Human Lumbosacra Spina Cord Interprets Loading During Stepping
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Harkema, Susan J., Seanna L. Hurley, Uday K. Patel, Philip
S. Requegjo, Bruce H. Dobkin, and V. Reggie Edgerton. Human
lumbosacral spinal cord interprets loading during stepping. J. Neu-
rophysiol. 77: 797-811, 1997. Studies suggest that the human
lumbosacral spinal cord can generate steplike oscillating electro-
myographic (EMG) patterns, but it remains unclear to what degree
these efferent patterns depend on the phasic peripheral sensory
information associated with bilateral [imb movements and loading.
We examined the role of sensory information related to lower-
extremity weight bearing in modulating the efferent motor patterns
of spinal-cord-injured (SCI) subjects during manually assisted
stepping on a treadmill. Four nonambulatory subjects, each with a
chronic thoracic spinal cord injury, and two nondisabled subjects
were studied. The level of loading, EMG patterns, and kinematics
of the lower limbs were studied during manually assisted or unas-
sisted stepping on a treadmill with body weight support. The rela-
tionships among lumbosacral motor pool activity [soleus (SOL ),
medial gastrocnemius (MG), and tibialis anterior (TA)], limb
load, muscle-tendon length, and velocity of muscle-tendon length
change were examined. The EMG mean amplitude of the SOL,
MG, and TA was directly related to the peak load per step on the
lower limb during locomotion. The effects on the EMG amplitude
were qualitatively similar in subjects with normal, partial, or no
detectable supraspinal input. Responses were most consistent in
the SOL and MG at load levels of <50% of a subject’s body
weight. The modulation of the EMG amplitude from the SOL and
MG, both across steps and within a step, was more closely associ-
ated with limb peak load than muscle-tendon stretch or the velocity
of muscle-tendon stretch. Thus stretch reflexes were not the sole
source of the phasic EMG activity in flexors and extensors during
manually assisted stepping in SCI subjects. The EMG amplitude
within a step was highly dependent on the phase of the step cycle
regardless of level of load. These data suggest that level of loading
on the lower limbs provides cues that enable the human lumbosa-
cral spinal cord to modulate efferent output in a manner that may
facilitate the generation of stepping. These data provide arationale
for gait rehabilitation strategies that utilize the level of load-bearing
stepping to enhance the locomotor capability of SCI subjects.

INTRODUCTION

In the absence of supraspinal input, the adult cat spinal
cord can generate efferent motor patterns that enable inde-
pendent stepping (Barbeau and Rossignol 1987; Lovely et
al. 1986). The oscillating neural circuitry responsible for
this task (Grillner and Zangger 1979) is highly dependent
on peripheral modalities associated with stepping such as
weight bearing and joint position (de Guzman et a. 1991;
Forssberg 1979; Grillner and Dubuc 1988; Lovely et al.
1990). The neura pathways in the lumbosacral spina cord
of the cat respond to sensory information specifically associ-
ated with locomotion to generate the efferent motor patterns
necessary to execute stepping (Edgerton et a. 1996).
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Whether similar locomotor neural circuits are present in hu-
mans has not been determined, although it now appears that
at least some of the circuitry necessary to generate fictive
locomaotion has been conserved in nonhuman primates
(Hultborn et al. 1993).

Spinal-cord-injured (SCI') humans with minimal supraspi-
nal input generated motor patterns that improved their loco-
motor ability (Barbeau and Blunt 1991; Dietz et al. 1995;
Wernig and Mller 1992). SCI subjects with no supraspinal
input below their lesions can generate oscillating motor pat-
terns in the lower limbs without the sensations of weight-
bearing stepping (Bussel et al. 1988; Rosenfeld et al. 1995)
and can generate steplike efferent patterns when partially
supported over amoving treadmill belt and manually assisted
with stepping (Dietz et al. 1995; Dobkin et al. 1995). These
studies suggest that the human lumbosacral spinal cord can
generate steplike oscillating electromyographic (EMG) pat-
terns when assisted by the sensory information associated
with weight-bearing stepping. It remains unclear, however,
to what degree these efferent patterns depend on the phasic
peripheral sensory information associated with bilateral limb
movements and loading.

The aim of this study was to assess the role of sensory
information related to lower-extremity weight bearing in
modulating the efferent motor patterns of SCI subjects when
provided with body weight support during manually assisted
stepping on a treadmill. The effect on motor pool output of
varying the load on the lower limbs during stepping was
compared among SCI subjects who had minimal or no de-
tectable sensorimotor function below the level of lesion and
neurally intact subjects.

METHODS
Subject population

Two nondisabled (ND) and four chronic SCI subjects were
studied. SCI subjects were classified with the use of the American
Spinal Injury Association (ASIA) impairment scale, which catego-
rizes individuals by their sensorimotor function below the level of
lesion and designates a cumulative motor score (Ditunno et al.
1994) (Table 1). In brief, ASIA classifies individuals as follows:
A, no sensory or motor function below the lesion including the
sacral segments S,—Ss; B, sensory but not motor function is pre-
served below the neurological level; and C, motor function is pre-
served below the neurological level but thereisno active movement
against gravity. SCI subjects in this study could not voluntarily
stand or step over ground. Their injuries were at the thoracic level
(Table 1) and a result of traumatic injury (SCI-Al, SCI-A2, and
CI-B1) or ischemia (SCI-C1). Sensory evoked potentials were
recorded from the popliteal fossa, lumbar spine, and scalp (vertex
positive peak) with the use of unilateral and bilateral posterior tibial
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TABLE 1. Clinical characteristics of SClI subjects
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ASIA
Age, Weight, Postinjury, Injury
Subject yr kg yr Level Grade Motor score SEP
CI-Al 39 74 2 T, A 0 Absent
SCI-A2 39 68 11 Ty A 0 Absent
SCI-C1 43 96 2 Ts C R=8L=0 Present
SCI-B1 59 68 2 T, B 0 Present

SCI, spinal-cord-injured; ASIA, American Spinal Injury Association; SEP, somatosensory evoked potential; R, right; L, left.

nerve electrical stimulation (Table 1). No response confirmed the
absence of detectable supraspinal conductivity to the lower limbs
inthe ASIA A subjects. Subjects took no medications during these
studies. Informed consent was obtained from each subject and the
experiments were approved by the University of California at Los
Angeles Human Subjects Protection Committee.

