch reflex alone is insufficient to explain the modulation
of the EMG activity. if the EMG activity- were merely a
response to the rhythmic muscle-tendon stretches, the level of
muscle activity should have been independent of the contralat-
eral leg movement.-

One remaining concern is the difference among the three
conditions in the load applied to the right leg (Fig. 8, right),
because the load-related afferent inputs, such as proprioceptive
inputs from the extensor muscle and the sole of the foot, are
known to influence the magnitude of the EMG activity
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Fia. 7.  Comparison of mean EMG amplitude in each 10% cycle bin (top)
and duration of EMG activity (botzom) among the 3 experimental conditions.
A: soleus (Sol). B: gastrocnemius {Gag). C: biceps femoris (BF). Alt, Uni, and
Syn indicate the alternate, unilateral, and synchronous leg movement condi-
tions, respectively. Biror bars indicate SE. *Significant difference (P < 0.03).

{Harkema et al, 1997; Kojima et al. 1999). Therefore the larger
EMG activity in the alternate leg movement condition could
simply result from the load on the right leg having larger
peak-to-peak amplitude. However, this is unlikely because the

783
distribution of the Sol EMG activity with respect to the
peak-to-peak amplitude of the load is distinctly different from
other two conditions (Fig. 8, right). Therefore it is difficult to
explain such a drastic enhancement of Sol EMG activity based
only on the difference in load. In addition, althovgh the
peak-to-pedk load was larger in the mnilateral condition than in
the synchronous condition, the Sol activity was almost similar
between these two conditions (Fig. 8, A and C, right) and even
smaller for the unilateral condition in subject S2 (Fig. 8B,
right), suggesting that the Sol activity does not depend only on
the load modulation.

Therefore our results strongly suggest that the afferent input
from the contralateral leg plays a substantial role in amplifying
the induced locomotor-like muscle activity in the lower Limb.
In particular, the contralateral leg movement has to be out of
phase so that the muscle activity of the ipsilateral leg is well
amplified. That is, the alternate leg movement should be added
to the recipes for generating locomotor-like muscle activity
that have been previously suggested, such as hip joint motion
and the load applied to the lower limbs (Pearson 1995).

" Interlimb coordination generated within the spinal cord

Previous animal studies, using a variety of preparations,
indicate that basic neuronal circuits that generate the locomo-
tive motor output exist in the lumbar level of the spinal cord
{Forssberg et al. 1980; Pearson and Rossignol 1991; for a
review, see Duysens and Van de Crommert 1998). Such
neuronal circuits can operate in the absence of any afferent
input (Grillner 1985), whereas the significance of the interac-
tion of such a spinal neuronal circuit with the afferent input has

-also been pointed out (Duysens and Pearson 1980; Pearson

1995). Recent human studies have shown that the afferent
signal from one limb affects the mmscle activity of the con-
tralateral limb in locomotory movemment in a functional way
{Pang and Yang 2001; Ting et al. 2000). However, since these
studies were conducted in infants (Pang and Yang 2001) or in
healthy subjects (Ting et al. 2000), the supraspinal system’s
contribution remains unclear. Although the supraspinal system
such as the supplementary motor area might contribute to the
interlimb coordination (Debaere et al. 2001), these results
indicate that some mechanism coordinating the alternate leg
movement might exist within the human spinal cord itself. The
precise mechanism(s) are unknown at this stage, but it is
possible that the neuronal circuits associated with our results
have a common origin in the crossed fexot/extensor reflex
{Duysens and Locb 1980; Duysens et al. 1991). Further re-
search is needed to clarify this point.

In summary, this study was designed to investigate to what
extent the alternate leg movement influences the locomotor-
like EMG activity in the lower limbs of SCI subjects. These
results indicated that the alternate leg movements play a
sobstantial role in amplifying the induced muscie activity, and
not only suggest the existence of neuwronal circuits enabling
interlimb coordination within the spinal cord, but might rein-
force the interpretation that the muscle activity induced by
passive stepping movement is actually locomotory.
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Muscle Oxygenation of the Paralyzed Lower
Limb in Spmal Cord-Injured Persons
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ABSTRACT

