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INTRODUCTION

Spinal cord injury (SCI) affects an estimated 270,000 people in the United States,! and
causes a debilitating loss of function and sensation below the injury level. SCI is classified
according to the severity of the injury, using clinically apparent features to describe sensory
and motor function. The American Spinal Injury Association (ASIA) has established
International Standards for the Neurological Classification of Spinal Cord Injury
(ISNCSCI). This exam, performed through clinical observation, classifies SCI patients into
motor complete or incomplete injury.2 A motor complete injury, classified as A or B on the
ASIA Impairment Scale (AIS) is defined as the lack of preserved sensory or motor function
in the sacral segments S4-S5 (AIS A) or sensation preserved at the S4-5 segment and no
motor function preserved more than three levels below the motor level on either side of the
body (AIS B). Here, motor function is based on the presence of visible or palpable muscle
contraction. While this classification is clinically useful, the ISNCSCI neurological exam
does not include electrophysiological testing. Thus it lacks sensitivity to differentiate small
levels of residual function.

Many studies have demonstrated the presence of intact neuronal axons across the spinal cord
lesion, even in “clinically complete” cases - those diagnosed through standard clinical
testing as complete SCI. Anatomical examination has revealed spinal cord parenchyma
continuity often remains even after severe spinal injuries.3 Anatomical studies reported that
~50%%*5 to 75%°5 of “clinically complete” SCI showed some continuity across the injured
segments. Additionally, physiological studies using EMG recordings were used to
demonstrate continuity of pathways across the lesion in complete SCI as early as 1986.7
McKay et al found evidence of residual motor control in 64% of subjects initially classified
as motor complete (n=67)8. In another study, Calancie et al® reported a small but distinct
group of individuals classified as motor complete that retained voluntary EMG control over
one muscle in the foot. Sherwood et all® defined the term “discomplete” to describe a lesion
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which is clinically complete but is accompanied by neurophysiological evidence of residual
brain influence on spinal cord function below the lesion.

Depending on the joint resistance and the number of motor units activated, it is quite
possible for motor unit activity to occur without producing measurable joint movement or
force.11 Thus, even a person diagnosed with motor complete SCI may still retain the ability
to produce some degree of voluntary muscle activity below their injury level. Though in the
past such low-level below-injury activity may have had limited utility, today’s rehabilitative
and restorative technologies might be able to use this activity to assist or restore function.

Neuroprostheses (NPs) are implantable devices that utilize small electrical currents to
activate peripheral motor nerves. This results in controlled contraction of paralyzed muscles,
to restore functions such as hand grasp, standing, walking, respiratory function, and bowel
and bladder control.12 These devices require command inputs under the user’s control. In
particular, EMG has become the desired means of control of clinically based upper
extremity neuroprosthetics!3. In this implementation, EMG signals are taken from muscles
under volitional control that are innervated above the lesion and are used to control hand-
arm manipulation. Increasing the complexity of these systems, such as improving hand
dexterity in a grasp system, or incorporating several restored functions into one device, will
require an increased number of command signals. It may be possible to use EMG activity
from below the injury to substitute for or augment those control muscles above the injury.

In light of this, quantifying residual myoelectric activity in chronic, motor complete SCI is
an important task, and a first step toward utilizing this residual activity. It is theorized that
axons leading to distal musculature are more likely to be spared due to the somatotopy of the
spinal tractsl4, which suggests the lower extremity as one possible location to investigate
this phenomenon. This study focused on the cervical SCI population. Because cervical level
SCI results in the greatest loss of function, they comprise the population which can most
benefit from the presence of these signals to be used for neuroprosthetic control.

The purpose of this study was to evaluate volitional motor activity recorded from the lower
extremity in cervical SCI subjects diagnosed as motor complete. The goals of this work were
to demonstrate the presence of volitional EMG activity below the lesion, and to characterize
this activity in order to determine its value for potential use in neurorehabilitative and
assistive technologies. This study expands on work published by Moss et al.14 which
examined lower extremity EMG signal from 12 motor complete subjects, and found
significant activity was evident in 89% of the muscles studied, and at least 2 muscles from
each participant were identified as potential command signals for a neuroprosthesis based on
2-state, threshold classification. In this study, data from those subjects plus 12 additional
subjects are presented using a novel analysis algorithm which more accurately and
automatically identifies signals of interest that would have the greatest potential as command
sources.
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All study procedures were approved by the local institutional review board and were carried
out after participants gave their informed consent. A total of 24 individuals with cervical
level SCI were enrolled. All participants had chronic injuries which ranged in duration from
10 months to 36 years. AIS distribution was 16 AIS A (motor/sensory complete) and 8 AIS
B (motor complete/sensory incomplete), based on previous ISNCSCI assessments. Table 1
describes the motor level, time post-injury of assessment, age, and cause of injury of the
participants.

