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Object. This study was designed to develop an objective and sensitive spinal cord injury (SCI) characterization
protocol based on surface electromyography (EMG) activity.

Methods. Twenty-four patients at both acute and chronic time points post-SCI, as well as 4 noninjured volun-
teers, were assessed using neurophysiological and clinical measures of volitional motor function. The EMG ampli-
tude was recorded from 15 representative muscles bilaterally during standardized maneuvers as a neurophysiological
assessment of voluntary motor function. International Standards for the Neurological Classification of Spinal Cord
Injury (ISNCSCI) examinations were performed as a clinical assessment of lesion severity.

Results. Sixty-six functional neurophysiological assessments were performed in 24 patients with SCI and in 4
neurologically intact individuals. The collected EMG data were organized by quantitative parameters and statisti-
cally analyzed. The correlation between root mean square (RMS) of the EMG signals and ISNCSCI motor score
was confirmed by Kendall correlation analysis. The Kendall correlation value between overall muscles/levels, motor
scores, and the RMS of the EMG data is 0.85, with the 95% CI falling into the range of 0.76-0.95. Significant cor-
relations were also observed for the soleus (0.51 [0.28-0.74]), tibialis anterior (TA) (0.53 [0.33-0.73]), tricep (0.52,
[0.34-0.70]), and extensor carpi radialis (ECR) (0.80 [0.42—1.00]) muscles. Comparisons of RMS EMG values in
groups defined by ISNCSCI motor score further confirmed these results. At the bicep and ECR, patients with motor
scores of 5 had nearly significantly higher RMS EMG values than patients with motor scores of O (p = 0.059 and
0.052, respectively). At the soleus and TA, the RMS of the EMG value was significantly higher (p <0.01) for patients
with American Spinal Injury Association Impairment Scale motor scores of 5 than for those with ISNCSCI motor
scores of 0. Those with C-7 ISNCSCI motor scores of 5 had significantly higher RMS EMG values at the tricep than
those with motor scores of 4 (p = 0.008) and 0 (p = 0.02). Results also show that surface EMG signals recorded from
trunk muscles allowed the examiner to pick up subclinical changes, even though no ISNCSCI scores were given.

Conclusions. Surface EMG signal is suitable for objective neurological SCI characterization protocol design.
The quantifiable features of surface EMG may increase SCI characterization resolution by adding subclinical details
to the clinical picture of lesion severity and distribution.

(http://thejns.org/doi/abs/10.3171/2012.6 AOSPINE12117)
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CNS motor control processing is a complex and
difficult task. Currently, the most widely used
method of tracking the recovery of voluntary capability
after SCI is the ASIA Impairment Scale.!” In this frame-

DETAILED characterization of the impact of SCI on

Abbreviations used in this paper: ASIA = American Spinal Injury
Association; ECR = extensor carpi radialis; EMG = electromyogra-
phy; FNPA = functional neurophysiological assessment; ISNCSCI =
International Standards for the Neurological Classification of Spinal
Cord Injury; RMS = root mean square; SCI = spinal cord injury; TA
= tibialis anterior; ZPP = zone of partial preservation.
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work, a group of selected muscles is quantitatively scored
by a trained examiner for the purpose of determining SCI
severity. The ASIA Impairment Scale, however, suffers
from major limitations. First, for motor function, only the
upper and lower limbs are assessed, with only 5 muscle
groups for each limb included. Second, the trunk is not
evaluated, making assessment of the neurological level
of SCI in the thoracic region dependent solely on the sen-
sory evaluation. Third, the scale is based on a subjective
estimation of muscle strength and sacral sparing, and is
unable to provide the information about the recruitment
rate of the target muscle and the activation of synergis-
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tic muscles with concurrent inhibition of antagonistic
muscles that is necessary to perform functional volitional
movement efficiently.!

