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The contribution of neurophysiology in the diagnosis and
management of cervical spondylotic myelopathy: a review

R Nardone1,2, Y Höller1, F Brigo2,3, VN Frey1,4, P Lochner2, S Leis1, S Golaszewski1 and E Trinka1,4

Study design: Topical review of the literature.
Objective: The objective of this review article was to assess indications and usefulness of various neurophysiological techniques in
diagnosis and management of cervical spondylogenic myelopathy (CSM).
Methods: The MEDLINE, accessed by Pubmed and EMBASE electronic databases, was searched using the medical subject headings:
‘compressive myelopathy’, ‘cervical spondylotic myelopathy (CSM)’, ‘cervical spondylogenic myelopathy’, ‘motor evoked potentials
(MEPs)’, ‘transcranial magnetic stimulation’, ‘somatosensory evoked potentials (SEPs)’, ‘electromyography (EMG)’, ‘nerve conduction
studies (NCS)’ and ‘cutaneous silent period (CSP)’.
Results: SEPs and MEPs recording can usefully supplement clinical examination and neuroimaging findings in assessing the spinal
cord injury level and severity. Segmental cervical cord dysfunction can be revealed by an abnormal spinal N13 response, whereas the
P14 potential is a reliable marker of dorsal column impairment. MEPs may also help in the differential diagnosis between spinal cord
compression and neurodegenerative disorders. SEPs and MEPs are also useful in follow-up evaluation of sensory and motor function
during surgical treatment and rehabilitation. EMG and NCS improve the sensitivity of cervical radiculopathy detection and may
help rule out peripheral nerve problems that can cause symptoms that are similar to those of CSM. CSP also shows a high sensitivity for
detecting CSM.
Conclusion: Neuroimaging, especially magnetic resonance imaging, represents the procedure of choice for the diagnosis of CSM, but a
correct interpretation of morphological findings can be achieved only if they are correlated with functional data. The studies reported in
this review highlight the crucial role of the electrophysiological studies in diagnosis and management of CSM.
Spinal Cord (2016) 54, 756–766; doi:10.1038/sc.2016.82; published online 31 May 2016

INTRODUCTION

Cervical spondylosis (CS) is the most common cause of cervical
myelopathy.1

The clinical sequelae of cervical spondylotic myelopathy (CSM) are
a broad spectrum of motor and sensory abnormalities related to
dysfunction of the cervical spinal cord.2 The diagnosis of CSM is
essentially based on the combination of clinical signs/symptoms
suggesting involvement of spinal long tracts (spastic paraparesis
associated with a variable degree of lower limb ataxia) and clinical
signs/symptoms indicating dysfunction of motor and sensory neurons
in the cervical gray matter.3 However, sensory–motor deficits and
reflex changes in the upper limbs can be missing;4 in these cases, CSM
can be confused with other degenerative diseases such as amyotrophic
lateral sclerosis (ALS). Magnetic resonance imaging (MRI) of the
spinal cord can show signal abnormalities at the level of
cord compression but gives no precise information on cervical cord
dysfunction in CSM, as radiological data are discordant with clinical
status in 50% of cases.5 Therefore, for the correct interpretation of the
neuroimaging findings, the functional assessment of the long central
pathways, as well as of motor and sensory neurones in the cervical
gray matter, is helpful or even mandatory in patients with CSM.

We aimed in this review article to summarize the published articles
dealing with electrophysiological studies in CSM patients, in order to
assess their indication and usefulness. The MEDLINE, accessed
by Pubmed (1966–April 2015) and EMBASE (1980–April 2015)
electronic databases, was searched using the medical subject headings
(MeSH): ‘compressive myelopathy’, ‘cervical spondylotic myelopathy’,
‘cervical spondylogenic myelopathy’, ‘motor-evoked potentials’,
‘transcranial magnetic stimulation’, ‘somatosensory-evoked potentials’,
‘electromyograpy’, ‘nerve conduction studies’ and ‘cutaneous silent
period’.
Two review authors (FB and PL) screened the titles and abstracts of

the initially identified studies to determine whether they satisfied the
selection criteria. Any disagreement was resolved through consensus.
Full-text articles in English language were retrieved for the selected
titles, and reference lists of the retrieved articles were searched for
additional publications. In case of missing or incomplete data,
principal investigators of included trials were contacted and additional
information requested. The two reviewers independently assessed the
methodological quality of each study and risk of bias, focusing on
blinding and other potential sources of bias. The search strategy
described above yielded 62 results. Only articles reporting data on
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studies using the above-mentioned neurophysiological techniques in
patients with CSM were considered eligible for inclusion; therefore, 58
papers were provisionally selected and contributed to this review: the
earliest was published in 1979 and the most recent in 2015. A flow
chart (Figure 1) illustrates the selection/inclusion process.