Signals were recorded from 8-12 locations in each limb using pairs of surface electrodes.
Preamplifiers located close to the electrodes provided an initial gain of 100 and a high pass
filter at 10 Hz. Programmable amplifiers (Cambridge Electronic Designs Limited,
Cambridge, England) were used for further amplification (gain range 99-3300) with a low-
pass anti-aliasing filter at 1 kHz and a 60 Hz notch filter. Signals were sampled at 2.5 kHz
and displayed on a computer screen to the participant in real time using either XPC Target
and Matlab (The MathWorks, Inc, Natick, MA) or LabVIEW (National Instruments, Austin,
TX).

EMG activity was recorded from 8-12 muscles located in the foot or lower leg on each side
of the body (16-24 muscles total). Prescreening was performed to verify a lack of visible
contraction in the muscles during movement attempts before electrodes were affixed. Two
surface electrodes were spaced approximately half an inch apart over the muscle belly for
differential recording. Muscles were chosen for recording from a set including the abductor
hallucis (AH), abductor digiti minimi (ADM), extensor digitorum brevis (EDB), flexor
digitorum brevis (FDB), extensor halicus longus (EHL), intrinsic toe extensors (INT),
peroneus longus (PL), tibialis anterior (TA), gastrocnemius (G), soleus (S), vastus lateralis
(VL), vastus medialis (VM), and hamstring (H). In some cases, a medial and lateral
electrode pair (denoted by s and | ) were placed over a muscle to attempt to gain better
coverage of an area. The specific muscle set recorded for each subject is given in Table 1.

Recording Session

Muscle activity was recorded from all muscles in a single limb during each trial; thus, no
simultaneous bilateral recording was done. Participants remained in their wheelchairs during
testing. During movement trials, subjects were instructed on a movement type to attempt —
for example “lift your ankle” (although no ankle dorsiflexion would be observed). These
movements were intended to elicit activity in a targeted muscle, for example, foot
dorsiflexion to activate the TA. The participant was instructed to continually and maximally
attempt the movement in response to an audio and visual cue lasting three seconds. Each
movement trial began in a relaxation state and contained either three or two cues separated
by short (5-6s) relaxation periods. Approximately 20-30 trials per limb were performed (2—
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4 trials per movement type). Participants rested between trials as needed. Before testing, the
participants did not receive practice performing the movement types.

Motor Unit Action Potential (MUAP) Detection

The raw EMG data were bandpass filtered with a 3" order Butterworth filter between 20 and
500 Hz, and notch filtered with a second order IIR filter at 60 Hz. Motor unit action
potentials (MUAPS) were identified in a manner similar to that described by Winslow et al.1®
A resting threshold was calculated by extracting the first second of data from each trial, in
which the participant was instructed to be in a relaxed state. The overall median value of this
resting data, after full-wave rectification, was found for each data channel. The spike
detection threshold was calculated by multiplying this rest value by an integer multiplier
between 10 and 20. This threshold multiplier was manually set to a value which gave
acceptable MUAP event detection during visual inspection of the data, and remained
constant through all trials on that channel.

The un-rectified EMG signal was windowed every 25 data points (the approximate duration
of two phases of a MUAP). The difference between the minimum and maximum value in the
window was calculated to produce a peak-to-peak value. Windows with peak-to-peak values
above the channel threshold were identified as windows containing MUAPS. The maximum
value in the window was taken as the spike index point. To ensure that the alignment of the
windows did not affect MUAP detection, the original EMG signal was windowed again at a
half-window offset. The MUAP detection was repeated, and spike time indices were
recorded for both windowing steps. Redundant indices were ignored, and indices within 25
data points of each other were compared, with only the spike of greater value kept.