Surface EMG signal, usually described in terms of
the visually analyzed temporal patterns,*!*!” has been
used to display quantitatively the patterns of motor unit
activity in a variety of motor tasks.? Its ability to moni-
tor the motor output of multiple muscles makes surface
EMG a promising candidate for further SCI character-
ization, particularly in the thoracic segments that are
currently not addressed by the ASTA Impairment Scale
motor examination. In 1996, Sherwood et al.'* concluded
that the surface EMG activities present distinguishable
and meaningful patterns that could be used for sensitive
SCI characterization. They found that a completely para-
lyzed patient with SCI (ASTA Grade A) was able to evoke
surface EMG activity repetitively when attempting to
move his leg. Similar findings were presented by McKay
et al.,'® who concluded that > 60% of the persons inves-
tigated who were clinically categorized as having motor-
complete lesions (ASIA Grade A or B) had residual trans-
lesional ability to modulate spinal motor excitability.

In 2004, Lee et al.® developed a vector-based analyti-
cal tool, the voluntary response index, which was derived
from surface EMG signals. The voluntary response index
consists of 2 elements, the similarity index and the mag-
nitude of the response vector, which is a direct expres-
sion of the total amount of the recorded surface EMG.
The reliability of using the voluntary response index to
characterize SCI severity was validated in the original
work by testing on 5 neurologically intact individuals and
2 patients with SCI. A larger validation study conducted
by Lim et al’ in 67 patients with incomplete SCI pro-
vided further evidence of the validity and sensitivity of
this technique. Using this EMG methodology, McKay et
al.” showed that the amplitude of recorded surface EMG
and computed similarity index increased during recovery,
with a progressive decrease of onset-to-peak time and co-
activation of multiple muscles. Surface EMG amplitude
recorded from the prime mover muscle and the similar-
ity index value significantly correlated with the ISNCSCI
motor score.

These preliminary studies revealed the possibil-
ity and feasibility of using the surface EMG signal for
objective and effective SCI characterization. In a recent
study by Harkema et al.,’> an individual who had com-
plete motor paralysis below T-1 for > 3 years regained the
ability to voluntarily move his toes, ankles, knees, and
hips during epidural stimulation, identifying connectiv-
ity from supraspinal centers to the lumbosacral spinal
cord. However, the underlying connectivity could not be
detected using the ISNCSCI examination, and remained
unknown due to the lack of an objective, quantitative, and
sensitive neurophysiological measure that can probe re-
sidual supraspinal pathways during the natural course of
recovery and in response to therapeutic interventions. In
the current study, we performed an analytical, prospec-
tive cohort study with specific aims to develop a surface
EMG-based, simple, effective, and objective FNPA pro-
tocol. Our hypotheses were as follows: that 1) surface
EMG can detect significant differences among differ-

78

K. Liet al.

ent ISNCSCI motor score groups; 2) EMG activity ex-
ists below the ZPP in ASTA Impairment Scale complete
patients; 3) the amplitude of EMG correlates with ASTA
Impairment Scale motor scores; 4) a progressive increase
in EMG activity can be detected over time; 5) EMG can
detect neural activity in thoracic segments; and finally 6)
the pattern of EMG activity such as onset-to-peak time
is significantly associated with recovery characteristics.

Methods
Study Design

This study used EMG data collected in patients with
SCI and in neurologically intact volunteers by using the
FNPA protocol. Data were processed and statistically
analyzed to discover and confirm the correlations among
EMG activity and the ASIA Impairment Scale grade,
ISNCSCI motor score, and functional improvement in
patients with SCI. The results suggest that an objective
(quantitative), highly sensitive, and accurate SCI char-
acterization protocol can be designed based on surface
EMG signals.

