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Abstract
Study design Prospective observational pilot study.
Objectives To compare quantitative electromyographic (EMG), imaging and strength data at two time points in individuals
with cervical spinal cord injury (SCI).
Setting SCI center, Veterans Affairs Health Care System, Palo Alto, California, USA.
Methods Subjects without suspected peripheral nerve injury were recruited within 3 months of injury. Needle EMG
examination was performed in myotomes above, at, and below the SCI level around 11- and 12-months post injury. EMG
data were decomposed using custom software into constituent motor unit trains and each distinct motor unit was analyzed for
firing rate and amplitude. Strength measurements were made with dynamometry and according to the International Standard
of Neurologic Classification of SCI (ISNCSCI). Cervical magnetic resonance images (MRI) were evaluated by two neu-
roradiologists for gray and white matter damage around the SCI. Here, we compare the EMG, strength, and imaging findings
of the one of the four participants who completed both 3- and 12-month EMG evaluations.
Results There was an increase in force generation in all muscles tested at 1 year. Localized findings of very fast firing motor
units helped localize spinal cord damage and revealed gray matter damage in spinal segments where MRI was normal.
Meanwhile, improvement in strength over time corresponded with different electrophysiologic patterns.
Conclusions Electromyographic decomposition at two time points provides valuable information about localization of spinal
cord damage, integrity of motor neuron pools and may provide a unique understanding of neural recovery mechanisms.

Introduction

Electrodiagnostic assessment after spinal cord injury (SCI)
is growing in both its clinical and research applications.
Type and degree of spinal cord and peripheral nerve
damage is predictive of outcome and a detailed under-
standing of this neurological damage is crucial for the
development, refinement, and case-appropriate targeting of
regenerative and rehabilitative interventions [1]. electro-
myographic (EMG) recordings give us a unique ability to
tap into the functional dialog between nerves and muscles,
unlike neuroimaging and histopathology, which merely
give us a structural image of the connection wires.

SCI affects both upper and lower motor neurons. At the
site of injury to the spinal cord, there may be white and/or
gray matter damage [2]. Gray matter damage usually
involves death of anterior horn cells (AHC) with gradual
loss of their axonal projections through Wallerian degen-
eration [3]. These changes are visualized on electro-
myography (EMG) as abnormal spontaneous activity (ASA;
fibrillation potentials and positive sharp waves), decreased
recruitment, and characteristic motor unit (MU) morpholo-
gic changes associated with collateral sprouting (polyphasic
potentials, increased amplitude, increased duration) [4].
White matter damage at the level of SCI will affect spinal
levels and motor neuron pools below that level. Residual
motor function and recovery of motor function of muscles
innervated by the injured spinal segments therefore depend
on the integrity of both the remaining motor neuron pool at
the segmental level and the white matter descending tracts
above that segment.

There are multiple approaches to EMG that provide
varying levels of detail and specificity regarding site and
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degree of injury after SCI. Surface EMG (sEMG) is the
most widely used approach as it is noninvasive and acces-
sible to physicians and therapists alike. Unfortunately,
sEMG is limited in its ability to detect small signals and
cannot effectively localize and differentiate signals, espe-
cially those from deep and/or very small muscles [5, 6].
Needle EMG, on the other hand, can more specifically and
directly target muscles of interest and may pick up weaker
signals missed by sEMG. EMG decomposition is a detailed
quantitative analysis that attempts to identify the potentials
of the individual MUs in the EMG signal and to measure
their morphological and firing-related properties [7–9].

We previously published our EMG decomposition find-
ings in the triceps brachii of four patients with chronic
cervical SCI [10]. In that report, we showed both variable
denervation patterns between individuals and within dif-
ferent muscle heads of the triceps of the same person. The
superfine granularity of detail that can be obtained with
EMG decomposition introduces a new way of phenotyping
SCI-related weakness that may provide new insight into the
underlying distribution of gray and white matter damage.
Such detail may then aid in guiding therapeutic intervention
and predicting recovery. Further, monitoring such quanti-
tative changes over time may inform our understanding of
neural recovery patterns. In the current pilot study, we
compare the EMG decomposition findings found at
3 months and 1 year post injury in an individual with acute
cervical SCI.

Methods

Subjects with cervical SCI were recruited from our SCI
center if they were within 3 months of initial injury without
known or suspected peripheral nerve injury or contra-
indication to needle EMG. Here, we present data from the
one subject who completed both a 3-month and a 1-year
EMG assessment.

