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Abstract: Background: Traumatic spinal cord injury (SCI) is a devastating condition commonly origi-
nating from motor vehicle accidents or falls. Trauma care after SCI is challenging; after decompression
surgery and spine stabilization, the first step is to assess the location and severity of the traumatic
lesion. For this, clinical outcome measures are used to quantify the residual sensation and volitional
control of muscles below the level of injury. These clinical assessments are important for decision-
making, including the prediction of the recovery potential of individuals after the SCI. In clinical
care, this quantification is usually performed using sensation and motor scores, a semi-quantitative
measurement, alongside the binary classification of the sacral sparing (yes/no). Objective: In this
perspective article, I review the use of surface EMG (sEMG) as a quantitative outcome measurement
in subacute and chronic trauma care after SCI. Methods: Here, I revisit the main findings of two
comprehensive scoping reviews recently published by our team on this topic. I offer a perspective
on the combined findings of these scoping reviews, which integrate the changes in SEMG with SCI
and the use of sSEMG in neurorehabilitation after SCI. Results: sSEMG provides a complimentary
assessment to quantify the residual control of muscles with great sensitivity and detail compared to
the traditional clinical assessments. Our scoping reviews unveiled the ability of the SEMG assessment
to detect discomplete lesions (muscles with absent motor scores but present sSEMG). Moreover, SEMG
is able to measure the spontaneous activity of motor units at rest, and during passive maneuvers,
the evoked responses with sensory or motor stimulation, and the integrity of the spinal cord and
descending tracts with motor evoked potentials. This greatly complements the diagnostics of the
SCI in the subacute phase of trauma care and deepens our understanding of neurorehabilitation
strategies during the chronic phase of the traumatic injury. Conclusions: SEMG offers important
insights into the neurophysiological factors underlying sensorimotor impairment and recovery after
SCIs. Although several qualitative or semi-quantitative outcome measures determine the level of
injury and the natural recovery after SCIs, using quantitative measures such as sSEMG is promising.
Nonetheless, there are still several barriers limiting the use of SEMG in the clinical environment and a
need to advance high-density sEMG technology.
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1. Introduction

Traumatic spinal cord injury (SCI) may affect the spinal cord’s white and grey matters,
leading to neuromuscular changes—which are reflected in the surface electromyography
(SEMG) [1]. Trauma care after SCI relies on the understanding of the residual sensory and
motor functions, which are used to classify the severity of the lesion using the impairment
scale calculations of the American Spinal Injury Association (ASIA) via the International
Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI)—hereafter
referred as ASIA impairment scale (AIS) [2-4]. In subacute trauma care settings, the
quantification of the severity of the lesion is important for understanding the recovery
prognostics and, respectively, prescribing the most appropriate rehabilitation therapy to
the patient’s needs [5,6]. The rehabilitation of individuals living with SCI can be divided
into three phases: acute, subacute, and chronic. Although not consistently demarcated
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in the literature, the acute and subacute phases combined generally correspond with
the natural recovery period (12-18 months post-SCI), and the chronic phase is when the
neurorecovery has plateaued [5,6]. Here, I will focus on how sEMG can be used as an
assessment and prognostic tool in the subacute and chronic phases of SCI. For example,
it is known that individuals classified as AIS A/B follow a worst recovery prognostic
compared to individuals classified as AIS C/D early after the injury [7]. Nonetheless,
a more detailed neurophysiological examination of the recovery potential of individual
muscles may enhance the effectiveness of novel and promising therapies, which can be
delivered to muscles with a potential for recovery [8].

SsEMG is the most common electrophysiological assessment used in clinical trials after
spinal injuries [9] and may complement the clinical testing by detecting the residual motor
function in detail—including muscles with seemingly absent motor activities in the ISNC-
SCI assessment [1]. While the ISNCSCI quantifies the residual motor command by using
manual muscle testing (MMT) of relevant myotomes (scored using a semi-quantitative
6-point Likert scale), sSEMG is a quantitative measurement not susceptible to ceiling or
floor effects—which shows a good correlation with the MMT [10]. Thereby, sEMG is a
promising tool for detecting the lesion severity and recovery prognostic early after the
lesion, provided its great sensitivity. Additionally, sSEMG may be used for understanding
the effects of neurorehabilitation strategies at the chronic stages after the SCI, which many
times are very subtle and demand more sensitive measurements.

Despite the quantitative and sensitive outcome measurements obtained from sEMG
assessments, sSEMG is still not broadly used and accepted in clinical practice. Indeed,
provided the above-mentioned properties of the sSEMG measurement, careful protocols
for acquisition and analysis are needed. This demands qualified professionals such as
kinesiologists and biomechanics experts, resources that are often unavailable in clinical
settings [11]. This perspective article discusses the findings of two recent scoping reviews
on the use of sSEMG in SCI [10,12]. I revisit the combined findings of these scoping reviews,
supporting the use of SEMG in trauma care after SCI. Finally, I discuss the opportunities
for the use of sSEMG in subacute and chronic trauma care after SCI and offer perspectives
on how to advance this field.

2. Subacute Care: Monitoring and Classifying the Lesion Severity and Tracking of the
Natural Recovery Process

In the acute phase of SCI, which usually refers to the first few days in intensive care
after an injury, surgical decompression (within the initial 24 h) is associated with improved
sensorimotor recovery; with the first 24-36 h post-SCI representing a crucial time window
for obtaining optimal neurological recovery with surgery [13]. In the acute phase, several
neurochemical biomarkers from the serum and cerebrospinal fluid are related to injury
severity. These biomarkers show promise for stratifying injury severity and potentially
predicting outcome [14-16]. Nonetheless, during the acute phase, sSEMG is less useful for
classifying injury severity and predicting long-term outcomes because of the period of
spinal shock, which I will describe later in this article.