Patient Population

All assessments were carried out after informed con-
sent was obtained with the approval of the Institutional
Review Board for human research of the University of
Louisville. Twenty-eight volunteers, including 24 patients
with SCI (16 acute and 8 chronic) and 4 neurologically
intact individuals, participated in this research (Table 1).
The ASIA Impairment Scale distribution of the patients
with SCI was as follows: for patients with acute injury,
5 were classified as ASTA Grade A, 1 as Grade B, 2 as
Grade C, and 8 as Grade D. For patients with chronic
injury, 5 were classified as ASIA Grade A, 3 as Grade B,
and 0 as Grades C and D. In total we had 10 patients with
ASIA Grade A, 4 with Grade B, 2 with Grade C, and 8
with Grade D injury. Four of the 28 patients were female,
and all were between 17 and 64 years of age (38.1 + 15.1
years [mean * SDJ]) at the time of injury. Six injuries were
clinically diagnosed as central cord syndromes. A total
of 66 assessments was analyzed, and of these, 32 assess-
ments were done within 3 days of an ISNCSCI examina-
tion. The average time from injury to first assessment was
6 days (range 2-17 days) for patients with acute injury
and 1439 days (range 244-6025 days) for patients with
chronic injury. Persons with clinically recognizable con-
comitant head injury were not enrolled, and all enrolled
participants were alert and able to cooperate with the
study testing. No changes were made in clinical manage-
ment for this study.

Clinical Assessment

As a standard clinical assessment of lesion severity,
an ISNCSCI examination was performed within 48 hours
of FNPA assessment whenever possible. The ISNCSCI
examination provides a subjective motor score for 5 up-
per-limb muscles (C5-T1) and 5 lower-limb muscles (L2—
S1) bilaterally, in addition to subjective sensory scores for
both light touch and pinprick for C-2 through S3—4 der-
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TABLE 1: Demographic and clinical characteristics in 28 patients with SCI*

Characteristic Full Sample (no. of assessments)  Motor Completet ~ Motor Incompletes ~ Neurologically Intact

sex

men 24 (58) 13 7 3

women 4(8) 1 3 1
mean age in yrs 38+15
injury level

cervical 17 8 9 NA

thoracic 7 6 NA
time since injury (yrs)

<1 17

>1 7
total no. of patients 14 10 4

* There were 28 total volunteers who participated in 66 separate assessments. Of the 62 SCI assessments, in 32 there was an
associated ASIA Impairment Scale examination within 3 days. Data are reported as number of volunteers or mean + SD. Abbrevia-
tion: NA = not applicable (motor scores were not observed in our sample).

1 ASIA Grades A and B.
1 ASIA Grades C and D.

matomes. Anal sensation and voluntary anal contraction
are assessed as a measure of motor and sensory function
at the S-5 spinal level. For patients with acute injury, the
ISNCSCI examinations were repeated at irregular inter-
vals determined by patients’ return visits to the SCI clin-
ic. In patients with chronic injury, the ISNCSCI examina-
tions took place within 48 hours of FNPA assessment in
most cases.

Neurophysiological Assessment

Participants were tested using the FNPA, which is a
modified and expanded protocol of volitional and reflex
motor tasks that was developed from the brain motor con-
trol assessment method described above. Pairs of EMG
electrodes were placed midbelly (unless otherwise noted)
on the following muscles bilaterally: sternocleidomastoid,
upper trapezius, scalene, biceps brachii, triceps brachii,
ECR, flexor digitorum profundus, adductor policis brevis,
abductor digiti quinti, external intercostals, rectus abdo-
minus, erector spinae, rectus femoris, vastus lateralis, TA,
and soleus. Electrode placement was altered for the rec-
tus abdominus, with placement just distal to the ribs and
approximately 2 in from midline. External intercostal
recording electrodes were placed at the sixth intercostal
space. Erector spinae electrodes were placed at the T-10
vertebral level, 2 c¢cm lateral from midline. Volunteers
participated in three 3-second movement trials, termed
“events,” for each muscle. Events were marked for analy-
sis manually by a trained technician while the examiner
instructed the participant as to the movement that was to
be performed. Audible tones of 3-second duration cued
the patient; the start of the tone signaled the beginning of
the event and the cessation of the tone signaled the end.
The EMG signals were recorded on a 32-channel Eclipse
Neurological Workstation (AXON Systems, Inc.) with a
sampling rate of 2 kHz per channel and a bandpass of 30
Hz to 2 kHz.