KAWASHIMA, N., K. NAKAZAWA, and M. AKAL Muscle Oxygenation of the Paralyzed Lower Limb in Spinal Cord-Injured.
Persons. Med. Sct. Sports Exere., Vol. 37, No. 6, pp. 000~ 000, 2005. Purpose: Even in the paralyzed lower limnb muscle, EMG activity
can be induced by imposing passive leg movement in standing posture in persons with spinal cord injury {SCI). The purpose of the
present study was o ascertain whether the oxygenation level of the paralyzed lower limb muscle covaried with the muscie EMG activity
durisg imposed passive leg movement. Methods: Six motor-complete 8CI subjects and four newrologically normal controls were
placed on a gait-training apparatus that enabled the SCI subjects to stand and move their legs passively. After a 1-min resting stage,
consecutive passive alternate leg movements were performed.at different frequencies (0.8, 1, 1.2, and 1 Hz, for 3 min at each stage).
To obtain postexercise data, subjects were kept in a standing posture for 5 miz after passive movement ceased. The EMG activity and
concentration chasges in the oxygenated (oxy-) and deoxygenated hemoglobin (Hb) (deoxy-Hb) were continuously measured using
near-infrared spectroscopy (NIRS) from the gastrocnemius muscle. Resulfs: In all SCI subjects, muscle EMG activity was observed
during passive leg movement. The oxy-Hb level gradually increased, whereas the deoxy-Hb decreased, and these changes were

" independent of the total Hb changes. In the recovery stage, the total Hb level was found to exceed the preexercise level. In contrast

to the SCI patients, the normal subjects showed neither EMG activity nor changes in oxy- or deoxy-Hb. Conclusion: The present results
demonstrate that passive leg movement can induce not only muscular activity but also alteration of muscle oxygenation level in the
paralyzed lower leg. Particularly, induced muscular activity seems to correlate with increased perfusion of the muscle. Key Words:
SPINAL CORD INJURY, PARALYZED MUSCLE, OXYGENATION LEVEL, NEAR INFRARED SPECTROSCOPY, REFLEX-

IVE MUSCLE CONTRACTION, PASSIVE MOVEMENT

vevious studies have indicated that spinal cord injury

(SCI) leads to extreme muscle atrophy (7,19), fiber

type transformation toward fast-fatigable fibers
(13,20), and lower bone mineral density (BMD) (11,33).
This musculoskeletal degeneration can be attributed largely
to the dramatic reduction of muscular activity and mechan-
ical stress in the paralyzed limbs, which is due primarily to
the motor paralysis following SCI. Furthermore, long-term
immobilization of the paralyzed limb may bring about vas-
cular effects such as reduction in vessel diameter (4,26,27),
and changes in muscle blood flow (24) and vascular com-
pliance ( 17,26,27). Because chronic inactivity and hypocir—
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culation of the paralyzed area are especially crucial factors
in cardiovascular-related complications such as pressure
sores and deep venous thrombosis (5), enhancement of the
metabolism and circulation in the paralyzed area is partic-
ularly important in preventing these problems.

It is now well recognized that, even in the paralyzed
muscles of SCI patients, locomotion-like muscle activity
can be induced by imposing stepping movement on a tread-
mill {8-10). Induced muscle activity is believed to have the
potential to prevent degeneration of the musculoskeletal
system in SCI patients. From the perspective of muscle
metabolism, an important issue is whether the muscular
activity induced by imposed passive leg movement is ac-
companied by alterations in the oxygenation level and/or
circulation in the paralyzed area. The present study was
designed to address this question by simultaneously record-
ing the EMG activity and the muscle oxygenation using
near-infrared spectroscopy (NIRS). NIRS, a noninvasive
and reliable technique for measuring oxygenation and he-
modynamics in tissue, is based on the principle that the
near-infrared light absorption properties of hemoglobin
(Hb) and myoglobin {Mb) depend on their O, saturations.
Recently, NIRS has been applied in clinical fields to mea-
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sure metabolic and circulatory patterns in a variety of dis-
eases, and is recognized to be a useful method for identi-
fying impairment of muscle metabolism (for a review, see
Boushel et al. (6)).

