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Objective: To determine the effect of upper limb effort on maximal lower limb muscle activation in indi-
viduals with incomplete spinal cord injury.

Available online 21 August 2009 Methods: Fifteen individuals with incomplete spinal cord injury performed recumbent stepping using

different combinations of upper and lower limb efforts.

Results: There was no significant difference in active lower limb electromyography amplitudes regardless
of whether the upper limbs were resting or exerting maximal effort. Upper limb effort increased passive
lower limb muscle activation and likewise, lower limb effort increased passive upper limb muscle acti-
vation.

Conclusions: Upper limb effort did not increase lower limb muscle activation during active lower limb
effort in individuals with incomplete spinal cord injury during recumbent stepping. This suggests that
individuals with incomplete spinal cord injury cannot recruit additional lower limb motor units using
maximal volitional effort of their upper limbs.

Significance: Understanding how upper limb effort and movement influences lower limb muscle activa-
tion patterns in incomplete spinal cord injury patients has implications for prescribing therapies for
lower limb rehabilitation.
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1. Introduction

Upper limb muscle activation can increase muscle activity in
the passive lower limbs during a rhythmic motor task (Ferris
et al., 2006). In previous studies, we examined neurologically intact
subjects performing recumbent stepping on an exercise device that
coupled motion of the upper and lower limbs. We found that
increasing upper limb muscle activation through greater resistance
(Huang and Ferris, 2004) or higher movement frequency (Kao and
Ferris, 2005) resulted in greater lower limb muscle electromyogra-
phy amplitudes in passively moving legs. The most likely explana-
tion for the observed lower limb muscle recruitment with active
upper limb exertion is an excitatory connection between upper
limb motor neurons and lower limb motor neurons involving the
neural networks controlling locomotion (Ferris et al., 2006).

Clinically, it has been suggested that active upper limb
movement during gait training can be beneficial for rehabilitation
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(Behrman and Harkema, 2000). When subjects with incomplete
spinal cord injury freely swing their arms, their lower limb muscle
activity looks more symmetric and has greater rhythmic bursts
(Visintin and Barbeau, 1994). Kawashima and colleagues recently
showed that individuals with incomplete spinal cord injury using
an upright exercise device had improved muscle activation in pas-
sively moved lower limbs with passive arm swing compared to a
stationary arm condition (Kawashima et al., 2008). These studies
support the idea that reciprocal upper limb movement can en-
hance lower limb muscle activation patterns and promote activ-
ity-dependent neural plasticity during gait rehabilitation (Ferris
et al., 2006).

An unanswered question is whether active upper limb exertion
provides a means to increase lower limb muscle recruitment over
what could be achieved without active upper limb exertion. Ther-
apeutic interventions after incomplete spinal cord injury often
focus on increasing volitional muscle activation through strength
training and exercise. Both muscle hypertrophy and enhanced neu-
ral drive contribute to the increased muscle strength that accom-
panies resistance training. If active upper limb exertion allows
individuals with incomplete spinal cord injury to increase maximal
recruitment of lower limb muscles during resistance training, then
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it could be helpful to include simultaneous upper and lower limb
maximal exercise in their rehabilitation.

The purpose of this study was to determine the effect of upper
limb effort on maximal lower limb muscle activation in individuals
with incomplete spinal cord injury. Previous work (Huang and Fer-
ris, 2004; Kao and Ferris, 2005; Kawashima et al., 2008) has fo-
cused on passive lower limb muscle activation rather than active
lower limb muscle activation, but active lower limb effort is more
characteristic of exercise during rehabilitation. Gaining a more
thorough understanding of how upper limb effort influences lower
limb muscle activation during active voluntary effort is important
for incorporating combined upper and lower limb exercise into
neurological rehabilitation practices (Ferris et al., 2006).

2. Methods
2.1. Subjects

Fifteen individuals with incomplete spinal cord injury partici-
pated in this study after providing written informed consent. There
were six subjects with a cervical injury, five with a thoracic injury,
and four with a lumbar injury (Table 1). All subjects were at least
12 months post-injury and free of any conditions that would limit
their ability to exercise safely. Subjects had to be able to perform
the recumbent stepping task with just their upper limbs to partic-
ipate in the study. All subjects were screened and approved for
participation by a physician from the Physical Medicine and Reha-
bilitation Department at the University of Michigan. The University
of Michigan Medical School Institutional Review Board approved
the protocol and consent form in accord with the Declaration of
Helsinki.