Experimental procedures

Soleus (SOL ), medial gastrocnemius (MG), and tibialisanterior
(TA) EMG activity, ankle and knee joint angles, level of body
weight support, and amount of lower limb loading were measured
during stepping on a treadmill. All subjects wore a harness con-
nected to an overhead motorized lift that allowed adjustment of
lower limb loading. Body weight load (BWL ) on the lower extrem-
ities of ND subjects ranged from no limb loading (0%) to full
loading (100%). Loading of SCI subjects ranged from no limb
loading to the maximum loading level at which knee flexion during
stance could be avoided (50—-80% BWL ). The different |oads used
for each sequence of steps were randomly ordered. SCI subjects
were assisted as necessary during stepping. Trainers held each leg
distal to the patella to assist with knee extension during stance and
distal to the ankle to assist with swing and foot placement. A third
person stabilized the pelvis. ND subjects stepped unassisted.

EMG activity was recorded with the use of surface electrodes.
Bipolar surface EMG electrodes were placed on the following
muscles bilaterally: SOL, distal to the gastrocnemius muscle belly
and media to the Achilles tendon; MG, below the popliteal crease;
and TA, below the tibial tuberosity and lateral to the tibia crest.
Knee and ankle angles were measured by electrogoniometers; foot
contact was detected with the use of 2.5 cm? pressure-sensitive
switches (footswitch) placed on the heel, two metatarsals (1st and
5th), and toe; and body weight support was measured by a force
transducer attached to the suspension apparatus.

Data acquisition

A 24-channel hard-wired system (Konigsberg Instruments, Pasa-
dena, CA) was used to acquire EMG, electrogoniometer,
footswitch, and force transducer signals. EMG data from the SOL,
MG, and TA were sampled from 0.1 to 1 kHz and AC coupled
into a differential amplifier. The signals were pulse-interval modu-
lated to afiberoptic transmitter and relayed to decoding electronics.
All analog signalsweredigitally sampled at 1 kHz (National Instru-
ments, Austin, TX).

Limb load was measured for 20 s during each load condition
by shoe insert pressure sensors with the use of a computerized
measurement device (TEKSCAN, Boston, MA) that acquires plan-
tar forces during stepping. The pressure sensors contained a grid
of 960 pressure-sensing cells (0.252 cm each) consisting of two
perpendicular layers of conductive ink, each photolithographed
with parallel traces on a mylar substrate. The analog signal was
digitized at a frequency of 50 Hz by electronics located in a cuff
unit placed above the lateral malleolus.

Limb load sensor calibration

All sensors were dynamically calibrated (Carollo et al. 1993)
with the use of aforce platform (Kistler, Amherst, NY), with ND
individuals matched by body weight and shoe size to SCI subjects.
Calibrations from ND persons were used for all SCI subjects be-
cause they were not capable of over-ground walking. The force
signal from the sensors was compared with the signal from aforce
plate recorded simultaneously during a step for each subject. The
peak forces (maximum amplitude during contact) and mean forces
(average of the amplitude during contact) from the pressure sensors
and the force plate from several steps were compared for each
subject. A significant (P < 0.05), positive linear relationship was
observed for both the peak (y = 0.98x — 10, r = 0.99) and mean
forces (y = 1.0x — 46, r = 0.96) from the pressure sensors versus
the force plate.

During each experiment, the load values determined by the sen-
sors were al so compared with body weight support data simultane-
oudy acquired by the force transducer attached to the suspension
apparatus. The numerical sum of the loading (sum of the force
from the left and right sensors) and unloading (force from the
force transducer) closely approximated the subject’s body weight,
verifying the accuracy of the load measurements during stepping
on the treadmill. Mean values from the sum of the force from the
sensors from both limbs and force transducer signals during 20 s
of stepping at each load condition were compared. This analysis
was completed for all loading conditions for each subject. For
al subjects, linear regression demonstrated an inverse relationship
(slope of —0.92 + 0.15, mean = SE) between mean unloading
and loading and the intercepts closely corresponded to the individu-
al’s body weight.

Data analyses

Data from ~800 steps from the six subjects were analyzed.
Data reduction was performed with the use of Labview (National
Instruments, Austin, TX) customized by our laboratory. The EMG
data were rectified and high-pass filtered at 32 Hz. Force signas
from the pressure sensors were interpolated from 50 Hz to 1 kHz
and synchronized with EMG signals. Onset of EMG bursts was
defined as the time when the signal amplitude remained above the
threshold (mean of the baseline + 3 SD) for 50 ms. The end of
the EMG burst was defined by the time when the signal amplitude
remained below the threshold level for 150 ms. Bursts were ana-
lyzed independent of where they occurred in the step cycle; that
is, the complete EMG burst in each step was quantified regardless
of whether it was synchronized with the onset and termination of
loading or muscle stretch. Mean EMG amplitude was calculated
by dividing the sum of the amplitudes of each burst by the burst
duration. For each step, limb peak load was determined by sub-
tracting the minimum force signal from the maximum. Percent
BWL was calculated by dividing the limb peak load by body
weight. Mean EMG amplitude versus limb peak load was plotted
for the SOL, MG, and TA muscles of each subject.

