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Abstract
Study design Narrative review.
Objectives To discuss how electrophysiology may contribute to future clinical trials in spinal cord injury (SCI) in terms of:
(1) improvement of SCI diagnosis, patient stratification and determination of exclusion criteria; (2) the assessment of adverse
events; and (3) detection of therapeutic effects following an intervention.
Methods An international expert panel for electrophysiological measures in SCI searched and discussed the literature
focused on the topic.
Results Electrophysiology represents a valid method to detect, track, and quantify readouts of nerve functions including
signal conduction, e.g., evoked potentials testing long spinal tracts, and neural processing, e.g., reflex testing. Furthermore,
electrophysiological measures can predict functional outcomes and thereby guide rehabilitation programs and therapeutic
interventions for clinical studies.
Conclusion Objective and quantitative measures of sensory, motor, and autonomic function based on electrophysiological
techniques are promising tools to inform and improve future SCI trials. Complementing clinical outcome measures,
electrophysiological recordings can improve the SCI diagnosis and patient stratification, as well as the detection of both
beneficial and adverse events. Specifically composed electrophysiological measures can be used to characterize the
topography and completeness of SCI and reveal neuronal integrity below the lesion, a prerequisite for the success of any
interventional trial. Further validation of electrophysiological tools with regard to their validity, reliability, and sensitivity are
needed in order to become routinely applied in clinical SCI trials.

Introduction

In 2007, an international panel supported by multiple
foundations, under the banner International Campaign for

Cures of Spinal Cord Injury Paralysis, published an initial
set of papers [1–4] reviewing spinal cord injury (SCI)
clinical trial methodology, as well as providing recom-
mendations for future studies. After a decade, the SCI
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research community acknowledges some persistent short-
comings and barriers to translational research success, as
well as new challenges and opportunities for the conduct of
studies. The Spinal Trials Understanding, Design, and
Implementation (STUDI) initiative was established by
several SCI-focussed foundations (see sponsorship) in 2016
to report on better management of participant recruitment
and study protocols, while emphasizing additional approa-
ches to more effectively select and track outcomes in clin-
ical trials, including electrophysiology, imaging, and
biomarker tools. STUDI launches the development of a new
interactive website (scitrials.org) that continually updates
information about ongoing studies and facilitates partici-
pation from people living with SCI.

Clinical trials on therapeutic interventions for the neu-
rological restoration of SCI require improved assessment
techniques and quantitative outcome measures to comple-
ment and overcome the limitations as experienced by solely
relying on the International Standards for Neurological
Classification of Spinal Cord Injury (ISNCSCI) [2, 5, 6] and
the International Standards to document remaining Auto-
nomic Function after Spinal Cord Injury (ISAFSCI) [7].
More objective outcome measures will be an essential step
forward in the implementation of interventional trials, in
which proof-of-concept is currently still limited to ordinal
clinical readouts. Stratification of highly diverse study
participants into homogenous clinical trial cohorts is
an important prerequisite for clinical trial success [8].
Adequate outcome assessments and sensitive biomarkers
are not only needed as surrogate indicators of safety of
experimental therapeutics, but also as critical endpoints of
clinical efficacy [9].

While clinical assessments (e.g., ISNCSCI, ISAFSCI,
and behavioral outcomes testing) provide a general eva-
luation of the sensorimotor function, electrophysiological
methods reveal neuroanatomical, and physiological assess-
ments of the peripheral and central nervous system
improving functional prediction [10]. For example, using
the American Spinal Injury Association Impairment Scale
(AIS) as primary outcome for a clinical SCI trials is pro-
blematic since a considerable amount of conversions in AIS
grade might not reflect a change in severity of neurological
deficit, but is rather heavily dependent on the scoring of
sacral segments [11]. Here, electrophysiological measures
might be advantageous improving the assessment of lesion
completeness [12–15]. Furthermore, they could improve
our understanding of mechanisms of action of therapeutic
interventions with regards to neural plasticity, axonal
growth, and/or remyelination as they can be used to assess
the conduction and processing of neural signals.

In general, within the last few decades much promise has
been given to electrophysiology as a measure to assess
and stratify SCI, predict functional outcomes, and inform

clinicians about the planning and results of therapeutic
interventions. In this regard one should also review the
Common Data Elements recently developed by the National
Institutes of Health in the USA [16]. While these Common
Data Elements describe a broad spectrum of electro-
physiological examination methods in detail, only a portion
of them will be included here. Mainly routinely applied
electrophysiological measures that are available in the
clinical neurological setting were chosen (for an overview
see Table 1), since many clinical sites do not have access
and expertise to perform highly experimental electro-
physiological test batteries. This current review will provide
an improved understanding for electrophysiological out-
come assessment use in SCI clinical trials. After a first
section on how clinical assessments can be complemented
with electrophysiological readouts, more insights and
illustrative examples will be given in order to showcase
how electrophysiological recordings can: (1) improve the
SCI diagnosis and contribute to determination of exclusion
criteria and patient stratification for SCI trials; (2) facilitate
the assessment of adverse events during an SCI trial; (3)
enable the potential detection of even subclinical biological
effects after therapeutic interventions.