Figure 1 shows the muscles assessed with both the
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FNPA and ISNCSCI examinations, as well as the maneu-
vers used and the spinal level tested by each muscle. The
ISNCSCI motor examination assesses 5 muscles from
both the upper and lower extremities, representing spinal
levels C4-T1 and L.2-S1, respectively. The FNPA exami-
nation assesses muscles representing all spinal levels.

Data Processing and Statistical Analysis

Data were rectified and RMS values were calculated
for each attempt per muscle. The means (which are ex-
pressed = SD throughout) and RMS values per muscle
were calculated from 3 attempts in all events except
relaxation. Relaxation was divided into 30-second in-
tervals. The means and RMS values were determined
from 10 intervals in 5 minutes of relaxation per muscle
per person. Data were down-sampled to 20 Hz for EMG
envelope. The RMS of the EMG data was summarized
with medians and interquartile extrema (25th and 75th
percentiles), and graphically with boxplots and scatter-
plot, by muscle and ISNCSCI motor score at the spinal
cord level corresponding to the given muscle. To compare
RMS EMG among groups defined by the ISNCSCI motor
score, a nonparametric Kruskal-Wallis test for clustered
data was applied.? Correlations between ISNCSCI motor
scores and RMS of the EMG values were estimated and
tested using nonparametric Kendall correlations for clus-
tered data.® All hypothesis tests were conducted at the p =
0.05 significance level.

Results

The EMG signals were observed from the trunk mus-
cles in 19 patients with SCI in whom no ISNCSCI motor
and/or sensory scores were obtained. The EMG activities
were observed and recorded from the muscles below the
ASIA Impairment Scale neurological level (see example
in Fig. 2), which implied that surface EMG signals may
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Fic. 1. Diagram and chart showing muscles and maneuvers. Muscles assessed using both the FNPA and the ISNCSCI ex-
amination are listed as well as the maneuvers used for testing and the spinal root level that each muscle represents. AIS = ASIA

Impairment Scale.

bring higher sensitivity to SCI characterization. Bilateral
surface EMG recordings also showed activity in muscles
that were scored zero in both ISNCSCI motor and sensory
scores in 4 patients. As shown in Fig. 3, upper-extremity
responses were seen in multiple muscles in the segments
immediately below the level of injury (C-4 for this pa-
tient) that were not detected in the clinical assessment.
Table 2 shows the distribution of ISNCSCI motor scores
at different injury levels corresponding to muscles of in-
terest. Unfortunately, motor scores of 1 to 3 were sparsely

populated and not suitable for strict statistical analysis.
Therefore, the group comparisons of RMS EMG activity
by ISNCSCI motor score were confined to motor scores
0 and 5, with the exception of level C-7 (triceps brachii
[tricep]), for which motor score 4 was included as a group
in the analysis.

Table 3 shows the summary statistics of RMS EMG
activity sorted by the ISNCSCI motor score for each
muscle of interest, and Fig. 4 provides a graphic sum-
mary of RMS EMG by muscle and motor score. When

TABLE 2: Distribution of ASIA Impairment Scale motor scores at spinal cord levels corresponding to muscles of

interest*

ASIA Impairment Scale Motor Scores (no. of volunteers)

Associated Muscle Level of Injury 0 1 2 3 4 5
bicep C-5 5 1 0 2 3 34
ECR C-6 6 1 0 2 3 33
tricep C-7 7 4 1 1 1 26
TA L-4 35 0 2 1 7 17
soleus S-1 33 2 1 1 4 20
total 86 8 4 7 28 130

* Bicep = biceps brachii; tricep = triceps brachii.
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Fic. 2. Graph showing bilateral EMG activity (average of 3 trials) in a patient classified as T-4 ASIA Grade A (716 days postin-
jury) during standardized attempts at voluntary movements. The EMG activity shown (gray lines) represents the averaged EMG
response from 3 trials over time for primary muscles responsible for each corresponding voluntary movement from the left (A)
and right (B) sides. Each EMG response was down-sampled to 20 Hz and rectified. The mean = SD of 3 responses over time was
superimposed on the figure (black and red lines, respectively). Corresponding muscle spinal levels (C), ISNCSCI motor scores
(D), light touch (E), and pinprick (F). The shaded gray area indicates the time of command for the specific voluntary movement.
This patient clearly shows repeatable, voluntary muscle activity below the lowest intact motor and sensory level identified on the
ISNCSCI examination. Digit. = digitorum.