Fhe purpose of the present study was to ascertain whether
the oxygenation level of the paralyzed lower limb muscle
changed with muscle EMG activity during imposed passive

" leg movements. If muscle oxygenation and circulation can

be facilitated by imposing passive movement, it may have
significant ramifications for rehabilitation in cases of SCI,
and especially in the prevention of secondary impairment
following SCL In the present study, we hypothesized that
the muscle oxygenation level should change with the ap-
pearance of EMG activity in the paralyzed lower limb
muscle.

METHODS
Participants

Six men with SCI(26.4 * 4.4 yr) and four neurologically
normal subjects {25.3 & 2.4 yr) participated in the present
study. All SCI patients had traumatic SCI at the thoracic

‘level {between T4 and T12} and bad complete paralysis of

their lower limb muscles (American Spinal Injury Associ-
ation (ASIA) Class A or B) (22) with moderate spasticity.
Their postinjury time was longer than 6 months. The phys-
ical characteristics of the subjects are summarized in Table
1. The subjects gave their written informed consent for the
experimental procedures, which were conducted in accord
with the Helsinki Declaration of 1975 and approved by the
ethics committee of the National Rehabiiitation Center for
the Disabled, Tokorozawa, Japan.

Experimental Procedure

Passive leg movement. To impose locomotion-like
movement on the legs, we used an apparatus (Fig. 1A)
developed for the physical exercise of persons with disabil-
ities (Basy Stand Glider 6000, Altimate Medical, Inc., Mor-
ton, MIN). This apparatus enables. SCI subjects to stand
securely by immobilizing their trunk and pelvis using front
and back pads, and by preventing hyperextension of the
knee joint using 4 kneepad. It also enables them to swing
their Jegs by moving a handle connected to a foot plate. In

TABLE 1. Characteristics of the SC| subjects.

Duration of
C - Age Weight  Lesion ASIA  Paraplegia
Group  Subjec {ym L3} Lavel Grade  {months}

scl §1 24 75 T2 A 26
82 27 60 T12 B 25

83 30 74 T8 A 14
54 19 53 15 B b
85 38 67 Ti2 A 15
86 32 68 Ti2 A 3
Mean 275 66.2 238
SD 7.56 8.42 7.58

Normat Mean 26.4 64.2
S0 4.54 5.43

2 Officiat Journal of the American Collegs of Sports Medicine

the present study, the experimenter manuaily moved the
handle back and forth in a sinusoidal manner.

Protocol. Subjects were asked to abstain from alcohol
and caffeine for at least 12 h before the experiment. The
subjects were placed in the device and held in standing
posture, We verified that the standing posture was stable and
that there was no hypotension. We had initially plaoned to
measure postexercise data for 10 min, but some subjects
showed orthostatic hypotension for 8 or 9 min after the
cessation of the exercise in the preliminary experiment. We
therefore set the duration of postexercise measurement at 5
min. After a 1-min resting stage, consecutive passive move-
ments were performed for 3 min at each of the folowing
frequencies: 0.8, 1, 1.2, and 1 Hz. This protocol was used to
examine whether EMG activity and muscle oxygenation are
dependent on the frequency of passive movement. The 1-Hz
movement was repeated to examine time-dependent
changes of muscle activity and oxygenation. During the
movement, the hip joint range of motion was set at 40,
The experimenter manipulated the lever, keeping pace with
the rhythm of a metronome. The experimenter had con-

- ducted a sufficient number of practices before the resting

session so that they could adjust the leg motion to the
predetermined pattern (i.e., the range of motion and swing
frequency) by monitoring the angle data from an electrogo-
niometer displayed on an oscilloscope. Since our aim was to
estimate the muscle oxygenation due to EMG activity in the
paralyzed muscle, the subjects were asked to relax their
upper limbs. '