APPLICATIONS AND FINDINGS

Electromyography and nerve conduction study
Bilateral sensory disturbances in the hands should raise suspicion for
cervical spinal cord pathology including CSM, and MRI of the same
should be performed even if the electromyography (EMG)/nerve
conduction studies (NCS) suggest bilateral carpal tunnel syndrome
(CTS), when symptoms and/or clinical signs of cervical
myeloradiculopathy are recognized.6 In this situation, the clinician
needs to make a judgement as to whether the main problem is CSM or
CTS and treat appropriately for severity and age.
Interestingly, both anatomical (segmental level and side) and

pathophysiological (axonal type of lesion) requirements of the
double-crush hypothesis are not supported by electrophysiological
signs of median nerve mononeuropathy in most of the patients with
concomitant CSM and carpal tunnel syndrome. In fact, Bednarik
et al.7 demonstrated a statistically significant association between CSM
and carpal tunnel syndrome but failed to find any evidence of
etiological relationship between these two conditions.

In a recent study, the value of preoperative MRI combined
with EMG for predicting functional outcome following surgical
management of CSM has been evaluated.8 Ninety-four patients were
classified into four groups on the basis of the presence (+) or absence
(− ) of increased signal intensity on T2-weighted MRI and on the
positive (+)/negative (− ) results of the EMG. Four types were thus
identified: type I, MRI/EMG (− /− ); type II, MRI/EMG (+/− ); type
III, MRI/EMG (− /+); and type IV, MRI/EMG (+/+).
A significant difference in the recovery ratio between the four study

groups was found. The clinical outcome after surgery was best in type
I patients and worst in type IV patients. Patients who had a negative
EMG and those without an increased signal intensity on T2-weighted
MRI only suffered from mild symptoms: they had a short disease
duration and, importantly, experienced a good surgical outcome.
CS, isolated or combined with CSM, may coexist with ALS and

other motor neuron diseases (MND). It is important to detect ALS
coexisting with CS at an early stage, especially when surgical treatment
is planned.
A single-fiber EMG study has been performed in 26 patients with

ALS, 19 with ALS and CS and 22 with isolated CS.9 Mean jitter,
percentage of jitter 455 μs and percentage of impulse blocking were
not statistically different between ALS patients with and without
concomitant CS but were significantly lower in patients with isolated
CS. Mean fiber density was not statistically different among the three
patient groups. The percentage of pairs with a jitter 455 μs exceeding
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Figure 1 Flow chart illustrating the selection/inclusion process.
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40% and mean jitter exceeding 55 μs had a high sensitivity and
specificity in the diagnosis of ALS.
The authors concluded that single-fiber EMG can provide valuable

information in differentiating ALS from radiculopathies due to CS.
However, they failed to explain why single-fiber EMG, a test of
the neuromuscular junctions, should be more frequently affected in
ALS (or lower MND). On the other hand, ALS/MND is a clinical
diagnosis supported by clinical neurophysiology criteria that do not
include single-fiber EMG (not recommended by International Federa-
tion of Clinical Neurophysiology (IFCN)) and extend beyond testing
the cervical segment.
By means of surface EMG also the contributions of individual

muscles to a movement pattern can be examined. Compared with
healthy subjects, patients with CSM have a prolonged duration
of activation of biceps femoris and tibialis anterior, prolonged
co-activation of rectus femoris and biceps femoris, and impaired
scaling of the amplitude of rectus femoris and biceps femoris
(Figure 2).10 The timing parameters of rectus femoris, tibialis anterior
and medial head of gastrocnemius were considered sufficiently reliable
for use in clinical practice, whereas the reliability of biceps femoris is
questionable. The prolonged activation of tibialis anterior was not
accompanied by co-activation with medial head of gastrocnemius.
Its isolated prolonged activation may have been a strategy to increase
the stability of the ankle during stance due to impaired proprioception
and joint position sense, which has been been identified in CSM,
whereas analysis of muscle responses to lengthening suggested that
spasticity did not contribute significantly to this finding. Therefore,
EMG provides insight into the underlying impairments that
characterize an abnormal gait. These results provide evidence that
paresis is an important contributory factor to gait impairment in CSM,
as indicated by impaired amplitude and the need for proximal
co-activation to compensate for lack of distal power generation. These
findings may have relevant implications for the assessment of gait
impairment in CSM and may also lead to the development of new
rehabilitation strategies.
Routine NCS did not evaluate adequately spinal cord function

after compression lesions. On the contrary, combined utilization of
multiple F-wave parameters (minimal F latency, F chronodispersion, F
persistence and side-to-side differences) resulted in 55% sensitivity
and 100% side concordance for detecting radiculopathy in CS, as
considered in comparison with MRI.11 This method can thus be
considered a useful diagnostic adjunct in the electrophysiological
evaluation of degenerative cervical spine conditions.
Lo and colleagues first demonstrated that cutaneous silent period