Electrophysiology to complement clinical
assessments

Following a traumatic lesion of the spinal cord, clinical
examination is usually the first and most important diag-
nostic tool. Delineating the level and severity of lesion is
currently done using the ISNCSCI [17] and the ISAFSCI
[7], which are well accepted clinical measures of sensor-
imotor and autonomic function in the SCI population.
While these clinical assessments are pivotal to acquire an
initial status of the injury, they lack the sensitivity to pro-
vide detailed information about the damage to the indivi-
dual sensory, motor and autonomic pathways. Is the
impairment a result of upper motor neuron (UMN) or lower
motor neuron (LMN) damage or a combination? Does the
patient report hyper- or hypoalgesia? The AIS reports
neurological level of injury and gross sensory and motor
deficits with an emphasis on rectal sensorimotor function,
but neglects the distribution and extent of residual func-
tions. Moreover, there is currently no assessment of positive
phenomena, such as increased muscle tone (hyperreflexia,
spasticity), nor of processing of neural signals across and
below the level of lesion.

Overcoming some limitations of conventional clinical
assessments, electrophysiology is a set of valid tools
that examine across an array of physiological mechanisms
to detect, track, and quantify readouts of biological
signal transmission and processing. In this regard

910 M. Hubli et al.
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electrophysiology can be advantageous for a number of
reasons: (1) SCI profiling for exclusion/inclusion/stratifica-
tion: electrophysiological tests can help to rule out unrec-
ognized diseases of the peripheral nervous system that
may precede SCI (i.e., diabetic polyneuropathy, nerve
entrapment syndromes) or identify concomitant disorders
(i.e., critical illness polyneuropathy and myopathy, or later
pressure neuropathies, traumatic nerve, or plexus injury),
which may adversely affect motor, sensory, and autonomic
recovery and flaw the enrolment of appropriate patients. (2)
Objectivity and scalability: electrophysiological recordings
provide objective and quantitative data that can be analyzed
by blinded researchers. The readouts are interval-scaled or
ratio-scaled and thus less arbitrary than the more subjective
clinical assessments. (3) Applicability and stability:
electrophysiological recordings can also be attained in
unresponsive, uncooperative or comatose patients, which
can be valuable for acute diagnosis. (4) Sensitivity:
electrophysiological measures can be more sensitive to
detect subclinical changes (i.e., those that may not be
detectable by a clinical assessment), but could guide chan-
ges in therapeutic dose and/or administration protocol [18].
(5) Pathophysiology of the nervous system: electro-
physiological tests can facilitate our understanding of the
underlying pathophysiological mechanisms of SCI and how
the neurological recovery is modified by therapeutic
interventions.

SCI diagnosis and patient stratification

Electrophysiological protocols can be tailored to improve
the assessment of the cord damage, such as topography of
affected longitudinal spinal pathways (e.g., impairment of
the dorsal column-medial lemniscal, spinothalamic, and/or
motor pathways) and diagnosis of typical spinal syndromes
(e.g., anterior cord, central cord, and Brown-Séquard syn-
drome). Furthermore, the rostrocaudal extent of the lesion
can be assessed by segmental tests, such as dermatomal
somatosensory evoked potentials (dSSEPs) and contact heat
evoked potentials (CHEPs), as well as electromyography
(EMG) and motor nerve conduction studies (NCS).
Although technically demanding, electrophysiology is
immediately assessing neurological function. In concert
with clinical exams, neuroimaging, behavioral testing, and
patient reported outcomes, electrophysiology tremendously
improves our understanding of underlying pathophysiology
thereby guiding and assisting patient stratification in a
clinical SCI trial. In the following four sections the merit of
electrophysiology is emphasized with regard to improved
assessment/diagnosis of: (1) UMN and LMN lesion, (2)
lesion topography (axial distribution), (3) lesion level and
rostrocaudal extent, and (4) lesion severity.

SCI - upper and lower motor neuron lesions

Traumatic SCI inherently represents the combined damage
of both segmental central and peripheral neural structures,
in particular of UMN and LMN, respectively at the lesion
zone. Preserved function of motor neurons and neuronal
circuits below and across the level of the lesion is one
prerequisite for successful rehabilitation training and for
interventions aiming at structural neuroregeneration. It is
therefore necessary to determine the extent of the spinal
injury zone and whether the spinal cord below the lesion has
some preserved functional connections [19].