In the subacute phase of SCI, a pressing question early after the SCl is: “Am I going
to fully recover from this injury?”. Scientists and clinicians have been studying what
subacute factors can be determinants of the recovery prognostic. Early after the traumatic
injury, commonly, there is a period of spinal shock—in which many sensorimotor functions
are lost. Soon after, some of these functions will re-emerge, and the amount of residual
sensory and motor function is a long-known determinant of the recovery prognostic [17,18].
As previously mentioned, this is commonly quantified by the MMT and sensory tests
used in the ISNCSCI in association with the AIS. With this information in their hands,
the clinicians are able to answer the above-mentioned question with great confidence.
For these professionals, this understanding is also very important because it may help in
determining the best rehabilitation/treatment strategy for the patient. Nonetheless, more
and more evidence point to the limitations of this classification [19], for example, very
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different recovery profiles were evident in a group of individuals classified as sensorimotor
complete SCI (AIS A) [20]. In this study [20], 22.3% of individuals classified with the most
severe lesion using the AIS classification followed a good recovery trajectory (of the total
motor score), whereas 54.2% had a moderate recovery trajectory and 24.5% had a marginal
recovery trajectory [20]. This highlights the weaknesses of the AIS classification when
predicting sensorimotor recovery after SCI. This may affect the patients’ expectations about
the recovery from the injury, with important psychological consequences, as well as the
planning of the therapy by clinicians in subacute trauma care.

This is indicative that some nuances about the lesion severity and potential for recovery
are not captured by the traditional clinical assessments. In 1992, Arthur Sherwood coined
the term motor discomplete lesions when conducting sEMG assessments in a group of 88
clinically complete lesions, of which 74 (84%) were discomplete as defined by responses to
the sSEMG assessment [21]. This may indicate that the recovery prognostic may be better
understood in terms of residual command to muscles if supplemented with information
extracted from sEMG assessments. In our previous scoping review [1], we identified that
18/178 studies using sEMG assessments in SCI were conducted during the subacute phase
of the lesion (<1-year post-injury). We identified that the SEMG assessment is capable
of detecting the weakness of muscles [22,23] and the gradual recovery in neuromuscular
activation [24]. Based on the reviewed literature, we were also able to identify gaps in
the literature: although the solid relationship between the MMT (used in the ISNCSCI)
and the sEMG assessment [10], the predictive value of the latter is still underexplored.
Provided the great sensitivity of the sSEMG assessment, it is reasonable to think that features
obtained from the SEMG assessments early after the SCI would have a similar or enhanced
predictive value compared to the clinical ISNCSCI assessment. This would contribute
to a more assertive classification of the sensorimotor impairment after the injury, likely
contributing to improvements in the classification of difficult cases [19] and sensorimotor
complete SCI [20]. Indeed, our recent work indicated that neurophysiological biomarkers
(i.e., the motor evoked potential) obtained in the subacute phase after SCI enabled enhanced
prediction of muscle strength recovery [8]. This more assertive prediction of the recovery
potential may allow the delivery of novel therapies, for example, anti-NOGO therapy [25] or
paired associative stimulation [26], during the optimal time window for recovery after SCL.

After these acute and subacute phases, where the classification of the location and
severity of the lesion is of importance, SEMG assessments can offer a more detailed de-
scription of the subsequent natural recovery. In Figure 1, I illustrate the quantification
of the motor impairment and the natural recovery post-SCI using both the traditional
clinical assessments of the AIS (e.g., motor score) and with the complement of SEMG
assessments (alone or in combination with evoked potentials). In the period of spinal
shock, strength, sensation, reflex activity, and sSEMG amplitude may be absent for 14 weeks
post-SCI; with the resolution of the spinal shock, tendon tap responses may reappear, and
the sSEMG amplitude may gradually increase (plateaus ~ 22 weeks post-SCI) [27,28]. In
these subacute phases, both the residual sSEMG during volitional efforts or with brain or
spinal cord stimulation are important factors for predicting the recovery potential of the
individuals [8,29,30]. During the natural recovery process, the re-emergence of the reflex
activity and signs of hyperreflexia and spasticity are also thought to be determinants of the
recovery prognostic after SCI [29-31].

At the muscle level, muscles begin to atrophy within the first months after the
SCl—evidenced by reductions in fiber diameter and cross-sectional area [32,33]. Evidence
from animal models also indicates a shift in the proportion of muscle fiber types from
fatigue-resistance (types I and Ila) to most-fatigable [types IIb and IIb(x)] (reviewed in [33]).
This transition to a slower-to-faster fiber type begins after 4 to 7 months post-SCI and
is continued chronically (reviewed in [31,33]). For example, in a cohort of individuals
10 months to 10 years post-SCI, ~290% of the paralyzed muscles were dominated by type II
muscle fibers [34]. Both the muscle atrophy and the increased fatigability may be detected
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by sEMG assessments, with the use of SEMG amplitude and sEMG frequency (i.e., shifts in
the median frequency), respectively.
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Figure 1. The use of surface electromyography (SEMG) in subacute and chronic trauma care
after spinal cord injuries. (Left panel, from top to bottom) The spinal cord injury (red) may

lead to damage to the grey and white matter of the cord, affecting the a-motoneurons (inactive
neurons, grey). In order to produce a muscle contraction, residual neurons (active neurons below
the level of injury, green) must be activated; nonetheless, the activation is often unable to produce
a tetanic contraction and, respectively, produce force—in other words, a quantifiable motor
score by the ISNCSCI. The use of electrodes on the skin overlying a muscle enables the detection
of the residual activity of active motor neurons in detail (green neurons). (Right panels, from
top to bottom) Acute, subacute, and chronic trauma care after spinal cord injuries under the
perspective of the use of sSEMG. In the acute phase, trauma management involves decompression
surgery and stabilization of the injured segment. In the subacute period after SCI, after the
period of spinal shock—where most of the sensorimotor and reflex activity is absent, there is a
re-establishment of sensorimotor function and reflex activity. The more severe the lesion, the
weaker the muscles. There is also the emergence of aberrant reflex activity (hyperreflexia). In the
first months after the lesion, there is an upregulation of grown promoting factors, contributing
to the critical period for neurorehabilitation. During this period, which usually encompasses the
initial 6-months after the injury, most of the sensorimotor recovery occurs, evident in increases
in motor scores and sEMG amplitude. sSEMG assessments may add important information about
the residual motor unit activation in muscles weakened by the lesion, especially in muscles with
low motor scores (0-2). sEMG is also able to detect subtle changes with novel neurorehabilitation
strategies. sSEMG can quantify spontaneously, evoked, or reflex activity in muscles weakened by
the lesion, contributing to a better understanding of the residual corticospinal projections and
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the changes at the intrinsic spinal cord circuitry level; this includes the gradual increase in motor
evoked potentials and the emergence of aberrant reflex activity, respectively—the latter thought to
be mediated mostly by imbalances in persistent inward currents (PICs). During neurorehabilitation,
sEMG may detect subtle changes such as the facilitation of motor evoked responses or the reduction of
aberrant reflex activity (e.g., muscle spasms and spasticity). (Bottom panel) sEMG may be employed
both in subacute and chronic trauma care to identify biomarkers for sensorimotor recovery of
muscles—optimizing diagnostics and prognostics after the lesion, including the prediction of the
efficacy of novel treatments. SEMG = Surface Electromyography; ISNCSCI = International Standards
for Neurological Classification of Spinal Cord Injury; PIC = Persistent Inward Currents.