Near-infrared spectroscopy. During passive leg
movement, the oxygenation levels of the medial head of the
gastrocnemius (MG) muscle were continuously measured
by a NIRQ-300 (Hamamatsu Photonics, Inc., Hamamatsu,
Shizuoka, Japan) with dual-channe!l near-infrared laser di-
odes. The NIRS signal has: been assumed to reflect the
combined absorption of the oxygenation level of Hb and
Mb. Though it is impossible to distinguish between Hb and
Mb because of identical spectral characteristics, contribu-
tion from- myoglobin to the overall signal is quite smatl.
Changes in oxygenated- (oxy-} and deoxygenated Hb (de-
oxy-Hb) were calculated by measuring light attenuation at
775-, 813-, 830-, and 913-nm wavelengths, and were then
analyzed with an algorithm incorporating the modified
Beer-Lambert law. The NIRS probe was placed on the
upper portion of the bellies of the MG muscle, and a cali-
bration procedure was carried out to ascertain whether the
range of measurement was within the optimal range. Before
the beginning of the passive leg movement, subjects were
kept in standing posture on the apparatus uatil the total Hb
value reached a constant level, that is, until the poeling of
venous blood was completed. At that time, the concentra-
tions of each Hb value were set at zero. Changes in the Hb
values were calculated relative to the resting level, and are
represented in micrometers.

Electromyography. The surface EMG s1gnal Was re-
corded from the MG muscle using bipolar electsrodes. Be-
cause it is impossible to place both the NIRS sensor and the
EMG electrode at the same place, they were placed proxi-

http://www.acsm-msse.org
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FIGURE 1—A. Experimental setup. This apparatus enables SCI patients to stand secarely by immobilizing their trunk and pelvis using front and
back pads, and by preventing hyperextension of the knee joipt using a kneepad. It also enables ther: to swing their legs by moving a handle connected
to a foot plate. In this study, the experienter manunally moved the hardle back and forth in a sinuseidal manper by matching the movement
frequency with the sound of a metronome. B. Location of the EMG electrode and the pear-infrared spectroscopy (NIRS) sensor. Because it was
impossible to place both the NIRS sensor and the EMG electrode at the same place, they were placed proximally and distalty on the medial side of

the muscle.

mally and distally on the medial side of the muscle (Fig.
1B). The electrode (DE-2.3, DelSys, Inc., Boston, MA) was
placed at least 2 cio proximal to the end point of the MG
muscle. This electrode has parallel bars (1 cm long and 1
mm wide) spaced 1 cm apart, and is designed with a built-in
filter from 20 to 450 Hz. The common mode rejection ratio
at 60 Hz is greater than 80 dB. SCI patients tend to have
larger impedance in their paralyzed legs, and special care
was thus taken to eliminate any artifacts of the EMG re-
cording. The electrodes were attached using double-sided
adhesive tape after careful preparation of the skin. The EMG
signal was amplified (Bagnoli-8 EMG System, DelSys,
Inc.).

Electrogoniometer. In order to ascertain the similar-
ity of the leg motion throughout the exercise session, the
angle of the device was recorded by an electrogoniometer
(Goniometer System, Biometrics Ltd., Ladysmith, VA) with
sensors placed on the lateral aspect of the apparatus.

Heart rate. To confirm whether central circulation is
enhanced by imposing the passive leg movement, HR was
continnously measured by using an integrated telemetric
monitor (HR meter, Polar, Vantage, Finland) in two SCI
patients and two normal subjects.

Data Analysis

During the experiment, all data were continuously mon-
itored by PowerLab software (Chart ver. 4, AD Instruments
Inc., Milford, MA) and were digitized at 1 kHz for later
analysis. For NIRS data, the average value in the last 30 s at
each stage and those at 1, 3, and 5 min postexercise were

- evaluated for each parameter. The EMG signals were fuli-
wave rectified after subtraction of the DC component. The
magnitude of the EMG activity was quantified by the mean

MUSCLE OXYGENATION OF THE PARALYZED MUSCLE

amplitude and integrated area of the EMG activity during
the last | min of each stage.

Statistical Analysis

Values are given as means *+ SD. Statistical differences
in the size of EMG value and each Hb value were tested by
ANOVA with repeated measures. Tukey's post hoc test was
applied to identify differences between the conditions. The -
statistical software SPSS 11.0 was used to carry out all
analyses. Significance was accepted at P < 0.05.

RESULTS

Figure 2 shows a typical example of the EMG activity,
NIRS values, and leg motion during an experiment in a SCI
patient (Fig. 2A) and a normal subject (Fig. 2B). As clearly
shown in this figure, there are remarkable differences in
both EMG activity and NIRS parameters between the two
groups. It was confirmed that the leg motion was maintained
within similar range throughout the exercise in both SCI and
normal subjects.