Muscle-tendon length was calculated as percent shank length on
the basis of goniometer measurements and the regression equations
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derived by Hawkins and Hull (1990). The rate of change of mus-
cle-tendon length (referred to as velocity of muscle-tendon length
change) was determined by the derivation of the cal culated muscle-
tendon length curves. The relationship between mean EMG activity
and increases in muscle-tendon length (muscle-tendon stretch)
were compared in two ways. First, the mean EMG activity (as
described above) was plotted versus the maximum muscle-tendon
stretch of each step cycle, independent of whether the EM G activity
of the muscle was synchronized with the muscle-tendon stretch.
The mean EMG activity was also plotted versus the velocity of
muscle-tendon stretch. Second, to assess the immediate response
of the EMG activity to muscle-tendon stretch, the mean EMG
activity was determined solely during the period of the muscle-
tendon stretch incorporating a delay for signal conduction velocity
(70 ms). The mean EMG activity during this period was plotted
versus muscle-tendon stretch and velocity of muscle-tendon
stretch.

Waveforms of EM G activity (low-passfiltered at 5 Hz), muscle-
tendon length, velocity of muscle-tendon length change, and limb
load were generated from eight consecutive steps per BWL condi-
tion to investigate relationships within a step cycle. In loaded con-
ditions, a step cycle was taken from initial foot contact of one limb
to the following initial foot contact of the same limb. For trials
with no limb loading, step cycles were taken from two consecutive
points of maximum dorsiflexion determined by ankle goniometer
signals. Thisankle position during no loading closely approximated
the ankle angle at initial contact during loaded stepping. For step
cycle averaging, the eight step cycles were normalized to the mean
cycle duration, averaged, and expressed as percent of the step cycle
duration.

Satistics

The correlation among EMG mean amplitude and each variable
(peak load, muscle-tendon stretch, and velocity of muscle-tendon
stretch) were evaluated by regression analysis during a step cycle
and during EMG activity. In most cases, quadratic (y = ax® +
bx + ¢ + error) regressions were reported for each muscle (SOL,
MG, and TA) because they provided substantially higher correla-
tion coefficients (thus explaining more of the variability) and lower
P values than linear (y = ax + ¢ + error) regressions (Tables 3
and 4). When there was a nonsignificant quadratic term and a
significant linear term, the linear regression was reported. Addition-
aly, stepwise regression (minimum tolerance for entry into
model = 0.010, « to enter = 0.150, o to remove = 0.150) of all
variables per muscle was performed.

RESULTS

Motor pool activity during stepping on a treadmill with
partial body weight support

EMG bursts of the primary ankle muscles were synchro-
nized with the stepping cadence in al subjects during
weight-bearing stepping with body weight support, as shown
by representative data from one ND and two SCI subjects
(ND-1, CI-C1, and SCI-A2; Fig. 1). The SOL and MG
were active during stance (as displayed by load sensors and
footswitches) in all subjects. The MG consistently preceded
the onset of loading as well as the initiation of the SOL
burst in SCI-A2. The TA was active primarily during swing
in both ND-1 and SCI-C1, whereas cocontraction with plan-
tarflexors was observed in SCI-A2. Cocontraction of dorsi-
flexors with plantarflexors was aso observed in both SCI-
B1 and SCI-A1 (not shown). Clonic EMG activity (charac-
terized by high amplitude and low frequency) as detected
in SCI-C1 was often seen in the bursts of SCI subjects.
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FIGc. 1. Representative electromyographic (EMG) activity (uV; recti-
fied, high-pass filtered at 32 Hz) from soleus (SOL ), medial gastrocnemius
(MG), and tibialis anterior (TA); knee and ankle angles (°); limb load
(N); body weight support (BWS, N); and foot contact (FS) during stepping
at a treadmill speed of 0.45 m/s. Data from a nondisabled (ND) subject
(ND-1) and 2 spinal-cord-injured (SCI) subjects (SCI-C1 and SCI-A2) are
shown. The ND subject stepped independently and SCI subjects stepped
with assistance. Dashed lines: transition between stance and swing phases
of a step cycle as detected by the footswitches.

Overal knee and ankle dynamics were similar among SCI
subjects that were assisted and the unassisted ND subjects
during stepping.

SOL EMG response to limb load

SOL EMG mean amplitudes were modulated by limb peak
load in al subjects. The EMG mean amplitudes of each step
of each subject for the range of loads studied are shown in
Fig. 2. Each point represents the average of the SOL EMG
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FIG. 2. Averaged SOL EMG mean amplitude per burst (uV; rectified, high-pass filtered at 32 Hz) vs. limb pesk load
[% body weight load (BWL)] for each subject. Each point represents the average of SOL EMG amplitudes (means + SE)
within a 10% interval of the BWL range (i.e., 0-10%, 10—20%, etc.). Data from the right limb (o) and left limb (e ) of
each subject are shown separately. Data were not available for every BWL interval. The regression line was based on
individual data points from each step cycle and drawn for each muscle when there was a significant relationship (P < 0.05;

see Table 2 for correlation ratios).

mean amplitude of 5—30 steps within a 10% BWL range.
Regression lines were determined from single steps as plot-
ted in Fig. 3 (Table 2). A significant relationship between
SOL EMG mean amplitude and limb peak |oad was detected
in 11 of 11 muscles studied. The responsiveness to loading
was most consistent at loads of <40—-50% BWL. The magni-
tude of the effects and the shapes of the regression lines
differed among subjects and even between limbs within
some subjects (Fig. 2, Table 2). The statistical model of
best fit between SOL EMG mean amplitude and limb peak
load was curvilinear in 10 of 11 muscles. In one muscle
there was no significant curvilinear relationship but a sig-
nificant linear one (see right leg data for SCI-Al in Fig. 2,
Table 2). SOL and MG EMG activity was not detected
during stepping from the left limb of SCI-A2 during multiple
experiments. These dataillustrate that SOL EM G amplitudes
were modulated as a function of load in subjects with intact
minimal or no detectabl e supraspinal input to the motor pools
studied.