MUAP Accuracy

For data collected during the movement trials, the detected spikes were then classified as
occurring either during the movement cue or outside the cue. Because we have observed that
there is a delay in both activation and deactivation of motor activity in SCI participants, the
one-second period after the cue was included as part of the cue window, giving a realized
cue duration of four seconds. The rest period between cues was always as long as or longer
than the realized cue duration. The accuracy in a given trial was defined as the number of
spikes occurring during the realized movement cue divided by the total number of detected
spikes in that trial. An overall channel accuracy was calculated by finding the total number
of spikes over all trials for that channel, and determining the percentage that occurred during
a movement cue.

Determining Active Channels

Method A - Visual Inspection Rank—A visual inspection of all of the trials for each
channel was found to be an effective analysis method. In a manner similar to the ranking
system utilized by Calanciel®, each collected channel was given a ranking from 1-5, based
on the observed patterns of activity. Though the ranking was subjective, guidelines were
used to rank the channels, as follows:

1 No significant activity; baseline noise
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2. Sparse MUAPs detected, as single spikes rather than bursts, but no clear
correlation to movement cues.

3. Bursts of activity detected, but no clear correlation to movement cues.

4, Bursts of activity, correlated to cues but without precision (several false
positives) or without repeatability.

5. Repeated bursts of visible activity, well correlated within 2-3 cues

Examples of traces that fit each criteria are shown in Figure 1. For subsequent analysis,
channels that ranked 4 or 5 were said to be active channels.

Method B - Activity Score Algorithm—Due to the time and labor-intensive nature of
Method A, an algorithm was developed in order to quickly and automatically identify
signals of interest. First, activity bursts (groupings of at least 5 MUAPs within a 1 second
period) were identified and for each, it was determined if their onset time occurred within
the activity cue period. For each channel, a scoring method was implemented that awarded
one point for each trial containing a cued activity onset and either 1) 90% or more of trial
activity occurring within cues or 2) at least 25 spikes in the activity burst. Additionally, a
point was awarded if, overall: 3) three or more trials contained cued activity onsets. This
results in an activity score for each channel; to be classified as having substantial activity, a
score of at least one point is required. These criteria were chosen to select muscles that show
some degree of volitional control such that they would be eligible for further targeted
training.

Muscle Frequency

For both methods, the occurrence of each muscle identified as an active channel was found.
If two channels from one muscle were both active, (e.g. both medial and lateral FDB), only
one instance was counted in this analysis. Additionally, gastrocnemius and soleus were
consolidated into one category.

RESULTS

Active Channels

Figure 2 shows the total count of active channels for each limb of all participants. All but
two participants had at least one active channel as identified by the algorithm. Using visual
inspection, 24 of 48 limbs (50%), and 16 of 24 participants (67%), had at least one channel
ranking 4, including 9 of 16 AIS A participants and 7 of 8 AIS B participants. 5 of 24
participants (21%) had channels with the highest ranking of 5.

Comparison between Methods

There were 82 total channels that were found to be active (ranked 4-5), through Method A.
Method B identified all of these channels as active, plus an additional 61 channels that
ranked 3 or lower with Method A. Figure 3 shows a box-and-whiskers plot comparing the
rank given by Method A and the algorithm score given by Method B.
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MUAP detection and accuracy

MUAPs were detected in EMG data for all participants. Figure 4 shows, for each active
channel, the MUAP spike counts, given by relative circle area, and overall accuracy to the
cue periods for these spikes. This figure gives an overall depiction of the differing levels of
information quality present in the EMG activity for these participants. The larger in area and
higher in position each circle is, the greater the signal quality is. A large circle with a low
position would indicate a channel with a lot of activity but little accuracy, such as a channel
with some spontaneously activity. A small circle with a high position may indicate a muscle
that fired mainly during the cues, but the subject was not able to sustain that activity and/or
had difficulty repeating it.

Muscle Frequency

Muscle frequency for active channels in both Methods is given in Figure 5. There does not
appear to be a clear trend in which muscles are most active, though ADM, INT, and EHL are
the least common.

DISCUSSION

In this work we have shown the existence of volitional motor activity in the lower extremity
after motor complete cervical SCI. This agrees with previous studies3-19 showing there is
often some degree of continuity across the lesion. For many reasons, classifying these types
of signals is not as straightforward as traditional EMG analysis. The nature of the signal
includes confounding factors such as spasms or spontaneous activity that could give false
positives. Additionally, the signal of interest stems from motor units that participants do not
regularly attempt to activate, are unlikely to have proprioceptive feedback, and are likely
atrophied. These factors make establishing a cutoff criteria for volitional activity a difficult
task. Setting the criteria too strict will cause likely volitional activity to be overlooked, and
setting it too loose may mean that noise or spontaneous activity is counted as volitional
activity.