At the intersection between the muscle and the motoneuron lies the innervation zone
of the muscles. Each motor unit consists of the a-motoneuron and the muscle fibers
innervated by this motoneuron. After an SCI, there is a redistribution of muscle innervation
zones, which is possible to detect using SEMG assessments. For example, in individuals
living with SCI, there is evidence of a wider range of innervation zones—if compared
with a control non-disabled group [35]. These changes reflect the complex neuromuscular
reorganization after the SCI, and sEMG may help in detecting these changes caused by the
lesion and also the effects of novel treatments—which, for example, may act by promoting
plasticity in the form of broadening of the reminiscent motor units” innervation zones.

At the motoneuron level, immediately after injury, the spinal cord enters a state
of “spinal shock” characterized by severe muscle paralysis, flaccid muscle tone, and an
initial loss of reflexes and sensation caudal to the lesion. In Figure 1, I also describe
the underlying changes at the motoneuron level. The spinal shock period is initially
characterized by the lack of volitional and reflex sEMG activity; with 1-3 days post-SCI, the
H-reflexes begin to return, and later (4 days to 1 month), there is a gradual increase in all
reflexes—which can be captured by sEMG (reviewed in [31]). One of the leading theories
is that the main contributor to spinal shock at the motoneuron level is the disappearance of
dendritic-voltage-activated sodium and calcium persistent inward currents (PICs) acutely
after SCI. PICs amplify the synaptic response in motoneurons, leveraging the membrane
potential to levels close to the threshold for firing; this allows fast and precise recruitment
of motoneurons by volitional drive or sensory input. With the resolution of spinal shock,
there is a recovery in the excitability of motoneurons, evidenced by increases in residual
muscle strength (motor score) and sEMG amplitude, H-reflexes, F-wave persistence, and
the return of reflex responses [27,28,31,36,37]. There is also a gradual recovery of the motor
evoked potential [38] (this aggregated neurophysiological recovery is represented by green
arrows in Figure 1). Motoneuron PICs re-emerge in the weeks after the SCI and contribute
to motor recovery and also the development of spasticity and involuntary muscle and
unit spasms [31]. The latter is a remarkable characteristic of the muscles weakened by
the lesion: the spontaneous motor unit discharge discussed in our scoping review [1].
In brief, the deprivation of supraspinal efferences may lead to an imbalance of synaptic
transmission in the intrinsic spinal cord circuits, leading to an increase in spontaneous
lower motor neuron activity. For example, in SCI, passive knee movements can occasionally
induce phasic SEMG activity and spasms [39], a phenomenon linked to the abnormal reflex
responses [40-47] seen at the more chronic stages of the SCI—discussed in more detail in
relation to PICs in the next Section 3. Chronic care: tracking persistent impairments and
the effects of neurorehabilitation.

These responses may be detected using SEMG and serve as a biomarker, indicating
the recovery prognostic of muscles weakened by the lesion. Nonetheless, more studies
are necessary to understand the predictive value of these sEMG biomarkers for recovery
after SCI. The above-mentioned electrophysiological biomarkers indicate the complex
changes after the SCI, the subsequent plasticity in the intrinsic spinal cord circuitry, or
at the innervation zones of muscles. Thereby, sSEMG can add important information
in subacute trauma care after SCI, with importance for diagnostics and prognostics of
sensorimotor recovery.
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Future studies should use sEMG to better understand the nuances of the residual
upper motor neuron projections, the respective imbalance between motor efferents (absent
or diminished) and sensory-afferents (which are fully preserved), the intrinsic changes in
spinal cord excitability, and the changes at the innervation zones. In the next section, I
will discuss the use of sSEMG as a prognostic and assessment tool in chronic trauma care,
focusing on the ability of sSEMG to predict the response and detect the effects of novel and
promising neurorehabilitation strategies in SCL.

3. Chronic Care: Tracking Persistent Impairments and the Effects
of Neurorehabilitation

Persistent impairments are common after SCI, and there is a continuous effort from
clinicians and scientists to improve chronic care for individuals living with SCI. Currently,
there are no effective therapies available for the treatment of SCL. As reviewed in the last
section, the sensorimotor recovery process depends on how serious the injury was and on
the amount of cell loss, which are critical for sending signals from the brain to the rest of
the body. In the more chronic stages of trauma care after SCI, rehabilitation therapy is used
to increase muscle strength and bodily functions, and there is a constant effort to discover
novel ways to maximize its effects by dosing or combining novel treatments. In this regard,
sEMG can be used to quantify the effects of these novel neurorehabilitation strategies in
detail—bridging the neuromuscular effects of the treatment to the possible functional gains
with the therapy. Because there is no cure for SCI, many treatments may only induce
subtle changes in sensorimotor control, which often may not lead to a significant functional
improvement. Nonetheless, the understanding of the efficacy of novel treatments, no matter
how small the change, may help to decide what treatments will be further explored. In this
line of thought, SEMG may help to expand the knowledge and optimize the delivery of
novel treatments to individuals living with an SCI. The need for more rehabilitation time to
improve functional outcomes is a consensus between physiotherapists. In subacute trauma
care, inpatient rehabilitation is the most important driver of direct health care costs after
neurological injuries, and the resulting pressures on the healthcare system are leading to
progressively shorter hospital stays. In chronic trauma care, rehabilitation programs need
to be optimized and tailored to each individual in an evidence-based manner to ensure that
the best possible use is made of the limited therapy time. Thereby, in both subacute and
chronic scenarios, SEMG assessments may be used to enhance the prediction of treatment
efficacy and quantify subtle neuromuscular changes with therapy.