Clinical assessment

Results of the International Standard of Neurologic Clas-
sification of SCI (ISNCSCI) from the time of admission and
around the time of both EMG tests were extracted from the
medical record. Lab-based strength assessments were per-
formed on the day of EMG evaluations using a hand-held
dynamometer (Lafayette Manual Muscle Test System,
Model 01163, Lafayette Instrument CO, Lafayette, IN). The
subject’s maximum isometric strength was recorded using
the “make” test, which measures the maximum force each
subject can maintain against resistance supplied by the
examiner, expressed in kilograms [11]. Magnetic resonance
image (MRI) from the time of injury was not available;

however, all subsequent images captured within the first 4
years of injury were reevaluated by two study-related neu-
roradiologists with specific emphasis on discriminating gray
and white matter damage around the level of SCI.

EMG testing

Needle EMG was performed in muscles innervated by
spinal segments above, at, and below the radiographic and
clinical level of cord injury in the bilateral arms at
~3 months and 1 year post injury. The patient sat comfor-
tably in a wheelchair. A disposable concentric needle
(TECA Elite, Natus Medical Incorporated, Pleasanton, CA)
was inserted in four different sites in each muscle and the
patient was asked to perform sustained moderate to strong
isometric contractions. The ground electrode was placed
close to the insertion site. Ten-second-long signals were
amplified (Nicolet Viking, Madison WI) with filter settings
of 5 Hz and 5 kHz, sampled at 10 kHz, and digitally stored
for further analysis. Custom-written software (EMGLAB)
was used to decompose each EMG signal into constituent
MU trains (for a more detailed discussion of this technique
please see reference [8]). Each of the identified distinct MUs
was then analyzed for firing rate and amplitude. The firing
rate was calculated as a reciprocal mean interdischarge
interval over 2 s sustained MU firing. Although the
recordings were 10 s long, the patient often had difficulty
maintaining steady, sustained contraction for the entire
duration. The MU amplitude was measured as a peak-to-
peak amplitude of the averaged MU waveform using the
identified firing times as triggers. Strength testing and EMG
testing were not always performed in the same muscles,
thus direct comparisons of strength and EMG changes were
not always possible.

A qualitative estimation of fibrillation potentials and
positive sharp waves was performed at the 3- and 12-month
assessments by two board certified physiatrists present at
the time of the EMG testing. ASA was graded according
to Daube [12]. As the patient had no clear cause for per-
ipheral nerve injury, the finding of ASA was ascribed to
AHC damage within the gray matter of the spinal cord
from primary cord injury or possibly trans-synaptic
degeneration [13].

Results

Clinical assessment

The subject was a previously healthy 63-year-old man
who sustained his SCI from a fall. Neurologic examina-
tion revealed an ISNCSCI classification of C4 AIS C at
the time of admission to our center. Lab strength testing
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and manual muscle testing (MMT) results as performed
by his SCI physicians and therapists close to the time of
EMG evaluations can be found in Table 1. Detailed
neuroradiologist interpretations of the patient’s cervical
MRIs revealed an injury epicenter at C3–4 with no radi-
ologic evidence of injury at C2, C5, or below (Table 2).
Of note, the latter two MRIs revealed an increase in the
cross-sectional area of the injury compared with the 2-
month MRI (Fig. 1).

EMG findings

All the EMG signals were carefully analyzed using
EMGLAB. The ability to perform accurate signal decom-
position was limited by the quality of the signal which was
often compromised by movement artifact, needle move-
ment, or the patient’s inability to produce stable, sustained
contractions. Two-second segments from each muscle were
carefully selected for firing rate and amplitude calculations.
A representative example of the EMG results is shown in
Fig. 2.

(1) EMG findings around level of injury:

The trapezius frequently receives motor innervation
from branches of C3 and C4 and was thus used as
possible source of EMG data for these myotomes
[14]. The bilateral upper trapezius revealed a normal
pattern of MU activation, recruitment, and

morphology (as seen in Fig. 2, similar findings seen
in the right upper trapezius). EMG of the left medial
trapezius and deltoid revealed very fast firing MUs,
suggesting gray matter damage at the corresponding
left C4–5 spinal levels. Meanwhile, the right levator
scapulae revealed a normal EMG decomposition
pattern but the right deltoid revealed only two very
fast firing MUs (42.0 and 46.6 Hz).