2.2. Computer-controlled recumbent stepper

We have taken a commercially available recumbent stepper
(TRS 4000, NuStep, Inc., Ann Arbor, MI) and modified it to have
computer-controlled real-time resistance (Fig. 1) (Huang and Fer-
ris, in press). We also instrumented the recumbent stepper with
load cells to measure handle and pedal forces. For this study, the
stepper followed a prescribed sine-wave position profile with a
stepping frequency of 75 beats per minute (equivalent to the step-
ping frequency of walking at ~1.25 m/s). If subjects were unable to
step at the desired frequency, then the stepper drove the stepping
motion. If subjects were strong enough to drive the stepping
motion faster than the desired stepping frequency, the motor

generated a torque to oppose the subject’s effort. This allowed
the stepper to have a fixed position profile and to maintain the de-
sired stepping frequency.

2.3. Experimental set up

We adjusted the stepper to make the range of the stepping mo-
tion as comfortable as possible for each subject. The seat position
was set so that the knees were near full extension but could not
lock out. For some more hyper-reflexive subjects, we had to set
the seat so that their legs were more flexed for safety reasons. If
needed, we used leg stabilizers to prevent the subject’s legs from
abducting and potentially colliding with the moving handles. We
aligned each foot to be centered within the pedal. As the pedal
was only 5.5 in. wide, it prevented subjects from rotating their feet
medially or laterally. We used a torso strap to minimize torso
movement during stepping. We also used Velcro gloves to attach
the hands to the handles and used foot straps to attach the feet
to the pedals during passive conditions. This allowed subjects to
be as passive as possible because they did not have to actively hold
the handles or keep their feet on the pedals throughout the step-
ping motion.

2.4. Protocol

Subjects performed recumbent stepping using different combi-
nations of upper (U) and lower (L) limb effort. For active effort, we
instructed subjects to use maximal effort. For passive effort, we
instructed subjects to relax as much as possible. We tested three
active lower limb conditions: (a) Resting Upper & Active Lower
[RU-AL], (b) Passive Upper & Active Lower [PU-AL], (c) Active
Upper & Active Lower [AU-AL]. For the resting upper limb condi-
tion, we had subjects cross their arms and rest them on his/her
lap. These active lower limb conditions examined whether differ-
ent upper limb states altered active lower limb muscle electromy-
ography amplitudes. We also tested two passive lower limb
conditions, (d) Passive Upper & Passive Lower [PU-PL], and (e)
Active Upper & Passive Lower [AU-PL], to determine how upper
limb effort influences passive lower limb muscle activation in indi-
viduals with incomplete spinal cord injury.

We collected two sets of data, with each set consisting of five
trials for each of the five conditions. Conditions were randomized
for each subject. Before each trial, we verbally described the com-
bination of arm and leg effort to the subject. Subjects were
instructed to relax and use the first fifteen seconds to get used to

Table 1

Subject information. Data for each subject showing age, injury level, and walking ability.
Subject Age Gender ASIA level® Injury level Post injury (yrs) Injury etiology Est. WISCI®
A 51 F D c3 7 Epidural abcess 13
B 62 M D c3 5 Cervical stenosis 19
C 64 M D C4 4 Trauma 15
D 40 M D Cc6 5 Trauma 9
E 42 M D C6 28 Trauma 18
B 61 M D Cc7 42 Trauma 13
G 41 E C T5 28 Transverse myelitis 15
H 78 M B T7 8 Sarcoma 20
[ 47 B D T9 8 Transverse myelitis 13
] 57 F C T11 4 Trauma 18
K 53 F C T11 6 Dermoid cyst 12
L 30 M C L1 3 Trauma 9
M 46 M C L3 4 Surgical complications 18
N 41 F C L3 20 Trauma 9
(0] 23 M D L3 3 Trauma 20

0 = unable to walk with assistance. 20 = unassisted walking.