Method A was developed so that, through visual inspection, an analyst with experience in
myoelectric control can easily classify the potential utility of a particular signal for control
purposes. However, this is both subjective to interpretation and very tedious and time-
intensive. To address this, Method B was developed to establish quantitative criteria with
which the channels of interest could be quickly and automatically identified by a scoring
algorithm. Our goal was that the algorithm would identify the same channels as Method A
but in a faster and more objective manner in order to provide a more valuable clinical tool.
Method A identified channels of interest in 50% of limbs and 67% of participants. Method B
identified all signals found by Method A, and though it found many additional signals,
Figure 3 shows that visual inspection rank and the score given by the algorithm are well
correlated. Thus the activity score given by Method B can be used to quickly identify
channels of interest for future training studies.

Because each participant’s data was collected within a single session, and this was the first
attempt to collect this type of signal in these subjects, several factors would indicate that the
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quality of signals collected is the “worst-case scenario.” Since most subjects had not
attempted activating these muscles in years, initial attempts likely did not produce optimal
activation of any spared descending axons. Depending on the injury, the subjects have
limited to no sensation or proprioception in the muscles they are trying to activate, and they
had minimal visual feedback of their generated signals during the data collection sessions.
Even so, 21% of participants had channels that ranked 5, indicating that even with no
training they are likely to contain sufficient information for a neuroprosthetic command
signal.

We anticipate that repeated recording sessions with augmented feedback may improve the
quality of signals participants are able to produce. Previous studies have shown success in
improving muscle activity after SCI using visual biofeedback training!”=20. Our next steps
will include exploring the effects of long-term biofeedback training on selected below-injury
signals with the goal of further improving the signal quality. We hope to determine which
types of signals respond best to biofeedback training, and how exactly the training affects
the signal properties. Figure 4 shows the number and firing accuracy of detected MUAPs
from the channels identified as having significant activity. From this figure, there appear two
obvious ways to improve the signal quality - increase the amount of activity and improve the
accuracy. With training, we would like to explore if it is possible to increase the activity
level of channels with high accuracy but low overall activity, and, conversely, to increase the
accuracy of muscles with high activity but low accuracy. Additionally, these future studies
will better inform us of the optimal criteria to use during screening, by elucidating which
initially evident signal characteristics are most important to be able to train the signal into a
viable control signal.

As seen in Figure 5, there does not appear to be a clear trend in which muscles are most
active, although ADM, INT, and EHL are the least common. We had predicted that AH
would be active more frequently than any of the other muscles, based on work by Calancie,®
but this was not the case. The relatively small study sample size of this study could make
any population trends difficult to identify.

As our intention is to use these signals as a novel from of neuroprosthetic control, the study
population was limited to cervical level SCI. We would expect lower injuries to show the
same or even higher levels of residual activity, as it has previously been shown that in SCI
cases without sacral sparing (AIS A), substantial motor preservation is more likely in lumbar
injuries than in cervical injuries.? Because this method is intended as a non-invasive
screening tool, the study was limited to surface EMG only. While intramuscular EMG may
have given better detail about the properties of recorded motor units, it would provide worse
spatial coverage and increased invasiveness. Our use of 8-12 electrode pairs for the entire
lower extremity does not give total coverage, such as that of a high-density electrode array,
so it is possible additional activity may have been produced but not recorded. Due to set-up
time and signal processing requirements, a maximum of 12 channels per limb was chosen as
a compromise for a useful screening protocol. Either intramuscular EMG electrodes or a
high density electrode matrix would take far more time to set up, such that the clinical utility
of those methods as a screening tool would be lessened. A single recording session was done
for each participant, but muscle activity in SCI can have daily variation and can be
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influenced by many factors, such as medication timing. This fact underscores the need for
follow-up testing.