(2) EMG changes vs. strength changes:

Here, we provide detailed commentary only on those
muscles for which we had both 3-month and 1-year EMG
values and direct or indirect strength assessments at the
same time points. Notably, there was an increase in force
generation at 1-year compared with the 3-month time point
in all cases of laboratory strength testing. Concurrent
changes in gross MMT on ISNCSCI were not always seen
(Table 1). Meanwhile, EMG decomposition revealed vari-
able patterns of change between the two EMG time points
as described below and seen in Fig. 3.

Biceps brachii (C5–6)

Bilateral biceps brachii demonstrated increased strength on
MMT and laboratory force testing. ASA (2–3+) was noted
at the time of initial EMG assessment only (Table 3). EMG
decomposition on the left revealed similar firing rates (all
between 6 and 8 Hz) with only two MUs at both time points
and increased amplitudes seen at 1 year. The right revealed

Table 1 Muscle strength.
Level Muscle Side Force sensor

(3 months)
Force sensor
(12 months)

MMT
(3 months)

MMT
(12 months)

C5, 6 Biceps R 5.25 23.89 2 4

C5, 6 Brachioradialis R NT NT 1 3

C6, 7, 8 Triceps R 0.87 3.57 1 1

C7, 8 EDC R 0.38 1.38 NT NT

C5 Biceps L 5.85 18.03 2 3

C6 Brachioradialis L NT NT 3 3

C7 Triceps L 0.75 8.50 1 1

C7 EDC L 0.36 1.96 NT NT

Strength measured by force sensor (kg), R, L, MMT graded 1–5, NT

R right, L left, MMT manual muscle test, NT not tested

Table 2 Spinal cord damage at
C3/4 injury level.

PID MR extent of damage Description

58 0.9 cm (long) × 1.0 cm (transverse) × 0.6 cm (AP) GM+WM, spared ventral WM

373 0.9 cm (long) × 1.4 cm (transverse) × 0.4 cm (AP) Holocord

1219 1.0 cm (long) × 1.3 cm (transverse) × 0.2 cm (AP) Holocord, AP diameter reduced atrophy

PID post injury days, MR magnetic resonance image, GM gray matter, WM white matter, AP anterior
posterior
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one very fast firing MU at both time points (44.7 and
50.9 Hz) but increased MU amplitudes were seen at 1 year.

Brachioradialis (C5–6)

There was no direct strength testing of the brachioradialis;
however, ISNCSCI examination did reveal increased
strength in the right C6 myotome with stable left C6
myotome strength. ASA (2–3+) was noted at the time of
initial EMG assessment only (Table 3). EMG decomposi-
tion on the left revealed few MU’s with similar firing rates
(all between 4 and 8 Hz) at both time points but increased
amplitudes at 1 year. The right revealed a mixed pattern of
firing rates at both time points (6.7–47.1 Hz then
6.0–54.3 Hz) with faster firing MUs demonstrating
increased amplitudes at 1 year.

Triceps brachii (C6, 7, 8)

The bilateral triceps brachii demonstrated increased strength
on laboratory force testing but not on MMT. Significant
ASA (3+) was only seen on the right at 3 months however
there was 1+ ASA seen on the left at 1 year (Table 3). EMG
decomposition on the left revealed MUs with similar firing
rates (7.3–8.9 Hz then 6.1–6.7 Hz) and a narrowed range of
amplitudes at 1 year. The right revealed MUs with similar
firing rates at both time points (all between 5.6 and 9.5 Hz)
and similar amplitudes seen at 1 year.

Extensor digitorum communis (EDC) (C7–8)

There was no direct strength testing of the EDC and ISNCSCI
examination revealed no change of strength in the C7

Fig. 1 MRI images at three
time points. Axial and sagittal
T2 MRI images from the injury
epicenter at (a) 58 days post
injury, (b) 373 days post injury,
and (c) 1219 days post injury.
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myotome. ASA (3+) was only seen on the left at 3 months
(Table 3). EMG decomposition on the left revealed MUs with
similar firing rates (6.3–9.4 Hz then 5.8–14.3 Hz) but lower

amplitudes. The right revealed few MUs at both time points
with similar firing rates (all between 6.8 and 10.1 Hz) but
increased amplitudes at 1 year.