TABLE 3: Summary statistics of the RMS of EMG activity at each muscle of interest by ISNCSCI motor score at the spinal cord level
corresponding to the given muscle

ISNCSCI Motor Score*

Muscle Level 0 1 2 3 4 5

bicep C-5 1.7[1.7,1.7] 54 NA 52.1[48.5, 55.7] 22.2[19.7, 36.1] 75.3[32.2,131.9]
ECR C-6 5.8[4.2,6.5] 29.2 NA 36.3[28.6, 44.1] 34.2[24.4,40.8] 145.1[82.1, 296.9]
tricep  C-7 1.7[1.4,5.0] 5.2[2.6, 27.5] 0.7 17.2 13.5[5.8, 16.2] 43.9[13.2, 115.8]
TA L-4 0.9[0.6, 1.6] NA 91[4.8,13.2] 29.2 62.7[31.6,114.5]  109.1[70.4, 193]
soleus  S-1 0.8[0.6, 1.4] 11[1.0,1.2] 26.8 39.6 44.8[26.2,63.4] 52.2[22.7, 89.6]

* Values are presented as median, with interquartile extrema (25th and 75th percentiles) in brackets. Entries with single numbers indicate that ISNCSCI
motor scores were observed only once.
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Fic. 3. Graph showing bilateral EMG activity in a patient classified as C-4 ASIA Grade A (17 days postinjury) during standard-
ized attempts at voluntary movements. The EMG activity shown (gray lines) represents averaged EMG response from 3 trials
over time for primary muscles responsible for each corresponding voluntary movement from the left (A) and right (B) sides. The
mean + SD of 3 responses over time was superimposed on the figure (black and red lines, respectively). Corresponding muscle
spinal levels (C), ISNCSCI motor scores (D), light touch (E), and pinprick (F). The shaded gray area indicates the time of com-

mand for specific voluntary movement.
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Fic. 4. Boxplots of RMS EMG activity for muscles of interest by ASIA Impairment Scale motor score at the spinal cord level
corresponding to the muscle of interest. Motor score 5+ indicates noninjured individuals. The lines bisecting the boxes are the
medians; the edges of the boxes are the interquartile range (25th and 75th percentiles); the edges of the whiskers represent the
outlier-excluded range (minimum and maximum, excluding outliers); the circles represent outliers, which are points that lie beyond

1.5 * the interquartile range from the edge of the box.
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TABLE 4: Results of correlation test and ISNCSCI motor score
group EMG comparison

Muscle Level Correlation (95% CI)* p Valuet
bicep C-5 0.25 (-0.11 t0 0.60) 0.059
ECR C-6 0.80 (0.42-1.00) 0.052
tricep C-7 0.52 (0.34-0.70) 0.02
TA L-4 0.53 (0.33-0.73) <0.01
soleus S-1 0.51(0.28-0.74) <0.01
overall 0.85 (0.76-0.95) <0.01

* According to the nonparametric Kendall correlation test.
1 According to the nonparametric Kruskal-Wallis test (ISNCSCI Score
0vs 5).

including all muscles/levels, the motor scores and RMS
EMG strongly correlated (Kendall correlation 0.85, 95%
CI0.76-0.95) (Table 4). Significant correlations were also
observed for the soleus (0.51, CI 0.28-0.74), TA (0.53, CI
0.33-0.73), and tricep (0.52, CI 0.34-0.70). At the biceps

brachii (bicep) and ECR, patients with a motor score of
5 had nearly significantly higher RMS EMG signals than
patients with a motor score of 0 (p = 0.059 and 0.052,
respectively). At the soleus and TA, the RMS EMG activ-
ity was significantly higher (p < 0.01) for patients with an
ASIA Impairment Scale motor score of 5 than it was for
those patients with an ISNCSCI motor score of 0. There
was a sufficient number of ASIA Impairment Scale mo-
tor scores of 4 at the tricep (C-7) to include in the com-
parisons. Those with a C-7 ISNCSCI motor score of 5 had
significantly higher RMS EMG signals at the tricep than
those with a motor score of 4 (p = 0.008) and O (p =0.02).