Myelomalacia below the spinal lesion may occur due to
spinal ischemia secondary to the trauma. It is known to be
characterized by permanent loss of tendon reflexes and
muscle tone and it affects motor NCS, i.e., compound
motor action potentials (CMAP) and F-waves [20, 21].
Furthermore, several studies revealed electrophysiological
evidence of damage to the spinal (lower) motor neurons far
below the lesion zone by employing CMAPs, F-wave per-
sistence and axon excitability studies, such as threshold
tracking [12, 22–24]. This damage to the LMN far below
the lesion zone is not due to a local injury inflicted at the
spinal trauma zone but rather a secondary deterioration
within the peripheral motor system depending on anatomi-
cal distance caudal to lesion and on lesion severity [12].
Decentralization, i.e., loss of supraspinal motor control, and
the consequent immobility are likely to underlie these
complex changes observed in axonal excitability below the
lesion in SCI patients [24]. Therefore, testing of reflex
activity (tendon and H-Reflex), and of spinal excitability
and integrity of the LMN may be assessed below the lesion
in SCI clinical trials.

Peripheral NCS and intramuscular EMG are also neces-
sary to detect and characterize concomitant traumatic
damage to the peripheral nervous system if present, such as
radiculopathy, nerve plexus damage or peripheral neuro-
pathy, and help distinguish them from spinal cord damage.
NCS and EMG test the motor final common path of the
LMN and in combination with sensory NCS allow for
differentiation of muscle paresis due to damage of spinal
anterior (ventral) horn cell (LMN), anterior nerve root
lesions or peripheral nerve damage (plexus, peripheral
nerve) [25]. NCS and intramuscular EMG should be
obtained in spinal segments prone to have undergone LMN
damage: for cervical lesion median/ulnar nerve NCS and
intramuscular EMG of target muscles innervated by cervical
spinal segments [19, 26], for low thoracic/lumbar lesions
peroneal/tibial nerve NCS and intramuscular EMG of target
muscles innervated by lumbar/sacral spinal segments
[22, 27, 28].

Furthermore, H-reflex and F-wave recordings not only
prove integrity of the proximal segment of the peripheral
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nerve but also assess the excitability of LMN below the
lesion [12]. In this regard, a posterior root injury or sensory
neuropathy might lead to absent H-reflexes in the presence
of intact CMAP and F-wave, indicating intact LMN func-
tion in combination with segmental sensory deficits and/or
peripheral nerve damage. An example of a tetraplegic
patient with UMN and LMN damage and the concurrent
electrophysiological measures is provided in Fig. 1.

Summary and Considerations: The characterization
of neural networks below the level of the lesion
might be helpful to improve detection of exclusion
criteria. Verification of integrity of the spinal cord
caudal to the lesion and exclusion of peripheral
nerve damage is necessary before including patients
into clinical trials.

Example: A chronic thoracic AIS A patient presenting
with muscular atrophy and hypo-/areflexia below the lesion
level should additionally be tested with NCS of the legs and
H-reflex testing. If these also show no responses (i.e.,
complete loss of CMAP and H-reflex) exclusion from a
trial of neuroregeneration or epidural stimulation must
ensue as myelomalacia is assumed. However, if the

neurophysiological tests prove presence of CMAP and
H-reflex and a lack of pathology in EMG, the clinical
findings and the low reflex levels may be interpreted as a
physiological variant of SCI or persistence of a degree of
spinal shock.

Topography of lesion/spinal cord syndromes

Lesion topography, i.e., axial distribution, and, as a result,
clinical spinal cord syndromes are relevant as they show
distinct patterns of recovery related to the anatomy of spinal
cord pathways [29]. In general, the ISNCSCI exam can
only broadly suggest spinal tract deficits, while electro-
physiological assessments are more precise by testing
specific ascending and descending spinal cord pathways
(see Fig. 2). SSEPs, CHEPs, and MEPs are used for testing
conduction in long spinal tracts conveying afferent soma-
tosensory and efferent motor information across the lesion
site. SSEPs are known to test dorsal column function, while
CHEPs or laser evoked potentials (LEPs) test spinothalamic
pathways [30]. Detection of SSEPs confirms synchronous
signal transmission through large diameter myelinated
fibers in the periphery and within the ascending spinal
dorsal columns. With additional recordings from the neck or

C4

C5

Sensory NCS 

Median SNAP (wrist) 

3ms 

3m
V

 

2ms 

5µ
V

 

C4/5

20ms 

1m
V

 

Median CMAP (M. abductor pollicis brevis) 

Motor NCS 

M. biceps brachii    

MEP 

    