EMG activity. During passive movement, al! SCI pa-
tients showed EMG activity in the gastrocnemius muscle.
The active phase of the EM(G activity corresponded to the
backward phase of leg movement. Despite the fact that the
total (integrated) response area increased with the frequency
of the movement, there was no remarkable change in am-
plitude {Fig. 3). Although the movement frequency in both
the second and fourth stages was set at 1 Hz, the EMG
amplitude in the fourth stage was significantly lower than
that in the second stage (second vs fourth: 42.08 + 3.73 vs
29.66 % 6.19 pV, P < 0.05). In contrast to the SCI patients,

Medicine & Science in Sports & Exerciseg 3
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complete spinal cord injury (SCT)
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normal subjects showed no visible EMG activity in the
gastrocnemius muscle at any time during the exercise.
NIRS parameters. In both the SCI and normal groups,
the concentrations of total Hb and deoxy-Hb showed rapid
decrements following the onset of the exercise and remained
at lower levels compared to the resting value while the legs
were passively moved. The degree of the decrease of total
Hb in the first stage was much smaller in the SCI group than
in the normal group {SCI vs normal: 2.79 = 0.99 vs 7.04 £
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FIGURE 3—Mean amplitude and area of muscle EMG acfivity in the
gastrocoemius muscle. The errer bars indicate the SEM value. * Sig-
pificant difference (P < 0.05) compared with the resting value. # Sig-
uificant difference to the first set value. SCI, spinal cord injury.
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both subject groups.

2.18 pmy}. During the exercise period, an increase in oxy-Hb
and a decrease in deoxy-Hb, which were independent of the
changes in total Hb, were observed in the SCI group but not
in the normal group {Figs. 2 and 4}. In the recovery stage,
the total Hb level exceeded the resting value in the SCI
group, whereas it merely recovered to the pretest level in the
normal group.

Heart rate. Figure S shows the change of the HR at rest
and during passive leg movement and the recovery period
obtained from two SCI patients and two normal subjects. As
shown in this figure; HR increased just after the onset of
passive leg movement in all subjects. -

DISCUSSION

The present study was designed to examine whether the
oxygenation level of the paralyzed muscle is altered with the
EMG activity induced by imposed passive leg movement.
Our primary observations are the following: (i) during pas-
sive movement, all SCI patients showed EMG activity in the
gastrocnemius muscle, whereas none of the normal subjects
showed such activity; (i) during the exercise period, an
increase in oxy-Hb and a decrease in deoxy-Hb, both of
which were independent of changes in total Hb, were ob-
served in the SCI group; and (iii) in the recovery stage, total
Hb exceeded the preexercise value in the SCI group. A
possible mechanism for these changes in oxygenation level
in the SCI patients and its implications for rehabilitation are
discussed below. '

Muscle activity during passive movement, De-
spite the motor paralysis in thejr lower legs, all six SCI
subjects showed EMG activity in the paralyzed gastrocne-
mius muscle during passive movement. On the other hand,
no norsal subjects showed any EMG activity in the gas-

http://www.acsm-msse,org
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FIGURE 4-—Concentration changes in total, oxygenated hemoglobin
{oxyHb), and deoxygenated hemoglobin {deoxyHb)} throughout the
experiment for patients with spinal cord injury (SCI) (A) and normal
suhjects (B). The error bars indicate the SEM value. * Significant
difference (P < 0.05) compared with the resting value. # Significant
difference to the first set vatue.

trocnemius muscle, even though the applied leg movements

" were identical to those applied to the SCI patients. In our

previous data, it was found that the passive leg movement
can also induce EMG activity in other lower leg muscles, for
instance, the soleus and biceps femoris museles (18), It is
possible that the observed muscle activity consisted of com-
plex spinal reflexes rather than simple stretch reflex re-
sponses induced by rhythmical siretching of the muscle
tendon (14,18), and that the lack of EMG activity in normal
subjects can be partly explained by the inhibitory neural

input from a higher center to the spinal motor neurons (8). .

We do not discuss any further details of the neural mecha-
nism of this EMG activity here because this article is con-

.cemed primarily with the relationship between the magni-

110 -
100 ¢
90 *

Heart rate (beat/min)

Recovery

FIGURE 5—HR changes at rest, during passive leg movement, and in
the recovery period obtained by two patienis with spinal cord ingury
(SCI) and two normal subjects.