SOL EMG responses to muscle-tendon length changes

The relationships among SOL EMG mean amplitudes,
level of load, and changes in muscle-tendon stretch were
examined to determine whether limb loading affected the
range of joint motion. These altered kinematics could change
muscle-tendon stretch during gait, which could modulate
EMG activity through reflex pathways. The relationships
among SOL EMG mean amplitude, limb peak load, muscle-
tendon stretch, and velocity of muscle-tendon stretch per
step were examined. Representative data are shown for one
subject from each functional class (Fig. 3, A—C, E, G-I, K,
M-0, and Q). Statistical analyses of the relationships be-
tween SOL EMG mean amplitude and muscle-tendon stretch
for one limb of each subject arelisted in Table 2. A positive
relationship between SOL EMG mean amplitude and limb
peak loading was evident for the ND and both SCI subjects
(Fig. 3, A, G, and M) shown. Higher limb peak loading
resulted in a significant increase in muscle-tendon stretch in
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FIG. 3. Relationships among SOL EMG mean amplitude (V), limb peak load (N), SOL muscle-tendon stretch [%
shank length (SL)], and velocity of SOL muscle-tendon stretch [ % shank length per s (SL/s)] from ND-1 (A-F), SCI-C1
(G-L), and SCI-Al1 (M—R) over a range of loading conditions are shown. Muscle-tendon stretch and velocity of muscle-
tendon stretch were measured during an entire step cycle (C, E, I, K, O, and Q) and aso during the period synchronized
with SOL EMG activity (SYNCH mean EMG; D, F, J, L, P, and R). Each data point represents 1 step and each symbol
represents a series of consecutive steps at 1 level of body weight support. There was a significant relationship between SOL
muscle-tendon stretch and limb peak load in ND-1 (B; r = 0.58), SCI-C1 (H; r = 0.50), and SCI-Al (N; r = 0.86).
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TABLE 2. Correlation coefficients between mean EMG
amplitude and limb load, muscle-tendon stretch, and
velocity of muscle-tendon stretch for the soleus

During EMG
During Step Cycle Activity
Velocity of Velocity of

Subject Leg Load Stretch stretch Stretch stretch
ND-1 L 0.93 0.34 0.36 NS NS
ND-1 R 0.82
ND-2 L 0.75 0.44 0.49 0.42 0.33*
ND-2 R 0.57
SCI-C1 L 0.94 0.49 0.56 0.35* 0.36*
CI-C1 R 0.94
CI-B1 L 0.71 NS NS 0.27* NS
CI-B1 R 0.71
CI-Al L 0.95 0.85 0.78 0.31* 0.62
CI-Al R 0.96*
SCI-A2 R 0.57 0.46 0.36 0.46 0.38

EMG, electromyogram; L, left; R, right; NS, not significant. Correlation
coefficients are reported from significant (P < 0.05) quadratic regressions
unless marked with an asterisk. * Linear regressions provided the only
significant results.

SCI-Al (r = 0.86; Fig. 3N) and also SCI-C1 and ND-1, but
with relatively low correlation (r = 0.50 and 0.58, respec-
tively; Fig. 3, H and B). In five of the six subjects there
was asignificant curvilinear relationship between SOL EMG
mean amplitude and SOL muscle-tendon stretch and be-
tween SOL EMG mean amplitude and velocity of muscle-
tendon stretch during the step cycle. The changes in SOL
EMG mean amplitudes in al subjects were correlated more
closely with peak load per step (Fig. 3, A, G, and M) than
to changes in muscle-tendon stretch (Fig. 3, C, I, and O) or
velocity of muscle-tendon stretch (Fig. 3, E, K, and Q; Table
2) per step.

If the EMG responses were attributable directly to an
immediate response to muscle stretch alone, as in a stretch
reflex, then the EMG burst would have to be confined to the
period of the step cycle corresponding to when the muscles
are being stretched. To address this issue, the relationships
among EMG mean amplitude, muscle-tendon stretch (Fig.
3, D, J, and P), and velocity of muscle-tendon stretch (Fig.
3, F, L, and R) that occurred only during lengthening of the
muscle and the time period of EMG activity (synchronous
mean EMG) were examined. The correlation between SOL
EMG mean amplitude and muscle-tendon stretch during
EMG activity was lower than the correlation between the
SOL EMG mean amplitude and limb peak load in each
subject, and lower than the correlation between SOL EMG
mean amplitude and muscle-tendon length changes during
the entire step cycle in ND-1, ND-2, SCI-C1, and SCI-Al.

Further, multivariate, forward stepwiseregression analysis
selected limb peak load as the parameter primarily responsi-
ble for the variability in SOL EMG mean amplitude in all
subjects except SCI-A2 (velocity of muscle-tendon stretch
during the step cycle was selected first). For this subject,
limb peak load became the primary variable at loads of
<50% BWL. Overall, the muscle-tendon stretch contributed
modestly to EMG amplitude, but could have been the pri-
mary modulating factor in only one subject.

The significant relationships between the level of load per
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step with SOL EMG amplitude, as previously demonstrated,
could have occurred as aresult of aresponse to the integrated
afferent signals accumulated throughout a complete step cy-
cle or as an immediate response to afferent stimuli. To ad-
dress these issues the relationships among SOL EMG ampli-
tude, limb load, muscle-tendon length, and velocity of mus-
cle-tendon length change were examined. Representative
data from two consecutive steps at a single body weight
support condition, but when different limb peak load levels
occurred inadvertently, are shown for ND-1 and SCI-Al
(Fig. 4). Although differences in the detail of the relation-
ships among EMG amplitude, limb load, muscle-tendon
length, and velocity of muscle-tendon length change were
observed between ND-1 and SCI-A1l, the general patterns of
coordination were similar.