We have identified that the field of neurorehabilitation after SCI would benefit from the
addition of sSEMG to the routine clinical assessments of impairment and recovery [12]—which,
as previously mentioned, are usually conducted using the AIS. This stems from the fact that
the MMT assessments used in the AIS classification lack the sensitivity to detect fine changes
with novel neuromodulation treatments. Specifically, we identified that motor score changes
from 0 (no strength) to 1 or 2 would benefit from the more detailed and quantitative sSEMG
assessment to detect sensorimotor recovery with novel treatments. Currently, changes in the
scoring system are being proposed in the ISNCSCI and the Graded Redefined Assessment
Of Strength, Sensibility, and Prehension (GRASSP) to account for these fine differences.

Thereby, the greater sensitivity of the sEMG assessment may be particularly important
when there is an absence or a very weak volitional drive to muscles. This stems from
the possibility of detecting SEMG activity in the absence of volitional drive (spontaneous
activity), for example, in muscles with a motor score of 0, and detecting very fine changes
in the motor unit recruitment in muscles with motor score change from 0 to 1 or 2. Such
changes are often difficult to quantify by employing the MMT assessment. A recent study
demonstrated how high-density sEMG could detect myoelectric activity and motor unit
properties even in the absence of visible motion (motor score of 0) [48]. The study by
Ting et al. (2021) [48] sets a benchmark for the use of high-density EMG to extract motor
unit activity in SCI, which will allow clinicians to monitor neurorehabilitation over time
and tailor them as necessary. In this study, the authors have demonstrated that measures
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Unit spasm

of motor unit function, such as discharge rate, interspike interval, and amplitude, can be
obtained from high-density sEMG [48]. Importantly, motor unit activity can be extracted
from muscles with low levels of SEMG-or even absent sSEMG at volitional effort, which
allows the understanding of motor recovery at the motor unit level (increase in active motor
units) and motor unit dysfunction in pathologies such as spasticity [48]. Many studies have
also taken advantage of sSEMG assessments to understand the effects of neuromodulation
or pharmacological treatments in reducing spontaneous motor unit activity (reviewed
in [12]). These studies may employ the sEMG assessment of stretch reflexes during passive
maneuvers—which are related to spasms and spasticity. Finally, sSEMG has been used
with careful protocols to detect the strengthening of corticospinal synaptic transmission
and corticospinal-motor neuronal plasticity [49,50]. These examples illustrate the great
sensitivity of the sSEMG assessment in detecting the residual motor command and the
valuable opportunity for testing the efficacy of novel treatments at the motor unit level.

At the chronic stages of SCI, sEMG can provide objective measurements of sponta-
neously occurring muscle activity, such as muscle spasms [51-54]. As mentioned earlier,
motor units may show firing at rest or contraction-induced firing soon after volitional mus-
cle activation—also called unit spasms [55,56]. These features are only captured by detailed
neurophysiological assessments, highlighting their importance, especially in unresponsive
muscles (absent or very weak contraction). The unit spasm is a subtle phenomenon not
manifested in a visible or clinically measurable muscle spasm (Figure 2) [52,57]. Nonethe-
less, it is possible to detect the unit spasm by employing the sSEMG assessment. This
phenomenon is under investigation, and, as previously mentioned, the involvement of
PICs is considered one of the leading theories in the field to explain its occurrence. The
imbalance between cortical efferents (reduction of absence) and afferents arising from the
periphery (maintenance or upregulation) caused by the SCI may lead to a long-term dysreg-
ulation of PICs—which may be detected by the SEMG assessments [31]. Recent evidence
indicates that, potentially, non-pharmacological interventions (e.g., electrical stimulation)
can attenuate unwanted PIC-induced muscle contractions [58]—which would explain the
positive effects of electrical stimulation to enhance function [59,60] and reduce spasticity
in SCI (reviewed in [12]). Thereby, with the advent of sSEMG analysis, it is possible to
identify nuances in the activity of the neuromuscular system, which can be later targeted
by novel and promising treatments with the ultimate long-term goal of enhancing function
in individuals living with SCI.

Tonic spasm Clonus spasm

Figure 2. Spasm can be classified as unit, tonic, or clonus.

As previously mentioned, because there is no cure for paralysis, current treatments
may result only in modest changes in neuromuscular function, which must be detected
to provide initial evidence of the efficacy of the experimental treatment. This will allow
further development of these novel treatments, with respective optimization or the com-
bination with other treatment strategies—with the ultimate goal to improve function in
individuals living with an SCI. We identified that studies on brain stimulation, locomotor
training, spinal cord stimulation, and different strategies of pharmacotherapy have been
employing sEMG to understand the changes in muscle activation during volitional efforts
or the reduction of spontaneous muscle activity [12]. Additionally, the characterization of
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volitional sSEMG activity in motor complete SCI can be potentially used as a neuroprosthetic
command source to compensate for full loss of movement in other muscles [48,61]. Finally,
sEMG can also be used as a neurophysiological approach to nerve transfer to restore upper
limb function in SCI [62].

4. Future Directions and Limitations

Further studies are needed to understand the predictive value of the different SEMG
properties in prognosticating the recovery potential of individual muscles during the natu-
ral recovery process or with neurorehabilitation. For example, we have recently unveiled
the importance of the motor evoked potential in predicting the strength recovery of hand
muscles [8]; and we are currently investigating the ability of the SEMG assessment in
predicting the responsiveness of muscles to functional electrical stimulation therapy. Impor-
tantly, SEMG is easier to use in the clinical environment, despite the barriers still limiting its
use [11], in comparison to the transcranial magnetic stimulation assessments (used to obtain
the motor evoked potential). Finally, more studies are necessary to understand the reliabil-
ity of these neurophysiological measurements [63,64]; in the interim, rigorous protocols for
acquisition and analysis alongside the use of control groups are highly recommended.