Prescreening revealed no visible movement or palpable muscle contraction during volitional
attempts in any of the lower extremity muscles, and thus joint movement was not
specifically measured during the experimental sessions. In our experiment, we examined the
ISNCSCI “key muscles” of the ankle dorsiflexors (TA), ankle plantar flexors (G,S), and long
toe extensors (EHL), which all graded “0” in participants’ most recent ISNCSCI evaluations.
In addition we tested other muscles below the knee that are not strictly included in the
ISNCSCI, including several toe movers (INT, AH, ADM, FDB, EDB) and an ankle everter
(PL). In light of the electrophysiological activity found in these below-injury muscles, we
suggest that for research applications in SCI treatment and rehabilitation it may prove
valuable to augment the ISNCSCI with electrophysiological recordings as a baseline
evaluation.

Additionally, the presence of these signals may be important in future SCI therapy and
treatments. For example, in acute rehabilitation therapies for SCI, current practice largely
ignores muscles below a “complete” injury. By using a more sensitive diagnostic method for
spared activity, rehabilitation treatment can be adjusted, and various treatments (electrical
stimulation, intensive exercise) could be applied to take advantage of this sparing. A recent
study?2 showed unprecedented neurological recovery in chronic SCI subjects who
underwent intensive BMI-based gait training. These results support the claim that these
residual spared tracts are targets for rehabilitative interventions. Identifying and focusing
rehabilitation on these muscles in the acute phase, when a higher degree of recovery is more
likely, could lead to higher quality volitional signals. Another example includes biologics/
regenerative treatments. There is evidence to suggest that it is much easier for biologic
treatments to strengthen the spared connections across the lesion than it is to regrow new
connections across the injury, due to glial scarring, among other factors.23 Thus, identifying
even a very small amount of spared connections could have a large impact in targeting future
treatments, and in the long-term goal of a regenerative cure for SCI.

Until recently, the existence of voluntary muscle activity that did not produce functional
movement, though interesting scientifically, would have lacked clinical significance.
However, with advances in neuroprosthesis and assistive technologies, this phenomenon
may have a large clinical impact. Substituting or augmenting traditional NP control methods
with below-injury signals could expand the utility of this technology, by giving users the
ability to control more functions, or to improve the control of single functions, such as
enhancing hand dexterity. The discovery of additional control sources for restorative
technology could significantly improve the performance of such technology, and could have
a great impact on users’ lives.

CONCLUSIONS

In this work, we have shown that in a majority of cases, below-injury volitional muscle
activity is present in chronic, motor complete SCI. By using surface EMG, our methodology
is relatively fast, simple, and non-invasive, which would allow its use as a screening tool in a
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clinical setting. In addition, our signal processing protocol is useful for identifying and
classifying signals of interest for further investigation and targeted training studies. SCl is a
debilitating injury that severely affects an individuals’ ability to function independently, and
thus places a large burden on family, caretakers, and the healthcare system. The below-injury
signals described in this work could play a role in increasing function and independence
after SCI by integrating them as a control in a neuroprosthetic device or other assistive
technology. The potential for the use of these below-injury signals is a very exciting
prospect.
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Figure 1.
Example EMG trials for visual inspection ranking. Gray boxes indicate movement cue
periods.
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Figure 2.
Counts of active channels on each limb by participant, separated by AIS A and B subjects.

Channels which ranked a 4 or 5 in the visual inspection analysis (Method A) are shown by
the darker bars, and additional channels denoted by the algorithm (Method B) are shown by
the lighter bars.
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Algorithm Score vs. Visual Inspection Rank
40 -

—_ N N w w
(6] o 9} o (o)}
T T T

Algorithm Score

ke
o

n=199 n=132 n=77 n=50 n=32

]

1 2 3 4 5
Visual Inspection Rank

Figure 3.
Boxplots showing comparison between visual inspection rank (Method A), and algorithm

score (Method B) for all channels.
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Proportion of EMG Within Cues
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MUAP Spike Count and curacy
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Figure 4.

Plots depicting overall spike counts and accuracies of the collected EMG data for each active
channel by participant, as depicted on the x-axis. Each circle represents a channel of
collected data, over all trials. Circle area represents total number of detected spikes on a
channel, such that larger circles correspond to channels with a greater number of detected
MUAP spikes. Vertical position of the circles represents overall spike accuracy, or, the
overall percentage of detected spikes that occurred within the movement
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Figureb.
Histogram of muscle occurrence in active channels, along with depiction of general

recording location for each of these muscles. Channels which ranked a 5 or 4 in the visual
inspection analysis (Method A) are shown by the darker bars, and additional channels
denoted by the algorithm (Method B) are shown by the lighter bars.
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