The highest load occurred during the second step, whereas
the greatest stretch occurred in the first step in both ND-1
(Fig. 4, A—C) and CI-Al (Fig. 4, E-G), further illustrating
that the effect of load on SOL EMG amplitude was not
simply afunction of muscle-tendon stretch. These data dem-
onstrate that SOL EMG amplitude increased in response to
an increase in limb peak load between the two consecutive
steps, whereas a greater increase in length occurred during
the step at the lower load. Further, the EMG amplitude was
inversely related to the velocity of muscle-tendon length
change (positive velocity in Fig. 4, D and H), indicating
that the velocity of muscle-tendon stretch within these steps
is not a principal factor in regulating the EMG amplitude.
Thus muscle-tendon length within a step did not have an
important modulatory effect on SOL EMG amplitude for the
entire step cycle.

In both subjects, the peak SOL EMG activity and peak
load were closely synchronized (Fig. 4, Band F). Therela
tionship between EMG amplitude and limb load during
stance was similar in both subjects and was highly phase
dependent. The response of the SOL EMG activity to load
was dependent on the step cycle phase, because the EMG
amplitude was modulated differently, at the same absolute
load level, during loading and unloading phases of stance.
A highly phase-dependent EMG amplitude modulation was
also evident when plotted with muscle-tendon length (Fig.
4, Cand G) or velocity of muscle-tendon length change (Fig.
4, D and H). In both subjects there was a direct relationship
between SOL EMG activity and muscle-tendon length dur-
ing the loading phase of stance. Yet at the same muscle-
tendon length SOL EMG activity was significantly higher
during the steps taken at the higher limb peak load compared
with the lower limb load condition. The SOL EMG ampli-
tude was not directly related to muscle-tendon velocity (Fig.
4, D and H).

MG EMG responses to limb load

As in the SOL, MG motor pool mean amplitude was
modulated by limb peak load during manually assisted and
independent stepping (Fig. 5). A significant relationship be-
tween MG EMG mean amplitudes and limb peak load was
observed in both ND subjects and three of the four SCI
subjects studied (SCI-C1, SCI-Al, and SCI-A2; Fig. 5, Table
3). The statistical model of best fit was curvilinear in five
muscles (ND-1, SCI-Al, and SCI-A2) and linear in four
muscles (ND-2 and SCI-C1). A decreasein MG EMG activ-
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phase.

ity was observed at the higher limb peak loads studied in
the left limb of SCI-Al.

MG EMG responses to muscle-tendon length changes

The relationships among MG EMG amplitude, limb peak
loading, muscle-tendon stretch, and velocity of muscle-ten-
don stretch were examined to determine whether joint me-
chanics affecting muscle-tendon stretch could be providing
the sensory cues that regulate motor pool modulation. All
data points used to derive the correlations in Table 3 were

plotted for one subject from each functional group in Fig. 6
as described previoudy for the SOL. The higher loads were
associated with greater muscle-tendon stretch in all three
subjects (ND-1, r = 0.71; SCI-C1, r = 0.69; SCI-Al, r =
0.87; Fig. 6, B, H, and N). However, in severa cases the
relationships between MG EMG mean amplitude and se-
lected variables associated with muscle-tendon stretch were
not significant (Table 3, see ND-1, ND-2, SCI-B1, and SCl-
A2). Further, significant relationships between EMG mean
amplitude and muscle-tendon stretch that occurred during a
step cycle or length changes that were synchronized with
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MG EMG activity were not as highly correlated as those
observed between EMG mean amplitude and limb peak load
(Table 3). In ND-1 and SCI-C1, the shape of the relation-
ships between EMG amplitude and limb peak load (Fig. 6,
A and G) were not similar to those between MG EMG mean
amplitude and muscle-tendon stretch during a step (Fig. 6,
C, E, I, and K) or synchronized with MG EMG activity
(Fig. 6, D, F, J, and L). A multivariate, forward stepwise
regression model incorporating all of these variables selected
limb peak load as the parameter primarily responsible for
the variability in MG EMG mean amplitude in both of these
subjects as well as ND-2.

MG EMG mean amplitude did not respond to limb peak
load or muscle-tendon stretch in a graded manner in SCl-
Al (Fig. 6, M and O). Yet, higher MG EMG amplitude
occurred at higher limb peak loads (Fig. 6M), increased
muscle-tendon stretch (Fig. 6, O and P), and higher veloci-
ties muscle-tendon stretch (Fig. 6, Q and R) in this subject.
Multivariate regression analysis selected velocity of muscle-

tendon stretch during the step cycle asthe primary parameter,
limb peak load as the secondary parameter, and velocity of
muscle-tendon length change during EMG activity as the
tertiary parameter responsiblefor the variability in MG EMG
mean amplitude in SCI-Al. These data suggest that muscle-
tendon stretch during EMG activity may play a more domi-
nant rolein MG EM G amplitude modulation in SCI-Al than
in the other subjects studied, and a more prominent role than
in the modulation of the SOL EMG amplitude of SCI-Al.
In subject SCI-A2, however, muscle-tendon velocity did not
significantly affect the MG EMG amplitude, but a signifi-
cant, athough low, correlation was detected with muscle-
tendon stretch during the step cycle and during EM G activity
(Table 3).