A limitation of this perspective article is the focus on sEMG studies conducted on indi-
viduals living with SCI. Although the field of SEMG is advancing in terms of technological
enhancements—particularly on the use of high-density sSEMG—most of the studies are still
limited to non-disabled individuals. Such technologies will afford a better understanding
of the changes in innervation zones and motor unit activity following the SCI, which is
promising for prognosticating sensorimotor recovery and understanding the effects of
novel neurorehabilitation strategies in the future.

5. Conclusions

In this perspective article, I discussed the use of surface electromyography in sub-
acute and chronic trauma care after traumatic spinal injuries. Novel biomarkers ob-
tained from this neurophysiological assessment will lead to a more assertive classifica-
tion of the traumatic injury and of the potential for recovery of individual muscles with
neurorehabilitation strategies.
Funding: This work was supported by the Wings for Life Spinal Cord Research Foundation (Project #210).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: I would like to thank Jose Zariffa for important discussions contributing to the
intellectual content presented in this article.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Balbinot, G.; Li, G.; Wiest, M.].; Pakosh, M.; Furlan, J.C.; Kalsi-Ryan, S.; Zariffa, J. Properties of the Surface Electromyogram
Following Traumatic Spinal Cord Injury: A Scoping Review. J. Neuroeng. Rehabil. 2021, 18, 105. [CrossRef] [PubMed]

2. ASIA; ISCoS. The 2019 revision of the International Standards for Neurological Classification of Spinal Cord Injury
(ISNCSCI)—What's new? Spinal Cord 2019, 57, 815-817. [CrossRef] [PubMed]

3.  Furlan,].C,; Fehlings, M.G.; Tator, C.H.; Davis, A.M. Motor and sensory assessment of patients in clinical trials for pharmacological
therapy of acute spinal cord injury: Psychometric properties of the ASIA standards. J. Neurotrauma 2008, 25, 1273-1301. [CrossRef]
[PubMed]

4. Furlan, J.C.; Noonan, V; Singh, A.; Fehlings, M.G. Assessment of impairment in patients with acute traumatic spinal cord injury:
A systematic review of the literature. J. Neurotrauma 2011, 28, 1445-1477. [CrossRef]

5. Burns, A.S.; Marino, R].; Kalsi-Ryan, S.; Middleton, ].W.; Tetreault, L.A.; Dettori, ].R.; Mihalovich, K.E.; Fehlings, M.G. Type and

Timing of Rehabilitation Following Acute and Subacute Spinal Cord Injury: A Systematic Review. Glob. Spine J. 2017, 7 (Suppl. 3),
1755-1948S. [CrossRef]


http://doi.org/10.1186/s12984-021-00888-2
http://www.ncbi.nlm.nih.gov/pubmed/34187509
http://doi.org/10.1038/s41393-019-0350-9
http://www.ncbi.nlm.nih.gov/pubmed/31530900
http://doi.org/10.1089/neu.2008.0617
http://www.ncbi.nlm.nih.gov/pubmed/19061373
http://doi.org/10.1089/neu.2009.1152
http://doi.org/10.1177/2192568217703084

Trauma Care 2022, 2 389

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Fawecett, J W,; Curt, A,; Steeves, ].D.; Coleman, W.P.,; Tuszynski, M.H.; Lammertse, D.; Bartlett, P.F; Blight, A.R.; Dietz, V.; Ditunno,
J.; et al. Guidelines for the conduct of clinical trials for spinal cord injury as developed by the ICCP panel: Spontaneous recovery
after spinal cord injury and statistical power needed for therapeutic clinical trials. Spinal Cord 2007, 45, 190-205. [CrossRef]
Steeves, ].D.; Lammertse, D.; Curt, A.; Fawcett, ] W.; Tuszynski, M.H.; Ditunno, J.F; Ellaway, P.H.; Fehlings, M.G.; Guest, ].D.;
Kleitman, N.; et al. Guidelines for the conduct of clinical trials for spinal cord injury (SCI) as developed by the ICCP panel:
Clinical trial outcome measures. Spinal Cord 2007, 45, 206-221. [CrossRef]

Balbinot, G.; Li, G.; Kalsi-Ryan, S.; Abel, R.; Maier, D.; Kalke, Y.B.; Weidner, N.; Rupp, R.; Schubert, M.; Curt, A.; et al. Segmental
Analysis in Cervical Spinal Cord Injury Reveals the Recovery Potential of Hand Muscles with Preserved Corticospinal Tract:
Insights beyond Impairment Scales. medRxiv 2021. [CrossRef]

Korupolu, R.; Stampas, A.; Singh, M.; Zhou, P.; Francisco, G. Electrophysiological Outcome Measures in Spinal Cord Injury
Clinical Trials: A Systematic Review. Top. Spinal Cord Inj. Rehabil. 2019, 25, 340-354. [CrossRef]

Calancie, B.; Del Rosario Molano, M.; Broton, J.G.; Bean, ].A.; Alexeeva, N. Relationship between EMG and Muscle Force after
Spinal Cord Injury. J. Spinal Cord Med. 2001, 24, 19-25. [CrossRef]

Merletti, R.; Disselhorst-Klug, C.; Rymer, W.Z.; Campanini, I. (Eds.) Surface Electromyography: Barriers Limiting Widespread Use of
SEMG in Clinical Assessment and Neurorehabilitation; Frontiers Media SA: Lausanne, Switzerland, 2021.

Balbinot, G.; Wiest, ML].; Li, G.; Pakosh, M.; Furlan, J.C.; Kalsi-Ryan, S.; Zariffa, ]. The Use of Surface EMG in Neurorehabilitation
Following Traumatic Spinal Cord Injury: A Scoping Review. Clin. Neurophysiol. 2022, 138, 61-73. [CrossRef]

Badhiwala, ].H.; Wilson, ].R.; Witiw, C.D.; Harrop, J.S.; Vaccaro, A.R.; Aarabi, B.; Grossman, R.G.; Geisler, FH.; Fehlings, M.G. The
influence of timing of surgical decompression for acute spinal cord injury: A pooled analysis of individual patient data. Lancet
Neurol. 2021, 20, 117-126. [CrossRef]

Elizei, S.S.; Kwon, B.K. The translational importance of establishing biomarkers of human spinal cord injury. Neural Regen. Res.
2017, 12, 385-388.