(CSP) measurements are simple, quick and sensitive methods for the
diagnosis of CSM (Figure 3).12 Successively, Stetkarova and Kofler13

aimed to assess the utility of CSP for functional evaluation of mild
CSM. They found that CSP onset and end latencies were delayed and
that CSP duration was shortened in patients with CSM. The authors
concluded that CSP abnormalities were almost equally sensitive as
upper limb MEPs and were highly associated with spinothalamic
dysfunction. This finding also suggests a high correlation of CSP
abnormalities with corticospinal tract dysfunction and a supraspinal
influence on CSPs. However, the use of CSP in clinical practice
is rather limited, as this technique is particularly useful in evaluation
of certain segments of the nervous system or of certain components
of sensory nerves that are not well assessed by other routine
electrodiagnostic methods.
Sternocleidomastoid muscle EMG and dermatomal somato-

sensory-evoked potential (dSEP) were evaluated as diagnostic aids in
differentiation between ALS and CSM in another interesting study.14

Both sternocleidomastoid muscle-EMG and dSEP have proved to be
valuable differential aids between these two pathologic conditions.

Somatosensory-evoked potentials
SEPs can be used to disclose abnormalities of ascending sensory
pathways in CSM. A number of studies that utilized cephalic
reference montages showed that dorsal column dysfunction can be
demonstrated in 43–100% of patients by lower limb SEPs, in 57–74%
of patients by ulnar nerve SEPs and in 24–59% of patients by median
nerve SEPs.15–18

In these studies, upper limb SEPs rarely showed abnormalities in
patients without sensory deficits. On the other hand, abnormal lower
limb SEPs are of no value for localizing the dysfunction at the
cervical level. The non-cephalic reference (shoulder contralateral to
stimulating site) recordings of SEPs allow a separate analysis of the
dorsal horn N13 response and of the P14 potential, the latency of
which is thought to reflect the transit time of the ascending volley up
to the lower brainstem level. Abnormalities of the N13 potential have
been found in diseases affecting the central gray matter, such as
syringomyelia or intramedullary tumors.19 An abnormal spinal N13
potential was found in 95% of radial, 90% of median and 54% of
ulnar nerve SEPs in 11 patients with MRI-confirmed CSM.20

In contrast, scalp SEPs reflecting the activity of the dorsal column
system up to the parietal cortex were normal in the vast majority of
the CSM patients. Therefore, segmental cervical cord dysfunction in
CSM is principally manifested by an abnormal spinal N13, whereas
scalp far-field abnormalities are associated with dorsal column
involvement.21

In a successive report, Restuccia et al.22 addressed the question of
whether the diagnostic yield of SEPs in CSM can be improved by
assessing separately dorsal column and dorsal horn responses to
stimulation of median, radial and ulnar nerves. This study shows that
the recording of both spinal and scalp SEPs in patients with CSM can
reveal two main types of cord dysfunction at the cervical level. The
most frequent SEP abnormality was the absence or reduction of the
spinal N13 potential, which was evident at least for one of the tested
nerves in all but two patients, in whom the spinal cord compression
was located at the C2–C3 levels.
The N13 abnormality was often associated with normal scalp SEPs,

as the loss of N13 with normal P14 and N20 potentials has been found
in 28 of 76 upper limbs. Therefore, an isolated abnormality of the N13
potential in patients with CSM is likely to reflect an anatomical
damage limited to the cervical gray matter. In fact, a loss of N13 with
normal P14 and N20 potentials has been reported in lesions of the
cervical gray matter leaving dorsal columns unaffected.23–27 The N13
abnormality in patients with CSM is likely to reflect a decreased blood
supply to cervical cord from anterior spinal artery.20,21

By contrast, in earlier studies, a neck-to-forehead montage for the
recording of the N13 potential was used, and the detection rate of
upper limb SEPs abnormalities was much lower.28 In fact, earlier SEP
studies in patients with CSM failed to reveal any selective loss of the
N13 potential in association with normal scalp potentials. The cervical
response recorded with a neck-to-forehead montage, which is an
amalgam of the cervical N13 and scalp P14 potentials,29,30 is not
significantly affected by selective lesions of the cervical gray matter.26,26

Another reason for the high rate of N13 abnormalities in the
patients studied by Restuccia et al.22 pertains to the use of multiple
nerve stimulation, including the radial nerve, which corresponds to
the more frequently involved level. Interestingly, abnormalities of the
N13 potential are strongly related to the compression level as revealed
by radiological investigations.
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Indeed, the higher rate of reduced N13 potentials in radial and
median nerve SEPs than in ulnar nerve SEPs (93.5 and 84.6% vs
65.3%) correlates well with the involvement of the C5 level as shown
by MRI.