To address whether MG EMG activity was generated by
instantaneous afferent stimuli or an integration of afferent
information, the relationships among MG EMG amplitude,
limb load, muscle-tendon length, and muscle-tendon vel ocity
were examined within a step cycle. The overall shape of the
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TABLE 3. Correlation coefficients between mean EMG
amplitude and limb load, muscle-tendon stretch, and
velocity of muscle-tendon stretch for the medial gastrocnemius

During EMG
During Step Cycle Activity
Velocity of Velocity of

Subject Leg Load Stretch stretch Stretch stretch
ND-1 L 0.97 0.71* NS 0.53* NS
ND-1 R 0.95
ND-2 L 0.68* NS 0.54 0.37* 0.25
ND-2 R 0.43*
XCI-C1 L 0.71* 0.50 0.17 0.45 0.31
CI-C1 R 0.87*
CI-B1 L NS NS NS NS NS
CI-B1 R NS
CI-Al L 0.90 0.81 0.80 0.76 0.78
CI-Al R 0.93
SCI-A2 R 0.46 0.35* NS 0.34* NS

For abbreviations, see Table 2. Correlation coefficients are reported from
significant (P < 0.05) quadratic regressions unless marked with an asterisk.
* Linear regressions provided the only significant results.

curves of the relationship between MG EMG amplitude and
limb load differed between ND-1 and SCI-Al, in contrast to
the similarities observed between the two subjects for the
SOL. Yet, in both subjects, higher MG EMG amplitude
occurred in the step with higher limb loading. In both steps
from ND-1, the highest MG efferent motor pool amplitude
occurred during limb peak load (Fig. 7, Aand B), in contrast
to that observed in SCI-Al (Fig. 7, E and F). Even though
there was a reduced sensitivity of MG EMG amplitude to
limb peak load in SCI-Al at higher limb loads (see Fig. 6M)
in two consecutive steps with varying load, a higher MG
EMG peak amplitude corresponded to a higher limb peak
load for its respective step (Fig. 7, E and F). In ND-1,
during the step with the greater muscle-tendon stretch (lower
limb load), the peak EMG amplitude was lower (Fig. 7C).
In SCI-Al the muscle-tendon lengths and velocities were
similar in both steps, yet the step with the higher limb peak
load attained a higher EMG peak amplitude (Fig. 7, G and
H). In SCI-Al the onset of MG activity occurred before
limb loading (Fig. 7, E and F) and corresponded to increases
in muscle-tendon length (Fig. 7G). At the onset of limb
load the EM G amplitude declined and then began increasing
again, reaching a peak at the greatest muscle-tendon length
in both steps. In the second step, however, muscle-tendon
length continued to increase while the EMG activity de-
creased. The EMG amplitude declined during stance while
muscle-tendon length was maintained at the greatest muscle
stretch and while limb load was till increasing. These results
indicate a phase-dependent response that did not seem to
relate directly to either instantaneous limb load or muscle-
tendon length changes.

TA EMG responses to limb load

There was a significant relationship between mean TA
EMG amplitude and limb peak load in 10 of the 11 muscles
studied (Fig. 8, Table 4) but the correlation coefficients
were lower than in the plantarflexors. The statistical model
of best fit was linear in four muscles, curvilinear in six. A
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higher level of TA EMG activity was evident in ND subjects
than in SCI subjects during no limb loading. Despite the low
levels of activity in the TA of SCI subjects, EMG mean
amplitude did respond to limb peak load. Subjects SCI-C1,
CI-B1, and SCI-Al showed the highest correlations (Fig.
8 and Table 4, right leg data) . Subject SCI-B1 demonstrated
some load dependence from ~50 to 80% BWL.

TA EMG responses to muscle-tendon length changes

We examined the relationships among TA EMG ampli-
tude, limb load, muscle-tendon length, and velocity of mus-
cle-tendon length change within a step. Representative data
averaged from eight step cycles are shown for ND-1 (Fig.
9A) and SCI-A2 (Fig. 9B). In both subjects, higher TA
EMG amplitude was detected with increased limb peak |oad-
ing. However, unlike the plantarflexors, minimal modulation
of TA EMG amplitude was synchronized to load or muscle-
tendon stretch in the subjects studied. In ND subjects the
EMG activity primarily occurred during the swing phase,
although, especialy at the higher limb loading conditions,
observable TA EMG activity was present during stance. A
significant correlation between TA EMG mean amplitude
and muscle-tendon stretch and velocity of muscle-tendon
stretch during a step cycle was observed in ND-1 and ND-
2 (Table4). However, asignificant correlation was observed
between TA EMG mean amplitude and muscle-tendon
stretch and velocity of muscle-tendon stretch during EMG
activity in ND-2 but not in ND-1. These measurements were
taken only during periods when the TA EMG activity was
observed and the TA was lengthening. This represents only
a portion of the total EMG activity per step cycle.

In three of the SCI subjects (SCI-Al, SCI-A2, and SCI-
B1), TA EMG activity occurred during stance, which corre-
sponded primarily to the period of shortening of the TA
muscle, as exemplified by SCI-A2 (Fig. 9B). In SCI-B1 and
CI-Al, a significant correlation was evident between TA
EMG mean amplitude and muscle-tendon length during the
step cycle (Table 4). Only SCI-C1 had TA EMG activity
during swing (in SCI subjects significant TA lengthening is
observed during swing). There was a significant correlation
between muscle-tendon velocity during the step cycle in
SCI-Al that was not observed in the other three SCI subjects.
No significant relationships were found between TA EMG
mean amplitude and muscle-tendon stretch during EMG ac-
tivity in SCI-C1 or SCI-B1. A significant relationship was
observed in SCI-Al and SCI-A2, again noting that these
measurements represent only a small portion of the total TA
EMG activity.