Our assessment of motor function performed using
EMG readings recorded during voluntary movement was
also sensitive to changes in motor function over time. As
illustrated in Fig. 5, there is a quantitative change in EMG
amplitude RMS values over time that indicates RMS
EMG's ability to detect a change in motor function over
time by using the FNPA protocol. Figure 6 illustrates the
mean EMG distribution versus ASIA Impairment Scale
motor score. It suggests the procedural increase of EMG
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Fic. 5. Graph showing recovery of EMG activity of the elbow flexor muscles after SCI. The EMG amplitude (in uV) for the
averaged response from three 3-second trials recorded from the left (L) and right (R) biceps brachii (BB) muscles at 7 days (A),
49 days (B), 175 days (C), and 279 days (D) post-SCI. Change in RMS values for right and left biceps brachii from the same
time points is shown in panel E. Also shown are the dates of the ISNCSCI examinations for this patient (5, 37, 175, and 267 days
postinjury) as well as the ASIA Impairment Scale (AIS) classification for that examination.
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Fic. 6. Graphs showing a comparision of ISNCSCI motor scores and EMG amplitudes. The EMG amplitude (RMS) for the av-
eraged response from three 3-second trials of standardized voluntary movements was recorded from (A) biceps brachii (biceps),
(B) triceps brachii (triceps), (C) TA, and (D) soleus muscles in patients who were assessed using both FNPA and ISNCSCI motor

evaluations within a 72-hour period.

amplitude with ASIA Impairment Scale motor score. Fig-
ure 7 shows the different levels of EMG amplitude and
burst patterns in different muscles. It implies that the re-
cruitment of the motor neuron can be identified in the
EMG burst pattern. This change is detected before any
positive motor score for the right biceps brachii muscle
develops (at 7, 49, 179, and 275 days), and the pattern of
EMG activity indicates another level of neural recovery.

Discussion

Basic scientists working with animal models of SCI
have been testing a wide array of potential methods to pro-
tect spinal cord cells from further damage following injury,
to replace subsequently lost cells, and to repair damaged
neural circuitry.!® However, translating these strategies
to treat humans with SCI presents significant challenges.
One of these challenges is the current lack of an objective,
quantitative outcome measure with sufficient sensitivity to
motor changes. We demonstrate an approach that improves
the precision of the SCI characterization protocol based on
well-defined quantitative EMG parameters. In this pilot
study of 24 patients with SCI at cervical and thoracic lev-
els, in which the FNPA protocol was used, the main find-
ings are summarized as follows. 1) Correlation of EMG
amplitudes with motor scores. This finding is consistent
with the research of McKay et al.!> We collected more data
and performed statistical analysis to support this conclu-
sion. 2) Trunk muscle activities were recorded and used
for SCI characterization for the first time. 3) Correlation of
increasing amplitude with recovery. 4) Detection of EMG
activity in patients with no motor scores below injury.

The FNPA is an optimized neurophysiological as-
sessment protocol that has significant advantages over
other protocols based on motor evoked potentials, for
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which the characteristics, such as latency, have been re-
ported by Curt et al.! as remaining unchanged during the
recovery process of patients with SCI. Compared with
motor evoked potential-based methodologies, FNPA has
the ability to monitor coactivation of multiple muscles
and to record EMG activity from trunk muscles, which
makes it more suitable for tracking the functional recov-
ery that is related to compensation and neural plasticity.
The results show that muscle activity was detected in
individuals who were diagnosed as clinically complete
several segments below their level of lesion, which sug-
gested that surface EMG can pick up subclinical changes
beyond the resolution of ASTA Impairment Scale grades
or ISNCSCI motor or sensory scores. One patient with
acute SCI who had EMG activities below the ZPP and
was categorized as ASIA Grade A converted to a higher
score on the ASIA Impairment Scale in our experiment.
Spiess et al.'® reported the conversion rate of ASIA Grade
A to higher scores as 28% (54 of 191). We observed a
rate of 20% (1 of 5). However, when the conversion rate
was conditioned by having EMG activity below ZPP, it
increased to 50% (1 of 2) in our study. Although these
rates may not be statistically significant due to the small
sample size, this finding is absolutely worth further in-
vestigation.