Another consistent SEP feature in the CSM patients evaluated with
the non-cephalic reference montage was the abnormality of the P14
potential, which was found in 37.6% of radial, in 41% of median and
in 62.8% of ulnar scalp SEPs.22 The P14 scalp far-field potential is

Figure 2 Root mean-square amplitude of rectus femoris muscle over gait cycle from one participant with CSM (a), normalization (b) and extraction (c) of
amplitude over bursts of muscle activation. GC, gait cycle; RMS, root mean square; TO, toe off; V, volts; % max, percentage of maximum RMS amplitude.
Reproduced with permission from Malone et al.10
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generated in the brainstem tracts of the ascending lemniscal pathways
close to the cervicomedullary junction.28,30 The increased P9–P14
interval or absent P14 with a normal P9 thus directly reflects time
dispersion at the level of the cervical spinal cord.
In earlier studies, which used a cephalic reference montage, scalp

SEP abnormalities in CSM were frequently represented by the
abolition or latency delay of the parietal N20 response. However,
prolonged N20 latency or N13–N20 interval provides an indirect
assessment of abnormal dorsal column function and includes
the transit times in medial lemniscus and thalamocortical fibers.
Therefore, an N20 abnormality can be caused by any intracranial
conduction slowing in the somatosensory pathways. The evaluation of
the scalp P14 far-field provides more reliable information on dorsal
column dysfunction than that of the parietal N20 potential. For this
reason, the percentage of patients with subclinical dorsal column
dysfunctions revealed by upper limb SEPs (normal joint and touch
sensation but abnormal scalp SEPs) was greater in the series of
Restuccia et al.22 than in those reported in earlier studies.17,18

The resynchronization of the ascending volley in the intracranial

somatosensory pathways may account for the abolition or the latency
delay of the P14 potential with a normal N20 latency.31 With respect
to the relationship between scalp SEP abnormalities and compression
level, ulnar scalp SEPs are more often involved than median scalp
SEPs.17,18 A greater sensitivity of the longer fibers to compression
could explain the higher rate of abnormal ulnar nerve SEPs compared
with median nerve SEPs in CSM.22 However, because of the small
difference in length between the fibers incoming from median and
ulnar nerves, this hypothesis seems unlikely, even though it might hold
for the high detection rate of tibial nerve SEPs in CSM.
In another study, abnormal patterns of the SEPs were compared

with the abnormal-evoked spinal cord responses recorded, in 13
patients with various cervical lesions, from the posterior epidural space
using catheter electrodes or needle electrodes inserted into the
ligamentum flavum.32 Cervical N13 potentials were recorded by two
different montages. Lower cervical N13 (LC-N13) recorded from the
Cv5-anterior neck montage showed similar latency to upper cervical
N13 (UC-N13) recorded from the Cv2-inion montage. Attenuation of
the LC-N13 and relatively preserved UC-N13 and P13-P14 were

Figure 3 Sagittal turbo spin echo T2-weighted (top) and axial gradient echo magnetic resonance images of the cervical spine of Cases 22, 20, 4 and 6
showing increasing severity of cord compromise, depicted as Groups 1 to 4, respectively. Actual cutaneous silent period (CSP) tracings of Cases 22 (normal
CSPs), 20, 4 and 6, respectively. Stimulation of right V digit was performed with abductor pollicis brevis recordings. Superimposition of three traces is
shown. The CSP latency, duration, vertical gain and horizontal sweep speed are depicted in tracings. No CSP was elicited for Case 6. Reproduced with
permission from Lo et al.12
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characteristic in patients with cervical syringomyelia and CSM at the
mid-cervical levels, whereas attenuation of the UC-N13 with normal
LC-N13 was characteristic in patients with CSM who showed
conduction blockade of the evoked spinal cord responses at the
C3–4 level. Therefore, two different cervical N13 potentials can be
recorded by two different montages, and they represent different
behavior in different spinal cord lesions. In this study, the authors
were able to demonstrate that at least the early part of the P13–P14
complex originates in the upper cervical region.
Furthermore, valuable information can be provided by dSEPs in

selected patients with multiple root or spinal cord involvement.33 In
two patients with lesions causing multiple root involvement, dSEPs
helped reveal the functional abnormality. In a patient with an
MRI-verified lesion occupying a considerable volume of the lower
spinal cord, all neurophysiological investigations were normal
(EMG, MEPs, median and tibial SEPs), except for the dSEPs;
abnormal dSEPs were also found in patients with a small
well-circumscribed intramedullary lesion at right C2 level.

Motor-evoked potentials
Many studies have employed MEPs elicited by transcranial magnetic
stimulation (TMS) in patients with CSM to assess the central motor
pathways. They have demonstrated any abnormalitiy for distal upper
limb muscles and for lower limb muscles in almost all patients.34–45

The MEP abnormality consists usually of a prolonged central motor
conduction time (CMCT), but one study showed that, in addition to
the CMCT, the duration of MEPs may be helpful in evaluating
patients with CSM.46