¢ ASIA = American Spinal Injury Association Impairment Scale. A = complete. E = normal.
b Est. WISCI = Estimated Walking Index of Spinal Cord Injury based on observation and subject self-reported walking ability.
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Fig. 1. (A) Recumbent stepping machine with real-time computer-controlled resistance and force and position sensors (modified TRS 4000, NuStep, Inc., Ann Arbor, MI). The
handles and seat are adjustable. Velcro gloves, foot straps, and a torso belt help minimize unwanted movement. Leg stabilizers also help prevent excessive medial-lateral
movement. (B) Schematic of the forces and torques for one handle-pedal unit on the recumbent stepper.

the stepping frequency as the stepper slowly ramped up to full
range of motion. Then on a verbal cue, we instructed subjects to
perform the stepping condition with maximal effort for approxi-
mately fifteen seconds. This yielded six to eight strides of data.
Throughout the trial, we gave the subject verbal cues and encour-
agement. Subjects were also given an opportunity to practice the
condition prior to testing at their discretion. The average length
of rest between trials was 1 min.

2.5. Data acquisition

We collected data signals using two computer systems at a
sampling rate of 1000 Hz. One computer was used to collect elec-
tromyography, load cell, and joint angle data signals. The other
computer ran the real-time software program and sampled data
signals related to the recumbent stepper hardware. We used a
common data signal sampled in both systems to synchronize the
data offline.

2.5.1. Electromyography (EMG)

We measured surface electromyography (Delsys, Boston, MA)
from 16 muscles, four muscles on each limb. On each lower limb,
we measured muscle activity from the vastus medialis (VM), med-
ial hamstrings (MH), tibialis anterior (TA), and soleus (SO). On each
upper limb, we measured muscle activity from the anterior deltoid
(AD), posterior deltoid (PD), biceps brachii (BB), and lateral head of
the triceps brachii (TB). We shaved each electrode site and cleaned
them with rubbing alcohol. We then placed the electrode sensor
over the muscle belly along the long axis, secured the electrode
with tape, and wrapped excess loose electrode wires to the limbs
with elastic foam wrap. We processed the EMG data with a second
order high-pass Butterworth filter with zero lag (cutoff frequency
of 20 Hz) to attenuate low frequency components such as mechan-
ical artifact. We then full wave rectified the EMG data signals.

2.5.2. Joint angles

We measured bilateral joint angles of the ankles, knees, hips,
and elbows using twin-axis electrogoniometers placed along the
sagittal plane (Biometrics Ltd., Ladysmith, VA). Electrogoniometers
were zeroed with the limbs in the anatomically neutral position.
Joint angle data were processed with a second order low-pass But-
terworth filter with zero lag (cutoff frequency of 6 Hz). Because of
equipment malfunctions, we were not able to obtain data from all
eight goniometers during all conditions for every subject.

2.5.3. Kinetics

We calculated the forces each hand and foot contributed to the
stepping motion via single axis load cells (Fig. 1). Because the han-
dle and contralateral pedal were part of a single rigid body, the tor-
ques generated by a force from the hand and a force from the
contralateral foot summed and yielded a net torque for the han-
dle-pedal unit (Fig. 1B). We measured directly the force exerted
by each hand through a load cell mounted in the handle. We also
measured the force associated with the net torque for each han-
dle-pedal unit through a load cell mounted in a connecting link
between the handle-pedal unit and a cam. Using the measured
forces and moment arm relationships, we calculated the torques
associated with each handle and handle-pedal unit. We subtracted
the handle torque from the handle-pedal unit torque to determine
the pedal torque of that contralateral hand-foot pair. We then
divided the pedal torques by the pedal moment arm to find the
pedal forces. We filtered measured force data using a second order
low-pass Butterworth filter with zero lag (cutoff frequency of
6 Hz).

2.6. Data analysis

For all subjects, we analyzed the data from the second set. The
subjects with incomplete spinal cord injury were more consistent
during the second set.

2.6.1. Calculation of mean profiles

To compare EMG patterns between conditions, we calculated
group normalized EMG mean profiles over a stride cycle for each
condition. The beginning and end of each stride corresponded with
the left lower limb and right upper limb at full extension as indi-
cated from the position data (Fig. 2A). We first calculated an in-
tra-subject EMG mean profile for a stride cycle per condition. We
then normalized the intra-subject EMG mean profiles to the
maximum value among all conditions. We then calculated a group
normalized EMG mean profile for each condition by averaging all
of the intra-subject normalized EMG mean profiles for that condi-
tion. We used the same general procedure, but without normaliza-
tion, for the joint angle and force mean profiles.