Ulnar CMA  

 
 Tibial CMAP (M. abductor 
                          hallucis longus)  

a b c

d

C6
C7
T1

Fig. 1 Upper and lower motor neuron lesion. This patient presents
with an incomplete (AIS B) traumatic SCI with a neurological level of
lesion at C5 (T2-weighted sagittal and axial MRI of the cord (a)).
Nerve conduction studies show a characteristic pattern: Motor NCS
reveal strongly diminished median CMAP (0.4 mV), but only minimal
amplitude reduction of ulnar (2.8 mV) and normal tibial CMAPs (6.4
mV) are found below lesion level (b). Therefore no myelomalacia can
be assumed in this case. LMN damage at lesion level is indicated by

loss of median CMAP, but intact sensory nerve function is highlighted
by intact median CSAP (15.8 μV) (c). Next to the LMN, also UMN
tract fibers projecting to C8/T1 level are severely lesioned as is
reflected in absent MEPs of the abductor digiti minimi, whereas MEPs
of biceps brachii (C5/C6 level) is normally preserved (d). CMAP
compound motor action potential, MEP motor evoked potential, NCS
nerve conduction study, SNAP sensory nerve action potential
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lower back, the latencies of the obtained potentials allow an
investigator to distinguish peripheral and central slowing of
conductance using SSEPs [31]. In contrast to SSEPs,
CHEPs and LEPs reflect recruitment of small diameter
afferents, primarily A-delta, and spinal conduction within
the spinothalamic tract/thermo-nociceptive pathways.
CHEPs are known to be specifically sensitive in the
detection of lesions within the central and anterior (ventral)
cord areas, like in clinical central and anterior cord syn-
dromes (ACSs) [32] (see Fig. 3). The first synaptic relay of
CHEPs/LEPs is crossing the spinal cord at, or in the,
immediate vicinity of the tested spinal segment (i.e., cor-
responding to the respective dermatome), while central
projections ascend collectively within the contralateral spi-
nothalamic tract. Therefore, lesions affecting the ante-
rolateral or central cord usually result in the impairment of
contralateral pain and temperature sensation at and below
the lesion, which will be reflected in CHEPs/LEPs record-
ings. When using contact heat or laser stimulation for the
segmental diagnosis of spinal cord damage, the anatomical
organization of the nociceptive systems should be given
consideration. The primary afferent A-delta fibers ascend or
descend a few segments within Lissauer’s tract before ter-
minating in the dorsal horn. Consequently, the damaged
cord segment may reside rostral or caudal from the poten-
tially affected dermatome [33] (see example of rostral
damaged cord in Fig. 3 (lesion level T7, most rostral
affected dermatome T10)).

Similar to the ascending pathways, descending pathways
can also be tested with electrophysiological measures, such
as MEPs, which are evoked via transcranial stimulation of

the motor cortex. MEPs depend on direct corticospinal and
indirect descending tracts such as reticulospinal and pro-
priospinal pathways [34, 35]. Detection of an MEP confirms
the functional integrity of the central innervation to the
targeted muscle with the amplitude and latency of the MEP
response providing some information about any central
conduction impairment (e.g., by slowing of central motor
conduction time) [36]. Crucially, MEPs of limb muscles
reflect cortical as well as spinal/peripheral motor excitability
and on its own cannot be used to distinguish damage at
either location.

Dissociated loss of one somatosensory modality points
toward a focal rather than diffuse spinal damage due to the
topographical organization of afferent spinal tracts (Fig. 2).
Specific spinal syndromes or damage patterns, with distinct
potentials for recovery, can already be distinguished clini-
cally. The ACS results in predominant damage of the
ventral and lateral cord (the perfusion territory of the
anterior spinal artery), according to Schneider [37] affecting
the anterior two-thirds of the cord, including the segmental
ventral horn cells, spinothalamic, and long motor tracts. The
Brown-Séquard syndrome, due to a hemisection or later-
alized lesion of the cord, presents with ipsilateral ataxia and
paresis due to proprioceptive and motor loss in association
with contralateral loss of pain and temperature sensation
below the level of lesion. In both syndromes, damage within
the spinothalamic system can be documented using noxious
heat stimulation with evoked potential recordings [38] and
related clinical pinprick testing. In traumatic central cord
syndrome (CCS), the most common acute incomplete cer-
vical SCI accounting for 44% of all spinal syndromes and

SPINAL 
PATHWAYS

METHODS CLINICAL 
CORRELATE

corticospinal

dorsal column

sympathetic

spinothalamic

peripheral, spinal

TMS, MEP

NCS/Reflex
EMG

CHEP, LEP

SSR

EPT, SSEP,
dSSEP

central paresis

peripheral 
paresis

pain/temp 
perception

sudomotor, cardiac, 
vasomotor control

cutaneous touch, 
proprioception

1

2

3

4

5

1

1

5

2

3

4

ventral

dorsal

Fig. 2 Overview of electrophysiological techniques applicable to tar-
get specific spinal cord tracts and segments. Signal conduction in
spinal tracts will be assessed with sensory and motor evoked poten-
tials, as well as autonomic responses (i.e., SSR). Segmental function
can be tested by dSSEPs, choice of target muscle in performing MEPs
and choice of peripheral nerve, muscle or skin area in performing