DISCUSSION

These data demonstrate that the level of loading through
the limbs during cyclic activity can provide important infor-
mation that facilitates the generation of steplike efferent pat-
terns by the human lumbosacral spinal cord. Although a
modulation of the EMG amplitude and coordination of the
EMG bursts in lower limb muscles by load of completely
spinalized cats (de Guzman et al. 1991; Edgerton et al. 1991)
and decerebrate cats (Conway et a. 1987; Duysens and
Pearson 1980) has been described previoudy, Dietz et a.
(1995) reported that in SCI humans with no supraspinal
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r = 0.71), SCI-C1 (H; r = 0.69), and SCI-Al (N; r = 0.87).
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input *‘there was little correlation between the amplitude of
EMG activity and unloading of the body weight.”” The pres-
ent data demonstrate, however, that the level of loading does
provide cues that modulate the motor pool activity in asimi-
lar manner in subjects with either full, partial, or no supraspi-
nal control of the motor pools that innervate the lower limb
muscles.

Sensory modalities that contribute to weight-bearing
stepping

The load-imposed modulation of EMG amplitude illus-
trates one of many possible kinetic and kinematic signals

concurrent with stepping that shape the output of the motor
pools controlling the lower limbs. A more parsimonious in-
terpretation has been that the motor patternsseeninclinicaly
complete SCI patients reflect only the rhythmic muscle
stretches induced by the mechanical events associated with
stepping (Rossignol and Barbeau 1995; Stewart et al. 1991).
The present study shows that, although sensory information
associated with muscle-tendon stretch and velocity of mus-
cle-tendon stretch during a complete step cycle could have
had some effect on the efferent motor patterns of the lower
limbs, the EMG amplitudes were clearly less coupled to
length factors than limb peak load per step. Higher correla-
tions were not consistently observed when comparing these
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kinetic variables only during the period when an EMG burst
occurred. Although the present data are consistent with the
possibility that muscle-tendon stretch could contribute to the
total ensemble of proprioceptive and cutaneous information,
it is evident that this single mechanical event does not play
the dominant role in EMG amplitude modulation during
manually assisted stepping on a treadmill with body weight
support.

Sensory modalities other than limb peak |oading and mus-
cle-tendon length could play a role in the modulation of
lower limb motor pools during stepping in humans. For ex-
ample, temporal and spatial distributions of the loads on the
soles of the feet may be important in the regulation of motor
pool activity during locomation (Aniss et a. 1992; Fung
and Barbeau 1994; Yang and Stein 1990). Further, limb
unloading has been shown to be an important signal for
the termination of stance and the initiation of swing in cat
locomotion (Conway et a. 1987; Duysens and Pearson
1980; Pearson and Duysens 1976). The present data empha-

size that there are other afferent systems that are not closely
associated with limb loading that can markedly affect the
output of the motor pools. For example, a series of steps at
the same loading condition resulted in varying levels of
EMG activity in the muscles studied. Hip joint position (An-
dersson and Grillner 1981; Andersson et al. 1978b; Grillner
and Rossignol 1978), contralateral limb information (Berger
et al. 1984; Burke et al. 1991), and cutaneous stimulation
(Abraham et al. 1985; Andersson et a. 1978a; Duysens
1977) could have a significant effect on EMG amplitudes.
It isfeasible that al of these sources of sensory information
contribute to defining the kinetic and kinematic events asso-
ciated with stepping in ND as well as SCI subjects (Wernig
and Muller 1992).

Phase dependence of EMG modulation

The present results demonstrate a very consistent phase-
specific modulation of the efferent output of muscles in re-
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TABLE 4. Correlation coefficients between mean EMG
amplitude and limb load, muscle-tendon stretch, and
velocity of muscle-tendon stretch for the tibialis anterior

During EMG
During Step Cycle Activity
Velocity of Velocity of

Subject Leg Load Stretch stretch Stretch stretch
ND-1 L NS 0.35 0.29* NS NS
ND-1 R 0.57*
ND-2 L 0.59 0.60 0.47 0.63* 0.72
ND-2 R 0.43
SCI-C1 L 0.40* NS NS NS NS
CI-C1 R 0.65
CI-B1 L 0.57 0.76 NS NS NS
CI-B1 R 0.70*
CI-Al L 0.58* 0.52 0.34* 0.49 0.45
CI-Al R 0.65
CI-A2 R 0.52 NS NS 0.52 0.58

For abbreviations, see Table 2. Correlation coefficients are reported from
significant (P < 0.05) quadratic regressions unless marked with an asterisk.
* Linear regressions provided the only significant results.

sponse to loading and the kinematics of a complete step
cycle. A phase-dependent modulation of plantarflexor motor
pool activity occurred when the limbs were allowed to sup-
port weight. Within a step, the relationships among SOL
EMG activity, level of load, and muscle-tendon length were
remarkably similar in all subjects. A strong phase depen-
dence was indicated by the observations that SOL EMG
amplitudes differed substantially throughout the step cycle
at the same load, muscle-tendon length, and velocity. This
phase-specific modulation was aso observed consistently
in the MG, whereas phase dependence was not obvious in
the TA.

Many studies provide evidence for phase dependence of
reflex modulation in humans during walking (Burke et al.
1991; Capaday and Stein 1986; Crenna and Frigo 1987;
Duysens et a. 1990, 1992; Yang et a. 1991ab). Further,
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phase-dependent modulations of reflexesin mammals during
cyclic motor output in response to cutaneous stimulation
(Abraham et a. 1985; Duysens 1977), changes in hip posi-
tion (Andersson and Grillner 1981; Andersson et a. 1978b),
and loading (Conway et a. 1987; Duysens and Pearson
1980) have been reported for arange of experimental condi-
tionsin cats. The present data do not add to our understand-
ing of the relative contribution of each afferent system at
each point in the step cycle to locomotion in humans. It
seems likely, however, that these neural pathways form an
ensemble of temporally appropriate inputs that shape the
patterns of motor pool output of the lower limbs.