2.6.2. Calculation of EMG amplitudes

To compare EMG amplitudes across conditions, we calculated a
group averaged normalized root-mean-square (RMS) EMG for
each muscle and condition. For each muscle, we only calculated
RMS EMG during the half of the stride when the muscle was
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Fig. 2. (A) Schematic of recumbent stepping motion. At 0% of the stride cycle, the
left lower limb and right upper limb are at full extension. From 0% to 50% of the
stride cycle, the left lower limb and right upper limb are flexing while the right
lower limb and left upper limb are extending. At 50% of the stride cycle, the right
lower limb and left upper limb are at full extension. From 50% to 100% of the stride
cycle, the right lower limb and left upper limb are flexing while the left lower limb
and right upper limb are extending. (B) Group mean joint angle profiles for the
bilateral hip, knee, ankle, and elbow during one stepping cycle. Black solid line:
average for all conditions. Dotted grey lines: active lower limb conditions, Resting
Upper & Active Lower, Passive Upper & Active Lower, and Active Upper & Active
Lower. Dashed grey lines: passive lower limb conditions, Passive Upper & Passive
Lower and Active Upper & Passive Lower.

concentrically contracting. For example, for the right vastus
medialis, we calculated the RMS EMG during the first half of the
stride cycle when the knee was extending (Fig. 2 grey blocks). We
calculated each muscle’s RMS EMG for the concentric half of the
cycle for each subject-condition data set. We calculated an intra-
subject average RMS EMG for each muscle per condition. We then
normalized the intra-subject RMS EMG amplitudes for each muscle
(left and right vastus medialis, medial hamstrings, soleus, tibialis
anterior, anterior deltoid, posterior deltoid, biceps brachii, and tri-
ceps brachii) to the maximum intra-subject average RMS EMG
amplitude across all conditions. We excluded any subject’s data that
did not have at least a 10% difference between Passive Upper & Pas-
sive Lower and Passive Upper & Active Lower conditions for lower
limb RMS EMG and between Passive Upper & Passive Lower and
Active Upper & Passive Lower conditions for upper limb RMS EMG.
We then averaged across subjects to calculate the group averaged
normalized RMS EMG amplitude for each muscle per condition.

2.6.3. Statistical analysis

We used a repeated measures analysis of variance (rmANOVA)
to determine if there were significant differences in lower limb
muscle activation among active lower limb conditions. We also
ran another rmANOVA to determine if there were significant differ-
ences in lower (or upper) limb muscle activation among passive

lower (or upper) limb conditions. If the rmANOVA showed a signif-
icant difference among conditions, we used a Tukey’s honestly sig-
nificant difference (THSD) post hoc test to determine which
conditions were significantly different (P < 0.05).

3. Results

Adding upper limb effort did not enhance lower limb muscle
activation during active lower limb effort in subjects with incom-
plete spinal cord injuries. The group mean joint angle profiles were
consistent among the different conditions for the bilateral hip,
knee, ankle, and elbow joints (Fig. 2B). In a representative single
subject, the muscle activation patterns for the active lower limbs
for the Resting Upper & Active Lower, Passive Upper & Active Low-
er, and Active Upper & Active Lower conditions were similar in
amplitude and had a rhythmic burst like pattern, particularly for
the vastus medialis, tibialis anterior, and soleus muscles (Fig. 3).
In this particular subject, the medial hamstrings muscle activity
was not rhythmic, but the muscle activation shape and amplitude
were similar among the three conditions. The upper limb muscle
patterns corresponded to the different upper limb states of resting,
passive, and active. There was minimal upper limb EMG during the
resting upper limb condition, small amplitudes of EMG during the
passive upper limb condition, and greater burst-like EMG during
the active upper limb condition. The active knee joint angle and
pedal forces were similar across the three active lower limb condi-
tions. The handle forces indicated that the subject correctly fol-
lowed directions for each condition. Only the Active Upper &
Active Lower handle forces had a distinct pushing and pulling han-
dle force while the Resting Upper & Active Lower and Passive
Upper & Active Lower conditions had minimal handle forces
(Fig. 3). Looking at the group averaged EMG data for all the subjects
(Fig. 4), the data showed the same effects as the representative sin-
gle subject data. There were no observable differences in the left
and right lower limb muscle activation patterns among any of
the active lower conditions despite varying levels of upper limb
effort. The group EMG mean profiles for the active left and right
lower limb muscles all overlapped one another (Fig. 4A). The group
averaged RMS EMG amplitudes for the lower limb muscles also
indicated no significant differences among active lower limb con-
ditions (Fig. 4B, rmANOVA P > 0.05). The left and right vastus medi-
alis, left tibialis anterior, and left and right soleus muscles had
slight reductions in group averaged RMS EMG of 3.4%, 4.6%,
0.82%, 2.3%, and 4.7%, respectively, during Active Upper & Active
Lower compared to Passive Upper & Active Lower. The left medial
hamstrings, right medial hamstrings, and right tibialis anterior had
slight increases in group averaged RMS EMG of 4.2%, 2.4%, and 17%,
respectively, during Active Upper & Active Lower compared to Pas-
sive Upper & Active Lower. Statistical powers for the active lower
limb conditions for the left and right vastus medialis, medial ham-
string, tibialis anterior, and soleus muscles were 0.541, 0.130,
0.165, 0.081, 0.068, 0.380, 0.064, and 0.098, respectively. In com-
parison, statistical powers for the passive lower limb conditions
were 0.514, 0.829, 0.997, 0.980, 1.000, 0.999, 0.623, and 0.218 for
the left and right vastus medialis, medial hamstring, tibialis ante-
rior, and soleus muscles, respectively.