NCS/reflex testing, EMG and SSR. Numbers in the table refer to spinal
tracts in the schematic drawing. CHEP contact heat evoked potential,
dSSEP dermatomal somatosensory evoked potential, EMG electro-
myography, EPT electrical perception threshold, MEP motor evoked
potential, NCS nerve conduction study, SSEP somatosensory evoked
potential, SSR sympathetic skin response (adapted from [90])
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for 9% of all SCI in a recent study of 839 individuals with
SCI [39], upper extremity weakness dominates the clinical
phenotype. The pathophysiological sequelae involved in
CCS are complex. The central focus of spinal damage in
combination with the special somatotopic organization of
the descending tracts, where motor tracts for the upper
limbs are localized more centrally than those for the lower
extremities, were assumed to be responsible for the pre-
dominance of motor deficits in the hands in CSS. In addi-
tion, the traumatic impact on direct corticospinal
(pyramidal) tracts, given their significant role in motor
control of the hands and arms [40], may also play a fun-
damental role. In CCS, deficits in the pyramidal system
along with concomitant cervical anterior horn damage can
be detected by the combined use of MEPs and motor NCS
(CMAPs, F-waves, and H-reflexes). CHEPs in conjunction
with MEPs can be employed to characterize centro-
medullary cord damage, affecting the spinothalamic pro-
jections [32], while SSEPs remain normal as the dorsal cord
remains unaffected (Fig. 3).

Besides the somatic nervous system, the autonomic
nervous system (ANS) can also be evaluated in a topo-
graphical manner with electrophysiological testing in SCI.

This is, however, limited to the sympathetic system where
sympathetic skin responses (SSRs) can be helpful to char-
acterize the location of the lesion level and dysfunction of
the spinal sympathetic intermedio-lateral cell columns [41].
SSRs may also serve to assess prognosis of potential severe
complications such as autonomic dysreflexia in SCI [42].
However, to appreciate the full extent of ANS damage in
SCI and to accomplish a full stratification for SCI trials,
non-neurophysiological autonomic measures, such as heart
rate variability, long term blood pressure assessments and
quantitative testing of sweating, bowel, and bladder func-
tion should be considered.

Summary and Considerations: A gross idea about
spinal tract deficits can be inferred from the ISNCSCI
exam, however, electrophysiological testing helps to
detect and quantify the extent and topography of
spinal lesions and specific spinal syndromes. Based on
the planned therapeutic interventions, it is helpful to
know the severity of damage within specific spinal
tracts rather than just the spinal cord as a whole.
Topography of the spinal lesion is more important
than a global classification of the injury as reflected in

CHEP dSSEP
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Fig. 3 CHEPs are sensitive to detect lesions within the anterior cord
even when they are very focal, while they may not be detectable with
SSEPs. This patient presents with a complete paralysis due to a spi-
nalis anterior syndrome at level T7 (T2-weighted sagittal and axial
MRI of the cord (a)). Thermal and pain sensation are lost below the
level of lesion, while light touch is preserved. Accordingly CHEPs

were abolished below T7 (b), while dSSEP remained normal (c).
CHEPs at T7 are preserved due to the ascending Lissauer’s tract
terminating in the dorsal horn rostral to the lesion. For CHEPs an
average of 15 stimuli and for dSSEP an average of 100 is presented for
each stimulated dermatome. CHEP contact heat evoked potential,
dSSEP dermatomal somatosensory evoked potential
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AIS grades. To this end, clinical assessments are
complemented by electrophysiological measures such
as motor responses (MEPs), sensorimotor segmental
reflexes (H-reflex), and sensory assessments (SSEP/
CHEPs/LEPs) being specific to assess the integrity of
segmental and longitudinal pathways.

Example: A characterization of a centro-medullary cord
damage, affecting the spinothalamic projections, but not the
dorsal columns is presented in Fig. 3.

Lesion level and extent of lesion

Traumatic SCI usually results in a diffuse damage zone of
the spinal cord extending over 2–3 neurological spinal
segments. This is reflected in the clinical description of a
“zone of partial preservation” in sensorimotor complete
(AIS A) SCI.

For the assessment of damage associated with a dis-
crete spinal cord level, a segmental approach, involving a
level-by-level assessment, is needed. Such a segmental
approach crucially requires examining dermatomes above,
at, and below the level of injury in well-defined regions of
the body primarily innervated by individual spinal seg-
ments. Such segmental assessment can objectively be
performed with CHEPs/LEPs, dermatomal SSEP and
determination of segmental electrical perception thresh-
olds (EPTs) [43, 44], as well as with EMG and MEP for
certain lesion levels.