Kwon, B.K; Bloom, O.; Wang, KK.; Armin, LW.; Jan, C. Neurochemical biomarkers in spinal cord injury. Spinal Cord 2019,
57,819-831. [CrossRef]

Leister, I.; Haider, T.; Mattiassich, G.; Kramer, J.L.; Linde, L.D.; Pajalic, A.; Grassner, L.; Altendorfer, B.; Resch, H.; Aschauer-
Wallner, S.; et al. Biomarkers in Traumatic Spinal Cord Injury—Technical and Clinical Considerations: A Systematic Review.
Neurorehabilit. Neural Repair 2020, 34, 95-110. [CrossRef]

Chay, W.; Kirshblum, S. Predicting Outcomes after Spinal Cord Injury. Phys. Med. Rehabil. Clin. N. Am. 2020, 31, 331-343.
[CrossRef]

Khorasanizadeh, M.; Yousefifard, M.; Eskian, M.; Lu, Y.; Chalangari, M.; Harrop, J.S.; Jazayeri, S.B.; Seyedpour, S.; Khodaei, B.;
Hosseini, M.; et al. Neurological recovery following traumatic spinal cord injury: A systematic review and meta-analysis. J.
Neurosurg. Spine 2019, 30, 683-699. [CrossRef]

Kirshblum, S.; Schmidt Read, M.; Rupp, R. Classification challenges of the 2019 revised International Standards for Neurological
Classification of Spinal Cord Injury (ISNCSCI). Spinal Cord 2021, 60, 11-17. [CrossRef]

Jaja, BN.R.; Badhiwala, J.; Guest, J.; Harrop, J.; Shaffrey, C.; Boakye, M.; Kurpad, S.; Grossman, R.; Toups, E.; Geisler, F.; et al.
Trajectory-Based Classification of Recovery in Sensorimotor Complete Traumatic Cervical Spinal Cord Injury. Neurology 2021,
96, €2736—e2748. [CrossRef]

Sherwood, A.M.; Dimitrijevic, M.R.; McKay, W.B. Evidence of Subclinical Brain Influence in Clinically Complete Spinal Cord
Injury: Discomplete SCI. J. Neurol. Sci. 1992, 110, 90-98. [CrossRef]

Thomas, C.K.; Zaidner, E.Y.; Calancie, B.; Broton, J.G.; Bigland-Ritchie, B.R. Muscle Weakness, Paralysis, and Atrophy after
Human Cervical Spinal Cord Injury. Exp. Neurol. 1997, 148, 414-423. [CrossRef] [PubMed]

Thomas, C.K. Contractile properties of human thenar muscles paralyzed by spinal cord injury. Muscle Nerve 1997, 20, 788-799.
[CrossRef]

Xiong, G.X.; Zhang, ] W.; Hong, Y.; Guan, Y.; Guan, H. Motor unit number estimation of the tibialis anterior muscle in spinal cord
injury. Spinal Cord 2008, 46, 696-702. [CrossRef] [PubMed]

Sartori, A.M.; Hofer, A.S.; Schwab, M.E. Recovery after spinal cord injury is enhanced by anti-Nogo-A antibody therapy—From
animal models to clinical trials. Curr. Opin. Physiol. 2020, 14, 1-6. [CrossRef]

Ling, Y.T.; Alam, M.; Zheng, Y.P. Spinal Cord Injury: Lessons about Neuroplasticity from Paired Associative Stimulation.
Neuroscientist 2020, 26, 266-277. [CrossRef]

Dietz, V.; Wirz, M.; Colombo, G.; Curt, A. Locomotor Capacity and Recovery of Spinal Cord Function in Paraplegic Patients:
A Clinical and Electrophysiological Evaluation. Electroencephalogr. Clin. Neurophysiol. 1998, 109, 140-153. [CrossRef]

Dietz, V.; Wirz, M.; Curt, A.; Colombo, G. Locomotor Pattern in Paraplegic Patients: Training Effects and Recovery of Spinal Cord
Function. Spinal Cord 1998, 36, 380-390. [CrossRef]

Sangari, S.; Kirshblum, S.; Guest, ].D.; Oudega, M.; Perez, M. A. Distinct Patterns of Spasticity and Corticospinal Connectivity
Following Complete Spinal Cord Injury. J. Physiol. 2021, 599, 4441-4454. [CrossRef]

Sangari, S.; Lundell, H.; Kirshblum, S.; Perez, M. A. Residual descending motor pathways influence spasticity after spinal cord
injury. Ann. Neurol. 2019, 86, 28-41. [CrossRef]

D’Amico, J.M.; Condliffe, E.G.; Martins, K.J.B.; Bennett, D.J.; Gorassini, M.A. Recovery of neuronal and network excitability after
spinal cord injury and implications for spasticity. Front. Integr. Neurosci. 2014, 8, 36. [CrossRef]


http://doi.org/10.1038/sj.sc.3102007
http://doi.org/10.1038/sj.sc.3102008
http://doi.org/10.1101/2021.11.30.21265051
http://doi.org/10.1310/sci2504-340
http://doi.org/10.1080/10790268.2001.11753550
http://doi.org/10.1016/j.clinph.2022.02.028
http://doi.org/10.1016/S1474-4422(20)30406-3
http://doi.org/10.1038/s41393-019-0319-8
http://doi.org/10.1177/1545968319899920
http://doi.org/10.1016/j.pmr.2020.03.003
http://doi.org/10.3171/2018.10.SPINE18802
http://doi.org/10.1038/s41393-021-00648-y
http://doi.org/10.1212/WNL.0000000000012028
http://doi.org/10.1016/0022-510X(92)90014-C
http://doi.org/10.1006/exnr.1997.6690
http://www.ncbi.nlm.nih.gov/pubmed/9417821
http://doi.org/10.1002/(SICI)1097-4598(199707)20:7&lt;788::AID-MUS2&gt;3.0.CO;2-3
http://doi.org/10.1038/sc.2008.7
http://www.ncbi.nlm.nih.gov/pubmed/18332883
http://doi.org/10.1016/j.cophys.2019.11.001
http://doi.org/10.1177/1073858419895461
http://doi.org/10.1016/S0924-980X(98)00002-2
http://doi.org/10.1038/sj.sc.3100590
http://doi.org/10.1113/JP281862
http://doi.org/10.1002/ana.25505
http://doi.org/10.3389/fnint.2014.00036