Active upper limb effort resulted in greater passive lower limb
muscle activation. Single subject data and group mean EMG pro-
files showed greater burst-like muscle activation in the passive
lower limbs when coupled with active upper limb effort. Group
RMS EMG data indicated that for the passive lower limbs, Active
Upper & Passive Lower RMS EMG amplitudes were significantly
greater than Passive Upper & Passive Lower RMS EMG amplitudes
for the bilateral vastus medialis, bilateral medial hamstring, bilat-
eral tibialis anterior, and left soleus muscles (Fig. 5A*, THSD



H.J. Huang, D.P. Ferris/Clinical Neurophysiology 120 (2009) 1741-1749 1745

ACTIVE LOWER LIMB CONDITIONS
JECT F

Resting Upper
Active Lower

R. Anterior Deltoid
e
0

R. Posterior Deloitd

Upper %
Limb _
EMG 490 R. Biceps
vl
o R. Triceps
2 "
i T T

R. Vastus Medialis
870
™™

" R. Medial Hamstrings

SuUB

Active Upper
Active Lower

Lower @ |
Limb o
EMG R. Tibialis Anterior
[uv] 420 |
0
R. Soleus
0
JOInt Flex R. Knee
90
Angle o T R |
[DI Ext
Push R. Handle
220 |
270 '
Pull
Force Push R Pedal
[N] ss0 [
140 km==es
Pull
1 2
Stride

Stride

Stride

Fig. 3. Right limb data from a single representative subject for the active lower limb conditions, Resting Upper & Active Lower (black), Passive Upper & Active Lower (light
grey), Active Upper & Active Lower (dark grey). There was no observable difference in active lower limb muscle activation patterns regardless of the activity in the upper
limbs. There was minimal upper limb muscle activation during the resting and passive conditions and increased burst-like activity during the active condition. Boxed halves
indicate concentric half of the cycle. The knee joint angle profiles and active pedal forces were similar between the conditions. The Resting Upper & Active Lower and Passive
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zero force.

P <0.05). Similarly, active lower limb effort resulted in greater
passive upper limb muscle activation. Single subject data and
group mean EMG profiles showed greater burst-like muscle activa-
tion in the passive upper limbs when coupled with active lower
limb effort. The group RMS EMG amplitudes of the passive upper
limb muscles were significantly greater during the Passive Upper
& Active Lower condition compared to the Passive Upper & Passive
Lower for the bilateral anterior deltoid, posterior deltoid, biceps
brachii, and triceps brachii muscles (Fig. 5B*, THSD P < 0.05).

Group averaged force data indicated that subjects performed
conditions as instructed. Group mean force profiles for the active
lower limb conditions had similar shapes and amplitudes for the
pedal forces while the handle forces reflected the different levels
of upper limb effort, resting, passive, and active (Fig. 6A). There
were also no significant differences among the mean handle and
pedal forces for the active lower limb conditions (Fig. 6B, rmANOVA
P >0.05). Passive lower limb pedal forces were small compared to
active lower limb conditions. The mean force of the right pedal
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Fig. 4. Left and right limb group data for the active lower limb conditions, Resting Upper & Active Lower (black), Passive Upper & Active Lower (light grey), Active Upper &
Active Lower (dark grey). (A) Group normalized EMG mean profiles showed no observable difference in active lower limb muscle activation patterns regardless of the activity
in the upper limbs. (B) Group normalized RMS EMG amplitudes with standard error bars for the active lower limb conditions. There were no significant differences among the

three conditions (rmANOVA P > 0.05). Error bars are standard error of the means.

during the first half stepping cycle for the Active Upper & Passive
Lower condition was significantly greater than the Passive Upper &
Passive Lower condition (Fig. 6B*, THSD P < 0.05).