The assessment of EPT may add valuable information to
clinical sensory testing in terms of localizing exact lesion
level and as a standardized quantitative sensory readout.
They are highly reproducible, reliable, and stable over the
first 6 months after traumatic SCI [45]. EPT has been shown
to be more sensitive in detecting the level of sensory per-
ception impairment in SCI when compared with clinical
testing with ISNCSCI. This can be explained due to the
circumstance that a patient’s impression of what constitutes
normal sensation for a dermatome may be the result of his
adaptation to a persistent deficit. This would result in a
discrepancy between EPT and clinical assessments with a
more reliable result derived from the objective perception
thresholds [46].

MEPs can be used to stratify severity of the spinal lesion
and evolution of motor function independent of AIS clas-
sification [12, 28]. Depending on the SCI lesion severity as
assessed with transcranial magnetic stimulation, MEPs
predicted motor recovery and ambulatory capacity
[26, 28, 46]. In an approach with simultaneous recordings
from multiple myotomes, MEPs could serve to objectively
determine cervical lesion level [47]. However, MEPs are
not useful measures to determine segmental damage at
thoracic levels because even in complete SCI, MEP

responses could be recorded from muscles at segments
below the lesion as segmental innervation largely overlaps
[48].

Summary and Considerations: Sensory and motor
lesion level can be confirmed using level-by-level
electrophysiological assessments complementing the
standard clinical ISNCSCI examination. Detection of
altered EPT, MEP thresholds or dSSEP/CHEPs may
indicate a change of lesion level. Objective measures
of perception thresholds such as EPT, being more
sensitive in the detection of a sensory level than
clinical testing, may furthermore detect changes
overlooked by clinical testing. Given the notion that
effects of therapeutic-stimulated repair will likely be
most readily observed in segments in close proximity
to the lesion level [49] these segmental assessments
become more valuable and important to determining
meaningful clinical benefit.

Example: See Fig. 4 for an example of segmental
assessment using dSSEP above, at, and below the level of
lesion.

Severity and completeness of SCI

The severity of SCI lesion has a strong impact on clinical
recovery during rehabilitation and can be determined
relatively early after the injury [1]. In clinical practice, the
distinction between “complete” and “incomplete” SCI is
commonly made to express the injury’s severity. From a
neurobiological perspective, however, this clinical clas-
sification must be considered to be relatively crude since a
total anatomic transection of the spinal cord is uncommon
(apart from some instances of penetrating trauma). By
utilizing electrophysiological recordings, Dimitrijevic
et al. coined the term “discomplete” SCI to describe
clinically complete lesions, however, accompanied by
neurophysiological evidence of residual brain influence
on spinal motor activity [18, 50]. According to their cri-
teria, 84% of the participants with clinically complete SCI
had a so-called motor discomplete SCI. Moreover, testing
of SSEPs [15] and specific sensory modalities in AIS A
patients using quantitative sensory testing [14] revealed
sensory discomplete SCI. The presence of residual spi-
nothalamic tract function has been proposed as an
important determinant of below-level neuropathic pain
following SCI [14].

MEPs and SSEPs can be used to stratify severity of the
spinal lesion and evolution of motor function indepen-
dent of AIS classification [12, 13, 28]. While the majority
of patients who were clinically classified motor complete
(AIS A and B) lacked MEPs in the leg muscles, there was
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a small fraction of 2% who did show a small MEP during
the course of recovery [28]. Likewise, there were 7%
positive upper extremity MEP responses despite a clinical
motor-complete cervical injury [12]. This indicates that
direct electrophysiological assessment with MEPs can
reveal a subgroup of AIS A and B patients who do not
present with complete cervical injury despite a clinical
“complete” classification of AIS A. While upper extre-
mity motor scores may yield a similar result when used as
a criterion to detect discomplete cervical lesion, MEPs
will be a more refined, objective, better scalable, and
responsive measure of motor pathways, even in cases
where patients are unable to recruit a muscle voluntarily
(e.g., due to sensory deficits or noncompliance).
Accordingly, depending on SCI severity as assessed with
transcranial magnetic stimulation, the presence of MEPs
correlates with motor recovery and potential for ambu-
latory capacity [26, 28, 46]. However, one drawback of
transcranial magnetic stimulation over the motor cortex is
the fact that it may not always be sufficiently strong to
produce a supra-threshold descending volley and excite
LMN, e.g., due to paucity of remaining descending fibers
or deficits in synchronization within the lesioned cord.

The severity and completeness of SCI can vary across the
somatic and autonomic spinal systems [49]. SSRs have been
used to assess the completeness of autonomic disruption
as has been shown in several studies so far [42, 51].
Although there is a clear trend for absent SSRs with higher
and more severe sensorimotor completeness (based on an

accompanying AIS classification), dissociation between
sensorimotor and autonomic disruption (i.e., integrity of
descending spinal autonomic pathways in the absence of
descending motor pathways) has been reported [52].
Furthermore, abnormal SSR as a proxy for autonomic com-
pleteness has been associated with a sequelae of autonomic
dysfunction in SCI, particularly autonomic dysreflexia and
orthostatic hypotension (for review see [41]).