For careful assessment of the cervical spinal cord function, MEPs
should be recorded from multiple upper limb muscles corresponding
to different segmental levels, in particular from the biceps and thenar
muscles to study the central motor pathways of two different
myotomes, C5–C6 and C8–D1.36 In patients with a high degree of
cervical cord compression, the CMCT is prolonged for the biceps
brachii and distal hand muscles. Conversely, in patients with
multilevel cervical cord compression such as cervical canal stenosis,
CMCT was found to be abnormal for the thenar muscle and normal
for the biceps muscle.36 This finding suggests a prevalent damage of
the central motor pathways for distal upper limb muscles. Also, in

patients who have a single compression level, such as a central disc
herniation, the CMCT abnormality is usually confined to distal upper
limb muscles.
When the patients show a close correlation between MRI and MEP

findings, the most important etiological factor is probably a segmental
demyelination of central motor pathways due to a direct mechanical
spinal cord compression. However, more than one single mechanism
may have a role in the pathogenesis of spinal cord damage, and
sometimes discrepancies can be observed between the level of spinal
cord compression documented by neuroimaging studies and the level
of spinal cord dysfunction revealed by MEPs. A more caudal
functional involvement of the cervical cord revealed by MEPs can
be explained on the basis of a compromised blood flow to the spinal
cord. The anterolateral regions of lower cervical segments are blood
supplied almost exclusively from the anterior spinal artery, whereas
the higher cervical segments that are located between the cervical and
intracranial arterial territories have more sources of blood. Therefore,
the frequent involvement of lower cervical segments probably depends
on their higher vulnerability to ischemic damage. When cervical
spondylotic compression involves the anterior spinal artery, the major
damage is of vascular origin and localized to lower cervical segments,
independent from the level of spondylotic degenerative changes.47

It should be considered that similar MEP findings can be observed
in a wide array of neurological disorders such as neoplastic compres-
sion, intraspinal tumors, myelitis, spinal forms of multiple sclerosis
and MND.
MEP studies may reveal a subclinical involvement of corticospinal

projections to myotomes that are innervated by nerve roots of the
cervical spinal cord.36

In some patients (approximately 15% of CSM cases), who present
with an apparently isolated spastic paraparesis, CMCT is normal for
proximal upper limb biceps muscles but abnormal for distal upper
limb muscles and for all muscles supplied by more caudal
myelomeres. When this pattern of MEP abnormality is observed,
MRI examination of the cervical spinal cord should necessarily be
performed. On the contrary, an abnormal central motor conduction
for the biceps muscle may indicate several other conditions. In fact,
this finding can be recorded in a high cervical cord compression or in

Figure 4 Abnormal spinal and scalp SEPs in a patient with CSM. Right radial (a), median (b) and ulnar nerve SEPs. The peak latencies of N9 and P9
responses were within normal limits. The N13 potential was absent after stimulation of the radial (c) and median nerves but normal after stimulation of the
ulnar nerve. The peak latencies of the P1 response, as well as the P9–P14 intervals, were delayed after stimulation of the radial ad median nerves and not
evaluable after stimulation of the ulnar nerve. Reproduced with permission from Restuccia et al.22
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intracranial disorders involving central motor pathways, MND, as well
as in a neurodegenerative disorder involving the spinal cord.
The examination of central conduction for more cranial myotomes,

and in particular the MEPs of the trapezius muscle, may also be of
great importance. In a study aiming at assessing whether trapezius
MEPs are helpful in the evaluation of high cervical cord lesions, 43%
of the patients with radiological evidence of corticospinal lesion above
the level of C5 and 14% without this radiological evidence showed
prolonged MEP latencies.37

The differential diagnosis between an intracranial disorder and a
high cervical cord lesion may be clinically and electrophysiologically
difficult. The technique of cervicomedullary junction stimulation
enables the selective evaluation of the intracranial and the spinal
segments of central motor pathways to the proximal upper limb
muscles, by subtracting the latency of the MEPs evoked by
paravertebral magnetic stimulation from the latency of the MEPs
evoked by cervicomedullary junction stimulation.48,49

In addition to the localization of lesion sites, MEPs may provide
valuable information in quantifying the degree of functional
involvement of the spinal cord, in particular when MRI shows only
a minor spondylogenic compression of the spinal cord, which can
have no significant functional effect on the spinal cord. In a combined
MEP and MRI study, the level of spinal cord compression was
determined according to the pattern of CMCT prolongation and
compared with the level disclosed by MRI (Figure 4).50 The actual
level of compression was correctly indicated by TMS in 87.5% of cases
and by MRI in 12.5% of cases. MEP recording may help in the
selection of patients with severe dysfunction of central motor pathways
who are probably better candidates for surgery. In particular, serial
MEP recording allows identifying the progressive forms of CSM and in
selecting patients who may benefit from surgical therapy. MEPs may
be helpful in determining the surgical site in patients who have
multilevel disc herniations and can also have a role in monitoring the
effect of operative intervention.
In the most recent TMS study, the sensitivity of the CMCT

recorded from the abductor digiti minimi was 92% for C3/4
myelopathy, 95% for C4/5, 58% for C5/6 and 9% for C6/7.51