Trauma Care 2022, 2 390

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Scelsi, R.; Marchetti, C.; Poggi, P.; Lotta, S.; Lommi, G. Muscle Fiber Type Morphology and Distribution in Paraplegic Patients
with Traumatic Cord Lesion. Acta Neuropathol. 1982, 57, 243-248. [CrossRef]

Biering-Serensen, B.; Kristensen, I.B.; Kjaer, M.; Biering-Serensen, F. Muscle after spinal cord injury. Muscle Nerve 2009, 40, 499-519.
[CrossRef]

Grimby, G.; Broberg, C.; Krotkiewska, I.; Krotkiewski, M. Muscle Fiber Composition in Patients with Traumatic Cord Lesion.
Scand. J. Rehabil. Med. 1976, 8, 37-42.

Li, X.; Lu, Z,; Wang, I; Li, L.; Stampas, A.; Zhou, P. Assessing redistribution of muscle innervation zones after spinal cord injuries.
J. Electromyogr. Kinesiol. 2021, 59, 10255. [CrossRef]

Little, J.W,; Ditunno, J.E, Jr.; Stiens, S.A.; Harris, R.M. Incomplete Spinal Cord Injury: Recovery and Hyperreflexia Neuronal
Mechanisms of Motor. Arch. Phys. Med. Rehabil. 1999, 80, 587-599. [CrossRef]

Hiersemenzel, L.; Curt, A.; Dietz, V. From spinal shock to spasticity Neuronal adaptations to a spinal cord injury. Neurology 2000,
58, 100-106. [CrossRef]

Petersen, J.A.; Spiess, M.; Curt, A.; Dietz, V.; Schubert, M.N. Spinal cord injury: One-year evolution of motor-evoked potentials
and recovery of leg motor function in 255 patients. Neurorehabilit. Neural Repair 2012, 26, 939-948. [CrossRef]

Douglas, A.].; Walsh, E.G.; Wright, G.W.; Edmond, P. Muscle Tone around the Human Knee in Paraplegia. Q. J. Exp. Physiol.
Transl. Integr. 1989, 74, 897-905. [CrossRef]

Calancie, B.; Lutton, S.; Broton, J.G. Central Nervous System Plasticity after Spinal Cord Injury in Man: Interlimb Reflexes and
the Influence of Cutaneous Stimulation. Electroencephalogr. Clin. Neurophysiol. 1996, 101, 304-315. [CrossRef]

Kawashima, N.; Nozaki, D.; Abe, M.O.; Nakazawa, K. Shaping appropriate locomotive motor output through interlimb neural
pathway within spinal cord in humans. J. Neurophysiol. 2008, 99, 2946-2955. [CrossRef]

Onushko, T.; Schmit, B.D. Coordinated muscle activity of the legs during assisted bilateral hip scillation in human spinal cord
injury. Biomed. Sci. Instrum. 2008, 44, 286-291. [PubMed]

Onushko, T.; Hyngstrom, A.; Schmit, B.D. Effects of multijoint spastic reflexes of the legs during assisted bilateral hip oscillations
in human spinal cord injury. Arch. Phys. Med. Rehabil. 2010, 91, 1225-1235. [CrossRef] [PubMed]

Wallace, D.M.; Ross, B.H.; Thomas, C.K. Characteristics of lower extremity clonus after human cervical spinal cord injury. J.
Neurotrauma 2012, 29, 915-924. [CrossRef] [PubMed]

Wu, M.; Kahn, ].H.; Hornby, T.G.; Schmit, B.D. Rebound Responses to Prolonged Flexor Reflex Stimuli in Human Spinal Cord
Injury. Exp. Brain Res. 2009, 193, 225-237. [CrossRef]

Hornby, T.G.; Kahn, ].H.; Wu, M.; Schmit, B.D. Temporal facilitation of spastic stretch reflexes following human spinal cord injury.
J Physiol. 2006, 571, 593-604. [CrossRef]

Skold, C.; Harms-Ringdahl, K.; Seiger, A. Movement-provoked muscle torque and EMG activity in longstanding motor complete
spinal cord injured individuals. ]. Rehabil. Med. 2002, 34, 86—90. [CrossRef]

Ting, ].E.; Del Vecchio, A.; Sarma, D.; Verma, N.; Colachis, S.C., 4th; Annetta, N.V.; Collinger, ].L.; Farina, D.; Weber, D.]. Sensing
and decoding the neural drive to paralyzed muscles during attempted movements of a person with tetraplegia using a sleeve
array. J. Neurophysiol. 2021, 126, 2104-2118. [CrossRef]

Bunday, K.L.; Perez, M.A. Motor Recovery after Spinal Cord Injury Enhanced by Strengthening Corticospinal Synaptic Transmis-
sion. Curr. Biol. 2012, 22, 2355-2361. [CrossRef]

Jo, H.J.; Perez, M. A. Corticospinal-Motor Neuronal Plasticity Promotes Exercise-Mediated Recovery in Humans with Spinal Cord
Injury. Brain 2020, 143, 1368-1382. [CrossRef]

Thomas, C.K.; Dididze, M.; Martinez, A.; Morris, R.W. Identification and Classification of Involuntary Leg Muscle Contractions in
Electromyographic Records from Individuals with Spinal Cord Injury. J. Electromyogr. Kinesiol. 2014, 24, 747-754. [CrossRef]
Winslow, J.; Martinez, A.; Thomas, C.K. Automatic Identification and Classification of Muscle Spasms in Long-Term EMG
Recordings. IEEE ]. Biomed. Health Inform. 2015, 19, 464-470. [CrossRef]