Summary and Considerations: Complete spinal
lesions do not always present with a complete loss
of evoked potentials, i.e., they are not all the same in
their electrophysiological profile. This is found when
stratifying SCI by means of sensory and motor evoked
potentials independent from clinical assessment pro-
tocols [12, 13, 28, 53]. Considering the gross nature of
the ISNCSCI in its use to assess physiological
completeness of SCI [11], it is recommended (where
possible) to use functionally and neuroanatomically
objective electrophysiological assessments in parallel
with clinical testing when determining lesion severity
and its evolution over time.

Assessments of deterioration and/or adverse
events

A major concern of SCI clinical trials is neurological safety:
will a therapy aimed at improving sensorimotor function

dSSEP

C4

C5

C6

C7

C8

C6/7

C4/5

a

b

Vu
5. 0

10 ms

Fig. 4 Segmental assessment of
dorsal column integrity by
dSSEP. The discrete level of a
spinal cord lesion can
objectively be determined and
monitored very precisely
employing a level-by-level
assessment of the lesion (a).
This patient suffered a complete
(AIS A) traumatic cervical
lesion at C6 (T2-weighted
sagittal MRI of the cord (b)).
dSSEP above the level of lesion
are intact (C4/5), while at and
below the level of lesion dSSEPs
are impaired (delayed EP at C6)
or lost (C7/8), respectively.
Electrical stimulations are
applied at the key sensory points
of each dermatome defined by
the ISNCSCI. For each dSSEP
an average of 100 stimuli is
presented. dSSEP dermatomal
somatosensory evoked potential

918 M. Hubli et al.



inadvertently lead to neurological deterioration? Such an
effect could occur in the course of therapeutic delivery (e.g.,
injection of cell-based therapies into the spinal cord), sec-
ondary to degenerative processes (e.g., increased secondary
inflammation). For many of the same reasons that electro-
physiology may play a pivotal role in the measurement of
beneficial outcomes, they also may be important in the
evaluation of trial safety.

The most pragmatic application of conventional elec-
trophysiological testing in terms of safety relates to an
objective assessment of the spinal lesion pattern and chan-
ges over time. Promoting neuroplasticity in the spinal cord
represents a major target for acute and chronic clinical trials.
To be effective, preclinical studies suggest that partial white
matter sparing across the injury epicenter is a requisite
starting point. In humans, this translates into trials primarily
involving incomplete injuries. Based on the initial pre-
servation of SSEPs and MEPs and their proven stability of
latency over time [28, 53, 54], electrophysiological read-
outs, such as latency or an individual pattern of loss and
preservation of potentials, may be useful as surrogate
markers of detrimental effects (e.g., reduced amplitude and
increased latencies) on connectivity through the lesion site.

In this regard, a thorough description of the natural
evolution of SSEP and MEP data has been given in several
studies presenting data from 200 to 300 patients during the
first year following acute SCI [12, 13, 28, 53]. Next to a
robust stratification of severity/completeness of SCI inde-
pendent of clinical criteria (AIS), these studies show that
most electrophysiological tests assessing spinal tracts show
stable temporal indices (latency readouts) over time. For
instance, MEP latencies remain stable (i.e., no trend toward
normalization or deterioration) [28, 54], while MEP
amplitudes increase during recovery from acute SCI
[28, 55] and to some extent in chronic SCI subjects fol-
lowing functional training, such as weight-assisted treadmill
training [56].

In individuals with more severe injuries (e.g., AIS A),
however, such conductivity assessments of spinal tracts as
SSEPs/CHEPs/MEPs (i.e., those where the signals traverse
the lesion site) are limited in terms of evaluating safety as
evoked potential across the lesion are likely not recordable
and thus, no baseline recording may be obtained from
which to measure a detrimental change (note: a beneficial
effect can still be assessed). Of notable concern is the
possibility that an intervention results in an ascending lesion
(e.g., syringomyelia in individuals with AIS A SCI). This is
a concern for both thoracic and cervical injuries, but would
be particularly alarming in individuals with tetraplegia,
potentially affecting remaining upper limb function, and
activities of daily living [57]. To detect subtle deterioration
near the level of injury (i.e., rostral and caudal), dSSEPs
and CHEPs are useful in addition to conventional

clinical assessments. Unlike MEPs, these sensory electro-
physiological tools can be applied to test thoracic derma-
tomes [44, 58].

Summary and Considerations: With regard to a
timely and precise detection of adverse events, detection
of altered EPT, MEP thresholds or dSSEP/CHEPs may
indicate a change of lesion level. This might be
indicative of adverse events or complications such as
development of syringomyelia or maladaptive neuro-
plasticity (e.g., development of neuropathic pain).