Spinal Cord Series and Cases           (2019) 5:101 Page 5 of 8   101 



Discussion

Three notable observations are made from the findings
detailed above: (1) EMG helps delineate a microscopic level
of injury, an “electrodiagnostic level of injury,” especially
in myotomes where strength testing is not routinely done,
(2) there is electrodiagnostic evidence suggestive of gray
matter damage at spinal levels below the radiographic level
of injury, (3) clinical improvements in strength may corre-
late with different patterns of electrodiagnostic change

(1) Electrodiagnostic level of injury:

At the radiographic level of SCI in this case (C3–4),
strength testing is not routinely done and concurrent
cranial nerve innervation may confound patterns of
motor preservation. Here we saw different patterns of
EMG findings between adjacent motor neuron pools of
the left upper and medial trapezius, suggesting a highly
granular localization of the injury level. These findings
suggest a left-sided “electrodiagnostic level of injury”
localized between the motor pools of the upper and
medial trapezius while the right-sided electrodiagnostic
level of injury lies between the motor neuron pools for
the levator scapula and deltoids. EMG thus offered an
alternative view of the injury level not easily appre-
ciated clinically. Further, our EMG findings suggest that
one might be able to electrodiagnostically define both
the upper and lower bounds of direct cord damage as
well as the extent and type of injury there within.

(2) Gray matter damage below radiographic injury:

As noted, injury to the spinal cord was visualized
radiographically at C3–4 without significant cord
damage perceived radiographically below this level.
Meanwhile, there was EMG evidence of gray matter
damage in the C5–6 myotome, and possibly even
lower. This is consistent with Berman et al. who
showed electrodiagnostic evidence of denervation

2–5 segments below the clinically and radiographically
defined level of cord injury [15]. In the C5–6 myotome,
MU amplitudes were generally higher at the 1-year time
point, which could represent maturation of collateral
sprouting following AHC loss at the time of initial
injury. This finding of increased MU amplitudes was
also seen in our prior work [10]. The nearly ubiquitous
finding of ASA at 3 months that resolved by 1 year is
also consistent with initial denervation at these levels.
Finally, the very fast firing MUs observed in C5–6
innervated muscles also likely reflect motor neuron loss.
We saw MU firing rates above 45 Hz, which is higher
than the maximum sustained firing rates observed in
comparable muscles of able-bodied subjects (biceps
brachii: 21–31 range 15–41Hz) [2, 16]. One of the few
other conditions in which such high firing rates have
been reported is postpolio syndrome [17].

In contrast, muscles innervated by spinal segments
farther from the primary cord damage site were more
likely affected by impaired descending activation
secondary to white matter damage rostrally (i.e., upper
motor neuron injury). Unlike in the C5–6 myotome, no
very fast firing MUs were observed in these muscles. Of
note, we do not attempt to define a lower limit of normal
for MU firing rate in this study and lower firing rates
should be interpreted with caution in this report as the
patient performed submaximal contractions. Nonethe-
less, the work of Zijdewind and Thomas suggests that
steady, sustained, slow firing rates between 4 and 6 Hz,
as we saw in some muscles, are not normally observed
[18, 19]. Finally, the inconsistent findings of ASA in the
C7–8 myotomes may also suggest less gray matter
damage; however, evaluation of spontaneous activity is
a subjective assessment which does not always correlate
with degree of denervation [2]. Indeed, the meaning of
fibrillation potentials and positive sharp waves after SCI
is a debated topic. These findings may indicate muscle
denervation secondary to spinal cord gray matter
damage, other peripheral nerve injury, or compromise
of the neuromuscular junction [20]. Even AHC loss may
be directly or indirectly attributable to the SCI,
according to the theory of trans-synaptic degeneration.

(3) Variable recovery patterns:

Force data were directly comparable with EMG data for the
biceps and triceps. In both muscles, there was an increase in
force generation noted at 1 year, more pronounced in the
biceps than the triceps and only perceivable on MMT in the
biceps. While strength improved, EMG changes over time
were different in each muscle. In the biceps, very few MUs
were able to be elicited bilaterally at the 1-year assessment but
those elicited had high amplitudes and the right biceps still