Therefore, CMCT recorded from abductor digiti minimi is useful
for the screening of sternocleidomastoid muscle rostral to the C5/6
level, whereas the diagnosis of patients with C6/7 sternocleidomastoid
muscle should include assessment of the MEPs recorded from
abductor hallucis. Patients with C6/7 myelopathy may lack clinical
symptoms in their hands and CMCT to abductor digiti minimi tended
to be less prolonged, while they may only show symptoms in their
lower limbs as gait disturbance.52

ELECTROPHYSIOLOGY AND CSM SURGERY

Preoperative assessment
The functional electrophysiological evaluation obtained pre-surgically
by evoked potentials is useful for outcome prediction after surgical
treatment of CSM. Evoked potentials have been correlated with
clinical findings, both pre- and postoperatively. In an MEP study,
De Mattei et al.45 first demonstrated a significant CMCT improvement
in 11 of 12 patients with cervical myelopathy of varied etiology who
underwent decompressive surgery. Similar findings have been reported
in another study, but the preoperative MEPs were found not to
provide predictive information for clinical outcome.53 Neurological
improvement was accompanied by increased thoracolumbar spinal
cord CMCT after decompressive surgery only in patients with mild
CSM;54 no electrophysiological parameter has been identified in this
study as an independent preoperative predictor.

In a retrospective study, MEPs were used for the assessment of
spinal cord function before and after surgery, and MEP changes
correlated with clinical findings.55 Early surgical intervention for CSM
was found to produce a beneficial effect on spinal cord functionality
that was revealed by MEP studies.
Interestingly, sufficient clinical results of surgical treatment can be

expected even in CSM patients who are older than 80 years of age,
when the patients are correctly selected by assessment with MEPs.56

Important preoperative issues can also be provided by SEP studies.
Preoperative recording of the N9–N20 interval of the median SEP has
been reported to predict good functional outcome in 39 patients
operated for severe CSM.57 Moreover, isolated N13 abnormalities also
predicted favorable surgical outcome in two studies comprising 49 and
11 CSM patients, respectively.58,59 Finally, the findings of a recent
study indicate that, in comparison with conventional averaging SEP,
the latency variability of trial-to-trial SEP recorded preoperatively
presented much higher sensitivity and specificity in predicting surgical
outcomes of CSM.60 In fact, analysis of single-trial signals, rather than
the across-trial ensemble averaging signals, can better detect changes in
SEP.61

Intraoperative monitoring
Intraoperative electrophysiological monitoring has an important role
in high-risk spinal cord injury. Initially, spinal cord-evoked potentials
were recorded by using electrodes inserted into cervical intervertebral
discs after caudal epidural stimulation.62,63 This method enables
localization of the conduction block at the myelopathic spinal cord
level intraoperatively but is relatively invasive. More recently,
recording epidural spinal cord-evoked potential during surgery allows
a more accurate functional localization and even a correlation with
functional outcome.64

SEPs provide an efficacious method to objective evaluate the
functional integrity of the spinal cord.65 SEPs are non-invasive,
technically easy and simple to obtain, and relatively free from
interference of inhalated anesthetic agents. An important limitation
of this technique is that obviously the anterior motor pathways are not
explored. Moreover, in a study comparing 577 patients with
intraoperative SEP monitoring and 462 patients,66 one patient in the
operative group was found to develop a partial central cord syndrome
despite having unobtrusive intraoperative SEP values.
These shortcomings can be addressed by employing MEPs. MEPs

can be recorded from the upper and lower extremities or via
transcutaneous epidural electrodes.67

Satisfactory results for eliciting MEPs during everyday practice can
be achieved with constant-voltage stimulators.68 A short train of
stimuli is preferable when eliciting muscle MEPs in anesthetized
patients. This generates multiple descending volleys that are carried by
the fast corticospinal tract neurons and cause the final depolarization
of the spinal cord's alpha-motoneurons. The most efficient duration of
the stimulus in the train is 0.5 ms; the optimal interstimulus interval,
regardless of intensity, is 4 ms; a train repetition rate of 2 Hz is
suggested as optimal.68

It should be noted that cortical MEPs elicited by TMS are
particularly sensitive to interference by certain halogenated volatile
anesthetic agents. However, the administration of total intravenous
anesthesia maintained with a target controlled infusion enables
successful SEP and MEP monitoring.69,70 Lo and colleagues71

demonstrated the use of desflurane for successful intraoperative
acquisition of MEPs as an alternative anesthetic regime in subjects
who underwent scoliosis surgery. In a successive study, the same
research group compared the use of desflurane and total intravenous

Neurophysiology in the management of CSM
R Nardone et al

762

Spinal Cord



anesthetic regimens showing that both anesthetic regimens allowed
successful monitoring MEPs during spinal surgery.59