Sensory information interpreted by the human
lumbosacral spinal cord

The present results are a clear demonstration that |oad-
and phase-dependent responses of the extensor and flexor
motor pools of the lower limbs can be attributed to the
human lumbosacral spinal cord, i.e., present in subjects with
no detectable supraspinal influence available to the lower
limb motor pools. Further, although responses of EM G activ-
ity to loading levels in humans with intact supraspinal input
have been observed during standing (Horstmann and Dietz
1990) and stepping on a treadmill (Dietz et al. 1995; Finch
et al. 1991), there has been no previous report of phase-
dependent sensitivity to loading in humans. In the current
study, responses of EM G activity to limb peak loading were
evident in subjects independent of the amount of supraspinal
input available to the lumbosacral motor pools and whether
or not manual assistance for stepping was provided, sug-
gesting a general mechanism within the spinal cord for inter-
preting load during locomotion in humans.

The presence of neural networksin the lumbar spinal cord
that can generate motor patterns tightly linked to stepping
and levels of loading might be expected given observations
from other species (Grillner 1981). Many studies have sug-
gested that the neural circuits of the human locomotor system
(Bussel et al. 1988, 1989; Calancie et al. 1994; Crenna and
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Frigo 1987; Duysens et a. 1992; Roby-Brami and Bussel
1987) are organized in a manner similar to that in the cat
(Gossard and Hultborn 1991). The present study provides
additional evidence that the human lumbosacral spinal cord
may have maintained at least some of the same neural com-
ponents that respond to limb load as in cats (Pearson 1995).

Muscle specificity of load modulation

Within a step the limb peak load occurred approximately
a the EMG peak amplitude in the SOL in both subjects
studied, but was only observed in the MG of the ND subject.
SOL activation usually occurred after the initiation of stance
in all subjects. Differentia regulation of SOL and MG acti-
vation during walking has been reported previously (Duy-
sens et al. 1991). In the present study the SOL response to
load and muscle-tendon length change was similar in the
SCI and ND subjects. The MG motor pools were active
before the onset of limb load in SCI but not in ND subjects.
Muscle-tendon stretch may play a more important role in
initiation of the MG EMG amplitude in the SCI subjects
than in ND subjects.

The significance of the coupling of TA EMG amplitude
with loading on the same limb is not clear. There was no
synchronization between TA EMG peak amplitude and limb
peak load within the step cycle. In ND and some SCI sub-
jects, TA activity occurred primarily during the swing phase
when thereisno or minimal loading of theipsilateral [imb. In
most SCI subjects, on the other hand, the TA EMG activity
occurred during stance of the ipsilateral limb in a similar
manner to that observed in cats after spinal transection (de
Guzman et a. 1991). These results indicate that there may
be a common source for activation of the plantarflexors and
dorsiflexors during stepping in SCI subjects. Further study
is required to determine the significance and cause of the
response of TA EMG amplitude to load.

Amplitude modulation of the TA could aso be due to
higher loading on the contral ateral limb (Conway et al. 1987;
Duysens and Pearson 1980). Load may not only facilitate
ipsilateral extension but it may simultaneoudly facilitate con-
tralateral flexion. Simultaneous activation of MG and contra-
lateral TA has been observed during gait after a perturbation
in humans (Berger et al. 1984). Regardless, the enhanced
flexor activity has two important implications. First, it seems
to facilitate flexion ipsilaterally, even though the timing may
not be normal in an SCI subject. Second, it shows that the
spinal cord interprets the afferent signals regarding load in
an integrative manner such that the response to load is not
immediate or reflexive.

Implications of present data

Because the lumbosacral motor pools appear to respond
to multiple sensory modalities simultaneously and the type
and magnitude of the response is dependent on the phase of
the step cycle, it follows that the ensemble of sensory inflow
from all sources and modalities concurs with the actual ki-
netic, kinematic, and cutaneous events appropriate for a spe-
cific instant in a step cycle. This interpretation is consi stent
with observations in chronic spinal cats that the specific
manner of loading and the control of other sources of sensory
inflow are crucia to the success of weight-bearing stepping
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(Barbeau and Rossignol 1987; Edgerton et al. 1991; Lovely
et a. 1990). Further, the necessity of the careful control of
this sensory information when training a spinalized cat to
step indicates an ability of the sensory motor pathways of
the lumbosacral spina cord to ‘‘perceive’’ and respond to
the details of step related events (Edgerton et a. 1996). Our
present understanding of the human lumbosacral spinal cord
is not nearly as extensive as it is for other mammals. The
present data do suggest that some of the fundamental proper-
ties are at least qualitatively similar in humans and cats.

Although these studies provide extensive analyses of hun-
dreds of steps, the data represent a limited number of sub-
jects. These data do not provide sufficient information to
predict the robustness of the EMG response to load in a
given muscle for a large population of subjects. These re-
sults, however, do show that load can affect the EMG output
of plantarflexors and, to a lesser extent, dorsiflexors in sub-
jects independent of the level of deficiency of supraspinal
input to the lumbosacral spina cord.

These data suggest that the human spinal cord, given ap-
propriate sensory inputs, can modulate motor pool output
that may facilitate locomotion, providing a fundamental ra-
tionale for partia weight-bearing step training as a means
of enhancing the mobility of SCI subjects (Barbeau and
Blunt 1991; Dietz et al. 1995; Wernig et a. 1995). The
efficacy of this rehabilitative approach not only depends on
the capacity of the spinal cord to interpret ongoing sensory
inflow from the limbs during stepping, but it also assumes
some use-dependent plasticity in the sensorimotor pathways
that generate stepping. Further studies identifying the effec-
tive sensory modalities, the neural pathways involved, and
level of adaptability and motor learning available to the hu-
man spinal cord are essential for understanding the potential
of step training on a treadmill with body weight support for
the rehabilitation of individuals with spinal cord injury.
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