MUSCLE OXYGENATION OF THE PARALYZED MUSCLE

tude of muscular activity and the degree of the Hb value.
The neural mechanism underiying this EMG activity has
been described in detail in the previous research {for a
review, see Harkema (14)).

The degree of changes in the NIRS signals should
strongly depend on the muscle contraction level. It is there-
fore important to know how much the muscle activity occurs
during passive leg movement. However, it is difficult to
evaluate the muscle contraction level using the percentage
of the maximal voluntary contraction (%MVC), which is
commonly used to normalize and evaluate the muscle con-
traction fevel because SCI patients cannot accomplish vol-
untary contraction. When the EMG activity of the paralyzed
muscle is expressed with size relative to the MVC obtained
by normal subjects (average: 417.7 £ 43.24 uV), it corre-
sponds with approximately 10% MVC. Given the muscle
atrophy of the paralyzed muscle (7,19), it can be assumed
that the SCI patients have an MVC lower than that in the
normal subjects. Therefore, we estimate the contraction
level observed in the SCI patients as no less than 10% MVC.

Changes in Hb concentration during exercise. In

the present study, both the SCI and normal groups showed
a rapid decrease in the total Hb concentration following the
onset of exercise and maintained the lower value while the
legs were passwely moved. We considered venous bload in
the calf to be complete, that is, to have reached plateau level,
at the beginning of the passive leg movement because sub-
jects were kept in standing posture wntil the total Hb value
stabilized. By imposing passive leg movement, the pooling
venous blood might be expelled from the calf because
intramuscular pressure is increased due to the imposed
length changes in the muscle (28,30), irrespective of the
appearance of EMG activity, Therefore, it seems reasonable
to assume that the decreased total Hb observed in this study
during movement is explained by this expulsion of the
pooling venous blood in the calf.

In addition, the degree of the concentration changes in the
total Hb was much larger in the normal group than in the
SCI group. This zesult is consistent with the report of van
Beekvelt et al. (36) that muscle pump activity induced by
imposing electrical stimulation is reduced in SCI subjects
compared with healthy subjects. It has been suggested that
this reduced muscle pump activity might be explained by the
muscle atrophy and low venous capacity found in SCI
subjects (17). A possible explanation for this resuit is that
SCI patients have more fat because larger amounts of fat
result in lower NIRS signals (37). However, as described
later, other our results which the oxy- and deoxy-Hb showed
in the opposite concentration changes would not be ex-
pected from fat for the same reason.

In the present study, a gradual increase in oxy-Hb and
decrease in deoxy-Hb that were independent of changes in
total Hb were observed in the SCI subjects during the
exercise period. On the contrary, there is no obvious con-
centration change of the oxy-Hb in the normal subjects who
showed no EMG activity during passive leg movement, If
no muscle oxygen consumption and/or supply was induced
by the imposed movement, both the oxy-Hb and the de-
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oxy-Hb should vary in a manner related to the concentration
changes in the total Hb. Taken together with the occurrence
of EMQ activity in the SCI group, this change in the muscle
oxygenation. level can be attributed to the muscle activity

produced by imposing passive leg movements. These results -

. are in good agreement with a recent repoit by Bhambhani et
al. (3), who suggest that changes in the oxygenation level in
the paralyzed rectus femoris muscle during cycling move-
ment are generated by functional electrical stimulation.

With respect to muscle oxygenation during exercise, pre-
vious studies have reported that continuous muscle contrac-
tion at moderate intensity follows the increments of de-
oxy-Hb because of the oxygen consumption in the acting
muscle (6,34). Although we hypothesized that muscle was
“active” during passive leg movement, the present results
did not show increments of the deoxy-Hb. According to the
general principle, concentration changes in oxy- and de-
oxy-Hb are dependent on the dynamics of the equilibrium
between tissue oxygen demand and supply (2,16). There-
fore, a possible reason for our result is that oxygen delivery
far exceeds the oxygen extraction in the acting muscle, The
enhancement of HR during passive leg motion (Fig. 5)
provides evidence to support this notion.