Mummidisetty, C.K.; Bohorquez, J.; Thomas, C.K. Automatic Analysis of EMG during Clonus. ]. Neurosci. Methods 2012,
204, 35-43. [CrossRef]

Zijdewind, I.; Gant, K.; Bakels, R.; Thomas, C.K. Do Additional Inputs Change Maximal Voluntary Motor Unit Firing Rates after
Spinal Cord Injury? Neurorehabilit. Neural Repair 2012, 26, 58-67. [CrossRef]

Zijdewind, I.; Thomas, C.K. Motor unit firing during and after voluntary contractions of human thenar muscles weakened by
spinal cord injury. . Neurophysiol. 2003, 89, 2065-2071. [CrossRef]

Zijdewind, I; Bakels, R.; Thomas, C.K. Motor Unit firing Rates during Spasms in Thenar Muscles of Spinal Cord Injured Subjects.
Front. Hum. Neurosci. 2014, 8, 922. [CrossRef]

Aguiar, S.A.; Baker, S.N.; Gant, K.; Bohorquez, ].; Thomas, C.K. Spasms after spinal cord injury show low-frequency intermuscular
coherence. |. Neurophysiol. 2018, 120, 1765-1771. [CrossRef]

Mesquita, R.; Taylor, J.L.; Trajano, G.S.; Holobar, A.; Gongalves, B.A.M.; Blazevich, A.]. Effects of reciprocal inhibition and
whole-body relaxation on persistent inward currents estimated by two different methods. J. Physiol. 2022, 600, 2765-2787.
[CrossRef]

Kapadia, N.; Moineau, B.; Popovic, M.R. Functional Electrical Stimulation Therapy for Retraining Reaching and Grasping After
Spinal Cord Injury and Stroke. Front. Neurosci. 2020, 14, 718. [CrossRef]


http://doi.org/10.1007/BF00692178
http://doi.org/10.1002/mus.21391
http://doi.org/10.1016/j.jelekin.2021.102550
http://doi.org/10.1016/S0003-9993(99)90204-6
http://doi.org/10.1212/WNL.54.8.1574
http://doi.org/10.1177/1545968312438437
http://doi.org/10.1113/expphysiol.1989.sp003360
http://doi.org/10.1016/0924-980X(96)95194-2
http://doi.org/10.1152/jn.00020.2008
http://www.ncbi.nlm.nih.gov/pubmed/19141930
http://doi.org/10.1016/j.apmr.2010.04.014
http://www.ncbi.nlm.nih.gov/pubmed/20684903
http://doi.org/10.1089/neu.2010.1549
http://www.ncbi.nlm.nih.gov/pubmed/21910643
http://doi.org/10.1007/s00221-008-1614-3
http://doi.org/10.1113/jphysiol.2005.102046
http://doi.org/10.1080/165019702753557881
http://doi.org/10.1152/jn.00220.2021
http://doi.org/10.1016/j.cub.2012.10.046
http://doi.org/10.1093/brain/awaa052
http://doi.org/10.1016/j.jelekin.2014.05.013
http://doi.org/10.1109/JBHI.2014.2320633
http://doi.org/10.1016/j.jneumeth.2011.10.017
http://doi.org/10.1177/1545968311417449
http://doi.org/10.1152/jn.00492.2002
http://doi.org/10.3389/fnhum.2014.00922
http://doi.org/10.1152/jn.00112.2018
http://doi.org/10.1113/JP282765
http://doi.org/10.3389/fnins.2020.00718

Trauma Care 2022, 2 391

60.

61.

62.

63.

64.

Popovic, M.R.; Kapadia, N.; Zivanovic, V.; Furlan, J.C.; Craven, B.C.; Mcgillivray, C. Functional Electrical Stimulation Therapy of
Voluntary Grasping Versus Only Conventional Rehabilitation for Patients with Subacute Incomplete Tetraplegia: A Randomized
Clinical Trial. Neurorehabilit. Neural Repair 2011, 25, 433-442. [CrossRef]

Heald, E.; Hart, R.; Kilgore, K.; Peckham, P.H. Characterization of Volitional Electromyographic Signals in the Lower Extremity
after Motor Complete Spinal Cord Injury. Neurorehabilit. Neural Repair 2017, 31, 583-591. [CrossRef]

Mandeville, R.M.; Brown, ].M.; Sheean, G.L. A neurophysiological approach to nerve transfer to restore upper limb function in
cervical spinal cord injury. Neurosurg. Focus 2017, 43, E6. [CrossRef] [PubMed]

Silverman, J.D.; Balbinot, G.; Masani, K.; Zariffa, J. Validity and Reliability of Surface Electromyography Features in Lower
Extremity Muscle Contraction in Healthy and Spinal Cord-Injured Participants. Top. Spinal Cord Inj. Rehabil. 2021, 27, 14-27.
[CrossRef] [PubMed]

Arora, T.; Potter-Baker, K.; O’Laughlin, K.; Li, M.; Wang, X.; Cunningham, D.; Bethoux, E; Frost, E; Plow, E.B. Measurement error
and reliability of TMS metrics collected from biceps and triceps in individuals with chronic incomplete tetraplegia. Exp. Brain Res.
2021, 239, 3077-3089. [CrossRef] [PubMed]


http://doi.org/10.1177/1545968310392924
http://doi.org/10.1177/1545968317704904
http://doi.org/10.3171/2017.5.FOCUS17245
http://www.ncbi.nlm.nih.gov/pubmed/28669296
http://doi.org/10.46292/sci20-00001
http://www.ncbi.nlm.nih.gov/pubmed/34866885
http://doi.org/10.1007/s00221-021-06160-2
http://www.ncbi.nlm.nih.gov/pubmed/34374814

	Introduction 
	Subacute Care: Monitoring and Classifying the Lesion Severity and Tracking of the Natural Recovery Process 
	Chronic Care: Tracking Persistent Impairments and the Effects of Neurorehabilitation 
	Future Directions and Limitations 
	Conclusions 
	References