Example: In a case with posttraumatic syringomyelia,
i.e., a central syrinx affecting the crossing fibers in the
anterior commissure, CHEPs were suited to detect the
progression and spontaneous recovery of the disease [59]
(see Fig. 5).

Clinical trial outcome measures

Currently, the majority of clinical trials in SCI are being
conducted by industry interested in gaining approval for
their therapeutic from regulatory agencies. Those regulatory
agencies, in turn, usually request clinically relevant func-
tional improvements as outcome measures. Unfortunately,
this very high standard has rarely been met by clinical trials
for neurological disorders. Electrophysiological methods
can reveal a change of nerve function (i.e., natural recovery
or treatment related) that might be overlooked by conven-
tional clinical assessments. While it is possible that a
positive therapeutic effect could be missed in an early phase
clinical trial if functional improvement is made the primary
outcome, this does not preclude that the intervention may
have had a positive biological effect. It is crucial that such
subclinical effects will be detected as they can hint that a
therapeutic approach may reach clinical significance pro-
vided adequate modification, e.g., adjustment in how or in
whom an intervention be applied or by improving the
intervention itself. For example, if an intervention designed
to enhance remyelination improved central conduction
times, it might be worth further study after increasing its
specific efficacy, even if, on the first pass, it failed to induce
a clinically meaningful effect.

Detecting a positive biological effect of a given ther-
apeutic in an electrophysiological assessment could
mean proof-of-principle. Elucidating potential underlying
mechanism of recovery may help the evolution of study
designs in subsequent trial phases, so that eventually
clinically meaningful outcome goals are achieved.

Upon completion of clinical trials, neurophysiological
data can be useful to retrospectively identify features
that distinguish responders from nonresponders and
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consequently, inform patient stratification for future clinical
trials. Taken together, the implementation of neurophysio-
logical assessments may improve patient stratification,
tracking treatment effects, and enhance the success rate of
forthcoming clinical trials.

General limitations of electrophysiology

There are limitations to the application of electrophysiological
studies. These type of studies require specific, costly

equipment, as well as well-trained staff to guarantee reliable
data acquisition with standardized recording configurations,
testing conditions, protocols, and data processing/analysis.
The effort of standardization of environmental circumstances,
especially for multicenter trials, might limit the choice of
participating centers to those with the requisite technical
abilities and experience.

Classical electrophysiological assessments, such as
SSEP, MEP, and NCS, test large fiber, highly myelinated
neurons by applying artificial electrical or magnetic stimuli.
Accordingly, electrophysiology is usually not directly

a  Initial presentation b  Month 2 c  Month 8 

Fig. 5 Neuroimaging and electrophysiological assessment of a post-
traumatic syrinx. T2-weighted images and CHEPs are shown at three
time points (at initial presentation (a), 2 (b), and 8 months later (c)) in
a 32-year-old patient with a chronic, incomplete (AIS C) SCI at T9
who presented with a symptomatic posttraumatic syrinx. Between
initial presentation and 2 months, sagittal cervicothoracic MRI shows
the development of the syrinx over several segments up to the cervical
cord. Axial insets show the full extent of the syrinx cavity. The full
development of the syrinx was associated with acute-onset of

neuropathic pain, impaired pinprick sensation, and abolished CHEPs
from C6 and C8 dermatomes (b). At 8 months, the syrinx was
resolved, symptoms reduced, and CHEPs as a likely marker of disease
progression improved (c). CHEPs are ideally suited to assess syr-
ingomyelia preferentially affecting the spinothalamic crossing fibers in
the anterior commissure. The resolution of the syrinx at month 8 was
associated with a rostral extension of a preexisting, posttraumatic cyst
at T11 (seen in the lowest panel). (Figure adapted from Killeen et al.
[59])
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related to functional outcome and thus, its correlation with
integrity of spinal structures or function may be weak [60].
Assessing mainly large fiber function, electrophysiological
measures test a small fraction of neural circuitry [61], and
therefore, may overlook changes and adaptations sub-
sequent to trauma to the CNS.

In order to guarantee high quality of electrophysiological
tests and to bring them into routine use for clinical SCI
trials, rigorous investigations on test quality, such as
validity, reliability, as well as their sensitivity and respon-
siveness to change are needed.

Conclusions

The merit of including objective and quantitative measures
of sensory, motor, and autonomic function, based on elec-
trophysiological techniques, are addressed in this review.
Future SCI trials implementing electrophysiology will
likely benefit from improved SCI diagnosis and patient
stratification, as well as detection of both beneficial and
adverse events. Many of the above introduced electro-
physiological assessments are nowadays routinely per-
formed during spinal surgery, and thus, a growing number
of centers are perfectly positioned to undertake these
assessments outside the surgical suite. Electrophysiological
methods can be rigorously standardized and harmonized
protocols across clinical sites can improve data quality.
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