4. Discussion

Our main finding was that upper limb effort did not increase
muscle activation during active lower limb effort in individuals
with incomplete spinal cord injury during recumbent stepping.
During active lower limb conditions, subjects generated similar
lower limb EMG amplitudes regardless of whether the upper limbs
were resting, passive, or exerting maximal effort. The mean forces
mirrored the RMS EMG data for the knee and ankle musculature,
suggesting that hip musculature EMG would not have shown sub-
stantially different findings from the ankle and knee EMG. If hip
muscles had a different muscle activation pattern compared to
the ankle and knee muscles then the force data would have shown
different changes in pedal forces by condition (Fig. 6). The finding
that active lower limb muscle activation was indifferent to upper
limb passive or active effort was contrary to our hypothesis. This
result suggests that individuals with incomplete spinal cord injury
are not able to recruit additional lower limb motor units during
maximal volitional effort by actively using their upper limbs. This
result is also similar to our results on neurologically intact individ-
uals who showed no significant change in maximal lower limb
muscle activation despite the effort level of the upper limbs
(Huang and Ferris, in press). We expected that we might find dif-
ferent results for individuals with incomplete spinal cord injury
compared to neurologically intact individuals because the spinal
cord injury patients had a lower capacity to maximally recruit their
lower limb motor neurons.

We did find that upper limb effort increased muscle activation
in the passive lower limbs and lower limb effort increased muscle
activation in the passive upper limbs. These results on individuals
with incomplete spinal cord injury were similar to our previous

results on neurologically intact individuals (Huang and Ferris,
2004, in press; Kao and Ferris, 2005). These results differ some-
what from Kawashima and colleagues recent work (Kawashima
et al., 2008). They found no significant differences in lower limb
EMG amplitudes between passive and active arm swing conditions
for stepping movements in a standing frame glider. In contrast, we
found a significant increase in passive lower limb muscle activa-
tion amplitude when coupled with active upper limbs compared
to passive upper limbs (Fig. 5). The differences between the two
studies may be a result of differences between the two tasks, reci-
procal leg swing versus recumbent stepping. In the standing frame
glider, there was no knee flexion during the rhythmic motion un-
like in recumbent stepping. Another difference in movement kine-
matics between the two devices was that the standing frame glider
had hip motion more similar to the hip excursions seen during
locomotion. As hip afferents have been found to play an important
role in the neural control of walking in humans (Dietz et al., 2002),
this could be an important difference between the two movement
tasks.

The increase in muscle activation of passive limbs when cou-
pled with maximal effort in the other limb pair is likely a result
of the convergence of multiple neural drives. Spinal interneurons
could relay increased locomotor output in the networks of the
upper limb pair to the networks of the lower limb pair and vice
versa (Dietz, 2002; Zehr and Duysens, 2004). Furthermore, even
though reflexes in one limb are often suppressed with movements
of the other limbs (Collins et al., 1993; Frigon et al., 2004; Knikou,
2007), reflex facilitation from other sensory feedback pathways
such as cutaneous stimulation can prevail (Zehr et al., 2004,
2007a). Decreased inhibition to the passive limbs from supraspinal
centers or spinal interneurons could also allow the emergence of a
rhythmic motor pattern. Additionally, an excitatory locomotor
drive from the mesencephalic locomotor region in the brain could
lead to increased recruitment of passive limb motor neurons (Shik
et al., 1966). Descending supraspinal drive from regions other than
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Fig. 5. (A) Normalized RMS EMG group data for the left and right lower limb for the
passive lower limb conditions, Passive Upper & Passive Lower (PU-PL, black) and
Active Upper & Passive Lower (AU-PL, grey). The RMS EMG for the bilateral vastus
medialis, bilateral medial hamstrings, bilateral tibialis anterior, and left soleus
muscles during the Active Upper & Passive Lower condition were significantly
greater compared to the Passive Upper & Passive Lower condition (*THSD P < 0.05).
(B) Normalized RMS EMG group data for the left and right upper limb for the
passive upper limb conditions, Passive Upper & Passive Lower (PU-PL, black) and
Passive Upper & Active Lower (PU-AL, grey). The RMS EMG amplitudes for the
bilateral anterior deltoid, bilateral posterior deltoid, bilateral biceps brachii, and
bilateral triceps brachii muscles during the Passive Upper & Active Lower condition
were significantly greater compared to the Passive Upper & Passive Lower condition
(*THSD P < 0.05). Error bars are standard error of the means.