Fig. 2 EMG decomposition 3 months post injury. Example of the
EMG results from the left side at 3 months. For each muscle tested, the
upper trace shows 1s-long EMG signal. Below it, the identified firing
times of each individual motor unit (in a line) are shown as dots. The
mean firing rate for each motor unit are shown to the right. Here the
upper trapezius represents a normal interference pattern with ten active
motor units discharging with mean rates between 10.3 and 17.0 Hz.
Only 1 and 2 motor units were recorded in the medial trapezius and
deltoid, respectively. In these muscles, the mean firing rates were
calculated as high as 45.8 and 53.4 Hz with maximum instantaneous
rate up to 90 Hz. In the biceps brachii, brachioradialis, triceps brachii,
and extensor digitorum communis muscles, motor units were dis-
charging regularly, but the mean firing rates were all below 10 Hz and
as low as 4.2 Hz. Firing rate (Hz), microvolt (mV), seconds(s).
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had a very fast firing MU. In the triceps, firing rates and
amplitudes were similar over time. These findings demon-
strate how improved strength results from different mechan-
isms depending on the underlying pathology and may be
multifactorial resulting from axonal sprouting, reversal of
disuse atrophy, resolution of pain inhibition, neuroplasticity of
spared pathways, and functional training [21]. Little et al.
noted the variability in electrophysiologic patterns corre-
sponding to upper limb weakness in a series of 22 people with
tetraplegia, but did not repeat these assessments over time or
correlate electrophysiologic changes with strength changes
[2]. Greater numbers of case examples will be needed to
better delineate the time course of these changes and to better
understand the prognostic value of these variable findings.

Limitations

Of note, our interpretation of the EMG decomposition data is
limited by numerous factors. First, intramuscular EMG only

samples a small cross section of each muscle thus we cannot
guarantee that all motor resources were represented. We tried
to minimize this limitation by sampling four sites per muscle.
Second, MU amplitude assessment is affected by the proxi-
mity of needle placement relative to the MU in question. MUs
with increased innervation ratio as a result of sprouting can be
detected by an electrode further from the MU territory.
Therefore, it is possible that our results underestimated some
of the true MU amplitudes. Third, it is impossible to sample
the same MUs at two time points, thus sampling a different
subset of MUs may occur at each assessment. Fourth, we
have intentionally made no efforts to define cutoffs for high
and low MU firing rates for this case but did comment on
likely deviations above and below expected firing fre-
quencies. Lastly, although there was no clinical suspicion or
radiographic evidence for peripheral nerve injury (such as
radiculopathy or plexopathy), it is possible that unknown
secondary peripheral nerve injury was present. We notably
did not include assessment of ulnar or median nerve

Fig. 3 Motor unit firing rates
and amplitudes EMG
decomposition of motor units
of firing rates and amplitudes
for four muscles; biceps,
brachioradialis, extensor
digitorum communis (EDC),
and triceps. Muscles for left (L)
and right (R) upper extremities
for 3 months (T1) and
12 months (T2) post injury time
points. Firing rate (Hz),
amplitude (AMP),
microvolt (mV).

Table 3 Spontaneous activity. Fibrillation scale values

Spinal level Muscle Right (3 months) Right (12 months) Left (3 months) Left (12 months)

C5, 6 Biceps brachii 3+ 0 2+ 0

C5, 6 Brachioradialis 2+ 0 3+ 0

C6, 7, 8 Triceps 3+ 0 0 1+
C7, 8 EDC 0 0 3+ 0

Abnormal spontaneous activity scale (0= absent, 1+= fibrillation potentials and/or positive sharp waves
persistent in at least 2 areas, 2+: moderate number of persistent fibrillation potentials and/or positive sharp
waves in 3 or more areas, 3+: large number of persistent discharges in all areas, 4+: profuse, widespread,
persistent discharges that fill the baseline)
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innervated hand muscles which are frequently affected by
peripheral compression neuropathies [22, 23].

Many of the limitations above are true of most needle
EMG studies as it is neither feasible nor ethical to insert the
electrode in every small segment of a muscle. Despite these
limitations, we are confident that this data offers useful
information about the general state of the spinal segment
corresponding to the muscles tested, information that cannot
be obtained in other ways. Overall it will be important to
repeat this work in a larger sample of people with SCI to
ensure reproducibility of findings and to better interpret EMG
patterns in the context of clinical findings and prognosis.

Conclusion

This case study is the first report of quantitative EMG
assessments done at two time points after acute SCI. While
these findings could be interpreted and debated in different
ways and should ultimately be evaluated in the context of
numerous other case examples, we are encouraged that this
EMG decomposition technique provides valuable information
about the type and degree of spinal cord damage and may
provide insight into neural recovery mechanisms when per-
formed repeatedly over time. Given that current and future
therapeutic neuroregenerative strategies do and will depend
upon the type (white vs. gray) and degree of cord damage,
these findings reenforce the idea that EMG supplements
imaging and clinical exam in understanding spinal cord
damage. Further study will help us find clues within these
patterns which will continue to guide prognostication and
treatment after SCI.
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