Notable EMG activities also presented in the thoracic
segment and were recorded from trunk muscles for which
no ISNCSCI motor score can be assigned. This advantage
may help us to achieve further SCI characterization and
to fill a much-evident gap in the field. Statistical analyses
confirmed that the progressive increase of surface EMG
amplitude with recovery is significantly correlated to
the ISNCSCI score. This result is consistent with previ-
ous studies'? and opens a new window to the design of
an EMG-based SCI characterization protocol. The sig-
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Fic. 7. Graphs showing variability in EMG activity of elbow flexors. ~ A: Variability in EMG RMS values for patients whose bi-
ceps brachii, triceps brachii (TB), ECR, TA, and/or soleus (SOL) muscles were given an ISNCSCI motor score of 5/5, and whose
level of injury was proximal to the muscle in question. The y axis gives the EMG amplitude (RMS), and the x axis gives individual
participants’ ID numbers. B-D: Examples of EMG burst patterns for low EMG amplitude (B), intermediate EMG amplitude (C),

and high EMG amplitude (D).

nificant differences in EMG activities among different
ISNCSCI motor score groups were also addressed by sta-
tistical analyses, which indicated that the neurophysiolog-
ical differences represented by EMG were distinguish-
able and well defined. Moreover, the variations of EMG
characteristics, such as amplitude and onset-to-peak time,
on the full ASIA Impairment Scale’s range and on each
ISNCSCI motor score group are continuous and quan-
tifiable. These features make it feasible and possible to
develop an EMG-based objective SCI characterization
protocol with higher sensitivity and resolution. Another
advantage of surface EMG is that it is able to detect the
influence of supraspinal pathways that are not identifiable
when using the ISNCSCI examination.” Results presented
in this article suggest the possibility and feasibility of us-
ing the surface EMG signal for highly sensitive SCI char-
acterization and statistically valid assessment of changes
in neural recovery prior to discernable behavioral im-
provements. This may be most relevant when evaluating
a single regenerative or repair intervention that may have
an impact but must be combined with other combinatorial
strategies to show a behavioral change ultimately.
Limitations of our study include small sample sizes.
In particular, we did not have adequate data to compare
recovery in patients with EMG below the ZPP versus
recovery in those without EMG activity below the ZPP.
That remains the focus of additional studies. Other than
amplitude and onset-to-peak time, other EMG patterns
such as the shape of the amplitude envelope and EMG
energy distribution may also be significantly related to
SCI recovery characteristics as well. However, the pa-
rameters that can be used to describe the EMG patterns
effectively have not been well defined yet and were not
used in our study, but they are the subjects of future stud-
ies. The distribution of EMG amplitude in each ISNCSCI
motor score group is also worthy of further investigation.
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The results may give more statistical confidence to the ac-
curacy of SCI characterization. Future studies are needed
in a larger population of individuals with SCI for further
demonstration of the statistical validity and reliability of
these approaches.

Conclusions

Standardized numerical assessment of attempts at
voluntary movement evaluated using surface EMG sig-
nals can provide important information regarding the
current neurophysiological status of the patient after in-
jury, and can detect changes during the recovery process.
Therefore, surface EMG is a suitable and promising can-
didate for a highly sensitive framework design for SCI
characterization. One important potential application of
the FNPA protocol described here is to track recovery
in clinical trials by monitoring subclinical improvements
that are currently not detectable by the ASIA Impairment
Scale system, particularly in thoracic segments where the
ISNCSCI motor score is not applicable.
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