the mesencephalic locomotor region could also produce unin-
tended muscle activation, possibly through general motor neuron
excitation (Cernacek, 1961; Dimitrijevic et al., 1992; Shinohara
et al.,, 2003; Zijdewind et al., 2006). Clearly, there are multiple neu-
ral drives which could be contributors to our results. Future studies

using other neural techniques (transcranial magnetic stimulation,
electrophysiological reflex testing, etc.) may provide greater in-
sight about specific mechanisms.

Our findings suggest that the maximal recruitment of lower
limb motor neurons in individuals with incomplete spinal cord in-
jury has a neural limit despite the convergence of multiple neural
drives. The lack of a change in muscle activation when subjects
simultaneously use their upper and lower limbs at maximal effort
compared to only using their lower limbs at maximal effort sug-
gests that individuals with incomplete spinal cord injury did not
gain significant additional recruitment from using their upper
limbs with maximal lower limb stepping. Despite the convergence
of neural drives from spinal neural networks and supraspinal cen-
ters, muscle activation associated with maximal effort was not
enhanced. It is also possible that suppressive effects such as a bilat-
eral deficit masked facilitatory effects. A bilateral deficit occurs
when the combined output force or output muscle activation dur-
ing a simultaneous multi-limb exertion is less than the sum of the
individual limb’s forces or muscle activation amplitudes. The exact
mechanisms responsible for the bilateral deficit are not known, but
it is thought to be neurally mediated (Howard and Enoka, 1991).
There are several proposed neural mechanisms for bilateral deficit
including spinally based neural inhibition (Khodiguian et al., 2003),
interhemispheric inhibition (Oda, 1997), and decreased input to
the primary motor cortex (Post et al., 2007). Bilateral deficits are
often observed in tasks using homologous muscles during isomet-
ric and isokinetic contractions in the upper limbs (Oda and
Moritani, 1994; Ohtsuki, 1983) and in the lower limbs (Khodiguian
et al., 2003; Simon and Ferris, 2008; Vandervoort et al., 1984).
Because our task combined maximal effort of not just two limbs,
but all four limbs, it is possible that a bilateral deficit or a quadru-
pedal deficit was present but unobserved due to enhancement
from interlimb neural coupling. This will also require additional
techniques to determine.

Grouping subjects by injury level produced similar results and
led to the same conclusions, indicating that the results of this study
were robust. When we grouped subjects into cervical, thoracic, or
lumbar groups, we observed increased passive limb muscle activa-
tion with maximal effort for the other limb pair in all three groups.
We also performed statistical analysis on the grouped data which
revealed nearly identical results compared to all of the subjects
grouped together. The cervical group (n=6) showed a significant
increase in passive lower limb muscle activation for the bilateral
vastus medialis, medial hamstrings, and tibialis anterior muscles
with maximal upper limb effort (THSD P < 0.05). Likewise, the tho-
racic group (n = 5) had significant increases in the left vastus medi-
alis, bilateral medial hamstrings, and bilateral tibialis anterior
muscles (THSD P < 0.05). The lumbar group (n=4) only reached
significance for the bilateral medial hamstrings and the right tibi-
alis anterior (THSD P < 0.05). Because we found similar trends and
results regardless of how subjects were grouped, we feel confident
that analyzing all subjects together was appropriate.

Normalization procedure used and cycle portion analyzed also
did not affect the results. For this study, we used a non-zero-vari-
ance normalization procedure for the RMS EMG data. We also ana-
lyzed the data using a zero-variance normalization condition
similar to our normalization procedure in our study of neurologi-
cally intact subjects (Huang and Ferris, in press). For that proce-
dure, we normalized lower (or upper) limb RMS EMG amplitudes
to the Passive Upper & Active Lower (or Active Upper & Passive
Lower) condition such that the Passive Upper & Active Lower (or
Active Upper & Passive Lower) condition had zero variance.
Regardless of normalization, passive lower (or upper) limb muscle
activation significantly increased with maximal upper (or lower)
limb effort. Lastly, we also analyzed RMS EMG with respect to
the eccentric half of the stride cycle and the full cycle. The results
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Fig. 6. (A) Group mean force profiles for the left and right handles and pedals. The force profiles match the levels of effort required for each of the conditions. Handle forces
only had substantial pushing and pulling phases for the active upper limb effort conditions. Pedal forces only had substantial pushing phases for the active lower limb effort
conditions. (B) Mean forces for each half of the stepping cycle for the left and right handles and pedals. For each condition, the bar on the left is the mean force for the first half
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had the same trends and led to the same conclusions regardless of
the portion of the cycle used in the RMS EMG calculation.