A large study of 427 patients provided evidence that MEPs were of
high sensitivity for identifying motor tract injury during anterior and
posterior cervical decompression.72 Surgeons should therefore strongly
consider using MEPS when operating on patients with CSM, in
particular on those with ossification of the posterior longitudinal
ligament.
Besides CMCT abnormalities, also a significant correlation between

intraoperative decreased MEP amplitudes and postoperative new
neurological deficits has been reported in patients with CSM.73

Nevertheless, the development of postoperative segmental motor
paralysis after cervical laminoplasty for CSM was found to occur even
if there were no abnormal findings during intraoperative
monitoring.74 Moreover, in a retrospective review among 1445
patients who underwent anterior cervical surgery,7518.4% have
significant neurophysiological alerts during the procedure, but none
of them showed sustained postoperative neurological deficits.
During cervical laminectomy, especially patients with CSM at the

C4–C5 level are susceptible to C5 injury.76 However, two studies
that simultaneously utilized intraoperative MEPs and EMG minimized
the occurrence of this complication.77,78

Fan et al.77 conducted a retrospective study for 132 patients, who
were monitored with conventional techniques including ulnar and
posterior tibial nerve SEPs, C5–C7 dSEPs and transcranial electrical
stimulation (TES)-induced MEPs recorded from hand and leg
muscles. Moreover, prospective studies were applied to other 68
patients, for whom TES-induced MEPs and spontaneous EMG were
monitored from deltoid and biceps muscles in the awake state. In the
retrospective cohort, six patients presented after surgery with C5 nerve
root palsy showing unilateral deltoid muscle paralysis despite
entirely unremarkable conventional SEPs, dSEPs and TES-induced
MEPs from upper and lower limbs. In the prospective cohort, two
patients experienced C5 motor nerve root palsy.77 Impending C5
nerve root injuries after laminectomy were successfully identified in
both patients by detecting significant changes in deltoid and biceps
TES-induced MEPs and spontaneous EMG, thereby averting more
serious consequence.
In another retrospective study,78 in 238 subject who underwent

anterior cervical spinal procedures, spinal nerve root function was
monitored by means of TES-induced MEPs and spontaneous EMG
activity. The two techniques provide complementary information,
but MEPs show increased sensitivity to C5 deficit compared with
spontaneous EMG activity alone, because of the risk of false-negative
findings obtained using only EMG activity.
Finally, a systematic review aiming to use evidence-based medicine

to examine the diagnostic and therapeutic utility of intraoperative
electrophysiological monitoring in the surgical treatment of cervical
degenerative disease should be reported.79 The authors of this review
concluded that, although the use of MEP/SEP monitoring may serve as
a sensitive means to diagnose potential neurological injury during
anterior spinal surgery for CSM, intraoperative MEP/SEP worsening is
not specific; it may not represent clinical worsening and its recognition
does not necessarily prevent neurological injury, nor does it result in
improved outcome (Class II). Moreover, intraoperative improvement
in MEP/SEP parameters/indices does not appear to forecast outcome
with reliability (conflicting Class I data).

DISCUSSION

CSM is the most frequently observed myelopathy. The first step in the
diagnosis of CSM and other spinal cord disorders should be history

taking and clinical examination. However, in subjects with CSM,
physical examination findings are not always consistent with severity
of disease, and the use of neuroradiological examinations is essential to
establish the correct diagnosis. In particular, radiologic evidence of
spondylotic cord damage is necessary for the diagnosis of CSM. MRI is
usually the study of choice and can demonstrate or exclude spinal cord
compression in these patients.
On the other hand, neuroimaging is not always completely accurate

for making a diagnosis, and the functional involvement of the spinal
cord cannot be assessed by MRI. The neurophysiological evaluation by
means of different types of electrodiagnostic studies may thus be
considered the necessary ‘trait d' union’ between clinical assessment
and radiological investigations.47,80

EMG and NCS, as well as SEPs and MEPs elicited by means of
TMS, have an important role in differentiating CSM and nerve root
compression from peripheral neuropathies and myopathies.
These currently available electrophysiological methods may disclose
segmental dysfunction of the anterior horns (EMG) and of the
posterior horns (SEP), as well as of the long spinal pathways (SEP
and MEP), and should be highly recommended in patients with MRI
evidence of symptomatic or asymptomatic spinal cord compression.
EMG may reveal muscular denervation in cases in which CSM and

radiculopathy have been present for a prolonged period of time.
Differentiation between EMG signs of motor radicular damage and
the involvement of anterior horn cells is difficult, somewhat arbitrary
and there exists inevitably at least a partial overlap between these
conditions.
NCSs are usually within the normal limits in CSM and

spondylogenic radiculopathies (except in the cases with extensive
axonal or upper motoneuron damage) because the distal part of the
peripheral nerve is normal in these conditions. In contrast, NCSs
frequently show slowed conduction in subjects with peripheral nerve
entrapment or in many peripheral neuropathies.
Objectifying the presence and degree of sensory and/or motor

involvement in patients with CSM may be helpful for establishing the
diagnosis and in therapeutic decision-making.
SEPs are able to detect even subclinical abnormalities of central