Changes in Hb concentration after exercise. Af-
ter the cessation of the passive leg movement, the concen-
tration of total Hb in the SCT group exceeded the preexercise
level, whereas that in the normal group simply recovered to
the preexercise level. Because the total Hb reflects the
degree of muscle bloed flow (6), these changes may suggest
that enhancement of the muscle blood flow ocecurred in the
SCI group, possibly resulting from the muscle contraction
and oxygenation during the exercise period. It is likely that
the excess total Hb following exercise resulted from the

pooling of blood in the calf. Nevertheless, in this study, the

subjects were kept in a standing posture on the apparatus
before the initiation of the exercise period until the total Hb
value reached a constant level; therefore, the above total Hb
changes during the recovery stage cannot be explained
solely by blood pooling in the calf. These total Hb changes
may be due to postexercise hyperemia (35).

HR changes by imposing passive leg movement.
As shown in the Figure 5, the HR increased after the onset
of the passive leg movement in both SCI and normal sub-
jects. These results provide evidence of the enhancement of
central circulation by imposing passive leg motion even in
the SCI patients. The simplest explanation is that increments
of the venous return due to the muscle pump activity result
in the central circulation (29). However, taken together with

the results of differences in the EMG activity, there would

be different mechanisms underlying the enhanced HR be-
tween two groups. In the case of the nonmal subjects, it is
_plausible that the enhancement of the HR is induced by the
neurcnal factor, which is an afferent neural signal from
the mechanoreceptor by inducing muscle stretching (12}, On
the other hand, this neuronal factor is not a suitable expla-
nation for SCI results because of the sensory paralysis.
Rather, owr results, the appearance of muscular activity and
an alteration of the NIRS signals, imply that a metabolic

6 Officia! Joumal of the American College of Sports Medicine

change accompanied by muscle contraction seems to play a
primary role in the enhancement of the central circulation.
Because we do not still have any direct evidence, further
investigations are needed to clarify this point.
Imphications for rehabilitation. As mentioned at the

“beginning, chronic inactivity and hypocirculation of the

paralyzed area are crucial factors in secondary impairment
in SCI subjects (25). The present results provide indirect
evidence that passive leg movement performed in a standing
posture could alter the oxygenation level of the paralyzed
nuscle and has the potential to facilitate circulation of the
paralyzed area. Given that the muscle contfraction level
during normal walking is about 15% MVC (21), it is con-
sidered that the muscle contraction level observed in this
study is adequate to facilitate neural activity and circulation
of the paralyzed area. ‘

On a practical level, the subjects in the present study did not
move their upper limbs and trunk voluntarily, because our aim
was to examine whether the oxygenation level of the paralyzed

- muscle was altered by imposing passive leg movement. In a

nonexperimental situation, however, patients would commonly
operate the device themselves by manipulating the lever with
their upper limbs. It is possible that the additional voluntary
upper fimb movement could enhance circulation not only in the
voluntarily acting area, but also in the paratyzed area.
Although muscular activity in the paralyzed area can also be
induced by applying electrical stimulation, as js the case in
functional electrical stimulation (FES) (1,23,31), there are es-

- sential differences between our method and the FES technique.

Previous investigations pointed out that one of major disad-
vantages of the FES technique is that it is difficult to generate
FES-induced continuous muscle contractions without fatigue
(for a review, see Stein et al. (32)). The muscle fatigue can be
attributed to the fact that the fatigable motor unit is preferen-
tialty recruited by imposing electrical stimulation, in that large
molor nerves are more easily activated than smaller ones. In
contrast, in the case of the passive leg movement produced in
the present study, the motor units are presumably recruited
according to the size principle (15), because the afferent input
was offered from proprioceptors by imposing muscle stretch
and body load, Fusthermore, passive leg movement is simpler
and more practical than FES, and bas a lower risk of misuse.
Therefore, this type of passive leg movement might be a useful
and efficient method for rehabilitation following SCI.

CONCLUSION

The present results demonstrate that passive leg move-
ment can induce not only muscular activity, but also alter-
ation of the muscle oxygenation level in the paralyzed lower
limb. There roay be increased oxygen consumption, but this
could not be ascertained from the measurements in this
study. Further study will be needed to clarify this issue.
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