A limitation of this study was that we had to rely on the
subjects’ confirmation of their effort for each stepping condition.
During the Passive Upper & Passive Lower condition, the motor
moved with the subject, promoting subject passivity because the
subject did not need to do any work. During maximal effort condi-
tions however, the device was still moving but would increase its
resistance to maintain a constant stepping frequency if the
subject’s maximal effort was strong enough to drive the stepping
motion faster than the specified stepping frequency (75 BPM). This
means that the harder subjects worked, the more resistance they

encountered. The only motivation for the subject to exert maximal
effort was to comply with the instructions given. We provided ver-
bal encouragement, but did not provide any other forms of feed-
back. Providing feedback such as a display of the subject’s force
production would alter the task and involve more voluntary and
supraspinal processes. Another limitation was that we did not
examine any submaximal levels of recumbent stepping. Based on
our previous work, we chose to have subjects use maximum effort
to produce the greatest change in passive limb motor neuron
recruitment (Huang and Ferris, 2004; Kao and Ferris, 2005). Sub-
maximal levels of effort, however, correspond better to daily tasks
and customary therapeutic exercise.
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Based on the results in this study, studies on neurologically in-
tact individuals (Huang and Ferris, 2004, in press; Kao and Ferris,
2005) and clinical observations (Behrman and Harkema, 2000;
Visintin and Barbeau, 1994), it is likely that upper limb effort
would result in an increase in submaximal effort lower limb mus-
cle activation. Therefore, an experiment examining submaximal
active upper and lower limb exercise combined with other neural
techniques such as transcranial magnetic stimulation might pro-
vide valuable insight. Zehr and colleagues used transcranial mag-
netic stimulation to show that rhythmic arm movement
decreased corticospinal excitability of a forearm muscle compared
to tonic voluntary contraction (Carroll et al., 2006). In a similar
experiment, they demonstrated that rhythmic leg cycling in-
creased corticospinal excitability of a forearm muscle compared
to a static position (Zehr et al., 2007b). Likewise, we could deter-
mine if adding upper limb effort to lower limb stepping decreases
supraspinal descending neural drive compared to just lower limb
stepping. This would support the idea that upper limb effort aids
lower limb muscle recruitment along a convergent pathway from
descending supraspinal drives (Ferris et al., 2006).

We found that upper limb effort did not increase lower limb
muscle activation when subjects with incomplete spinal cord injury
were already using their lower limbs maximally during rhythmic
exercise. Upper limb effort did increase lower limb muscle activa-
tion when the subject’s lower limbs were passive. Likewise, lower
limb effort increased upper limb muscle activation when the sub-
ject’s upper limbs were passive. Combined with our previous work,
individuals with incomplete spinal cord injury behaved similarly to
neurologically intact individuals performing a similar stepping pro-
tocol and maximal effort (Huang and Ferris, in press). These find-
ings suggest that despite presumed interlimb neural connections
(Dietz, 2002; Zehr and Duysens, 2004), any excitatory influence
from the interlimb neural connections does not add on to the max-
imal motor recruitment. There is a neural limit on muscle activation
in actively moving lower limbs during rhythmic whole body exer-
cise. Even though these results do not indicate that maximal upper
limb effort increases muscle activation in active lower limbs, they
do not rule out the possibility that at submaximal levels, upper limb
effort may improve lower limb muscle activation. Understanding
how upper limb effort and movement influences lower limb muscle
activation patterns has implications for designing exercise thera-
pies for lower limb rehabilitation. If adding upper limb effort in-
creases lower limb muscle activation and improves muscle
activation patterns at submaximal levels, then incorporating upper
limb effort in lower limb rehabilitation may help patients regain
lower limb functionality more quickly (Ferris et al., 2006).
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