sensory pathways. In particular, an usual finding is the isolated loss of
the spinal N13, and the recording of the cervical N13 response can be
considered a reliable diagnostic tool in patients with CSM, whereas the
less frequent abnormalities of the scalp far-field P14 is very useful in
disclosing dorsal column dysfunction.
Furthermore, a very high sensitivity of the MEPs elicited by TMS

has been demonstrated in spinal cord disorders, including CSM.81

MEPs can help in localizing the main site of interest for later
neuroradiological studies or in detecting a subclinical involvement of
central motor pathways. Extremely helpful is the multilevel assessment
of the CMCT, which can provide functional correlate to radiological
abnormalities. The functional assessment of corticospinal conduction
by means of MEP can thus significantly contribute to the diagnosis
and management of CSM. Especially the differential diagnosis between
CSM and MND may be difficult because both conditions are
characterized by a variable combination of upper and lower
motoneuron signs. In subjects with spinal cord compression, CMCT
abnormalities are usually recorded in all muscles localized below the
level of the spinal lesion, whereas the muscles supplied by more
cranial myelomeres are spared. In MND, abnormal MEP findings
recorded from certain muscles may be associated with a normal
CMCT to muscles innervated by more caudal myelomeres, thus
leading to a peculiar 'suspended’ abnormality of the central motor
conduction. Typically, in patients with CSM, an abnormal CMCT
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for the biceps brachii may be associated with normal MEP findings for
distal upper and lower limb muscles.36

This suspended abnormality of central motor conduction for biceps
brachii could also be determined by a delay of conduction along the
C5 and C6 roots. A concomitant lesion of these roots should be
excluded by clinical examination and/or by EMG study of muscles
innervated by C5 and C6 roots. A CMCT abnormality for proximal
upper limb muscles with normal conduction to distal upper limb
muscles can rarely be observed in patients with CSM.36 A suspended
central conduction abnormality can also be characterized by an
abnormal CMCT for distal upper limb muscles associated with a
normal conduction for lower limb muscles. In these cases, the
evaluation of the central motor conduction with the F-wave method
is very useful or even mandatory for a correct localization of motor
pathway dysfunction. Moreover, combined evaluation of multiple
F-waves parameters (minimal F latency, F chronodispersion, F
persistence and side-to-side differences) resulted in 55% sensitivity
and 100% side concordance for detecting cervical spondylotic
radiculopathy and can thus be considered as a useful, diagnostic
adjunct in the electrophysiological assessment of spondylogenic
myelopathy or radiculopathy.82

CSP also shows a high sensitivity for detecting spinal cord lesions,
thus representing a highly sensitive and accurate diagnostic tool, but it
is not used routinely for diagnosis of CSM. However, the
measurement of the CSP can provide information beyond that
obtained from the MEPs elicited by means of TMS. In fact, MEPs
assess corticospinal tract dysfunction, often seen in CSM lesions as a
consequence of disc protrusion and anterior cord indentation, whereas
CSP, mediated by spinal reflexes with supraspinal descending control,
may address a larger anatomical circuit or area comprising afferent,
efferent and supraspinal inputs.
SEPs and MEPs may help in the assessment of disease severity and

can be used for monitoring and quantifying sensory and motor
function in the course of patient recovery. Indeed, these techniques
provide an useful functional correlate for documenting pre- and
postoperative neurological status. Recently, intraoperative monitoring
was associated with better clinical outcomes and some increased
hospital charges among discharges of simple spinal fusions and
laminectomies in a large, multiyear data set.83 Monitoring of MEPs
may be considered as an alternative to SEPs during anterior cervical
procedures, but combined monitoring of MEPs and SEPs is always the
ideal. Even if some results are encouraging, these electrophysiological
techniques at present cannot be recommended as independent
outcome predictors for CSM surgery.84 Importantly, the intraoperative
monitoring in patients with spinal cord pathology can be only
combined (MEPs+SEPs+EMG). The clinician should also consider
intraoperative deltoid and biceps TES-induced MEPs and spontaneous
EMG monitoring in order to reduce postoperative C5 nerve root palsy
whenever there is potential for iatrogenic C5 nerve root injury.
Interestingly, in patients with MRI signs of spondylotic cervical cord

compression but without clear clinical signs of myelopathy, risk of
early progression into symptomatic CMS (p1 year) was predicted by
the presence of clinically symptomatic radiculopathy and abnormal
SEPs and MEPs, whereas MRI signal abnormalities (hyperintensity)
predicted the later (41 year) development of CSM.85 In a recent
study, CMCTs at the lower limbs, but not MRI-measured sagittal
and parasagittal diameters of the spinal canal, were found to correlate
with long-term functional outcome following surgical or conservative
treatment.86

In conclusion, the studies reported in the present review illustrate
that electrophysiological studies are very useful complementary

investigations for assessing cervical cord dysfunction and have an
important role in diagnosis and management of CSM.
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