
ABSTRACT: The anatomy and pathophysiology of radiculopathies are re-
viewed, and the electrodiagnostic approaches used in evaluating patients
with suspected root lesions are discussed. Such electrophysiologic proce-
dures include motor and sensory nerve conduction studies, late-response
studies, somatosensory and motor evoked potentials, nerve root stimulation,
and needle electromyography. The value and limitations of these different
procedures are considered. At the present time, needle electromyography is
the single most useful approach. The findings in patients with radiculopa-
thies at different levels are summarized.
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Radiculopathies, typically caused by root compres-
sion, are one of the most common causes of patient
referrals to electrodiagnostic (EDX) laboratories, of-
ten exceeding even carpal tunnel syndrome.113 Be-
cause they occur so frequently in adults, it often is
forgotten that the concept of root compromise as a
common cause of neck, back, and limb symptoms is
relatively new. Lumbosacral radiculopathies were
first described by Mixter and Barr in 1934,87 and
cervical radiculopathies by Semmes and Murphy in
1943,106 but until the 1950s many physicians, such as
Walshe,126 were reluctant to attribute symptoms to
root involvement from intervertebral disk disease.

The EDX examination has been used in the as-
sessment of radiculopathies for nearly 50 years.12,109

In this review, both the benefits and the limitations

of the various electrophysiologic procedures used in
assessing radiculopathies and the typical results ob-
tained with them will be discussed.

ANATOMY

Thirty-one pairs of spinal nerves are attached to the
spinal cord by ventral and dorsal roots: 8 cervical, 12
thoracic, 5 lumbar, 5 sacral, and 1 coccygeal. Most of
the axons composing the ventral roots originate
from cells in the anterior and lateral gray columns of
the spinal cord, whereas those composing the dorsal
roots originate in the spinal, or dorsal, root ganglia
(DRG).17 The DRG are located very distally along
the dorsal roots, near where the latter join the ven-
tral roots to form the mixed spinal nerves. Hence,
the DRG usually are within the ostium of the bony
intervertebral foramina.18 Immediately after they
exit the intervertebral foramina, the spinal nerves
terminate by dividing into posterior and anterior pri-
mary rami (also known as dorsal and ventral primary
divisions). The posterior primary rami supply the
skin and intrinsic or ‘‘deep’’ muscles of the posterior
neck and trunk; depending upon the level, the an-
terior primary rami supply either the anterolateral
aspect of the trunk or, through intervening plexuses,
the limb muscles. The roots and spinal nerves vary in
size. The largest are attached to the cervical and lum-
bar swellings of the spinal cord, and contain axons
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that are distributed principally to the upper and
lower extremities.17

Excluding the C8 root, the cervical roots exit su-
periorly to the vertebrae with which they share a
numerical designation. Thus, the C5 root traverses
the intervertebral foramen between the C4 and C5
vertebrae. There are eight cervical roots, however,
but only seven cervical vertebrae. Consequently, the
C8 root leaves the intraspinal canal between the C7
and T1 vertebrae. Inferior to that level, each root
exits caudal to the corresponding numbered verte-
bra; for example, the L5 root passes between the L5
and S1 vertebrae.17 The more caudal spinal roots
must descend beside and then beyond the most in-
ferior portion of the spinal cord, the conus medul-
laris, to reach their exit foramina. Collectively, these
roots constitute the cauda equina. The sensory fibers
composing the cauda equina are ‘‘preganglionic,’’
since they are situated between the spinal cord and
the DRG.17,134

Root and vertebra designations can be a source
of confusion with radiculopathy assessments. Refer-
ring physicians frequently discuss root involvement
in terms of disk levels (e.g., a C6–C7 lesion), whereas
EDX physicians are concerned with the specific root
affected (e.g., a C7 root lesion). Such miscommuni-
cations can be a particular problem with lumbar ra-
diculopathies, since roots derived from more than
one segment can be compromised at a single disk
level, depending on the location and size of the com-
pressive lesion. Thus, L4, L5, and S1 radiculopathies
can all occur at the L4–L5 level.134

All the muscles that share innervation from the
same spinal cord segment (ventral root) compose a
myotome. Almost all muscles are constituents of
more than one myotome, however, because they re-
ceive innervation from two, and sometimes more,
contiguous ventral roots, although usually not to the
same extent. As a result, contiguous myotomes over-
lap, in that they have some muscles in common.142

For many years, the diagnosis of a radiculopathy in
the EDX laboratory was based entirely upon finding
abnormalities in a myotome distribution on needle
electrode examination (NEE).84

The region of skin receiving sensory innervation
from a single dorsal root constitutes a dermatome.
The territories of contiguous dermatomes overlap
considerably.17,142 Some of the more recently intro-
duced electrophysiologic procedures used for radic-
ulopathy evaluation assess the sensory component of
the root; one of them does so by dermatomal stimu-
lation.1,2,6,100,134

PATHOPHYSIOLOGY OF RADICULOPATHIES

Most radiculopathies ultimately are attributable to
root compression, resulting either from interverte-
bral disk protrusions or ruptures (generally in pa-
tients less than 40–50 years of age) or from more
complex degenerative changes of the spinal column,
involving osseoligamentous hypertrophy (typically in
patients over 50 years of age).134 Compromise of the
same root produces clinical and EDX presentations
that can vary among patients, suggesting that there
are differences at the compression site in both the
particular fibers affected and the nature of their
pathologic involvement.

The clinical presentations of radiculopathies, in
decreasing order of frequency, suggest injury of sen-
sory root fibers alone; simultaneous involvement of
both sensory and motor fibers; and isolated motor
fiber dysfunction.44 The focal pathology and result-
ing pathophysiology that occur at the lesion site de-
pend on the nature of the underlying disorder and,
with compressive radiculopathies, on the amount of
pressure sustained by the individual fibers. When se-
vere enough, axon loss ensues. One of the electrical
manifestations of this process when it involves the
extrafusal motor fibers is fibrillation potentials in an
appropriate myotomal distribution. Such spontane-
ous activity, however, cannot be detected in some
patients with radiculopathies. With some chronic
root lesions in which fibrillation potentials are lack-
ing, motor unit action potential (MUAP) changes
indicate that both motor axon degeneration and
subsequent regeneration have occurred.136 With
many other radiculopathies, however, even acute
ones studied within a few weeks of onset, no evi-
dence of motor axon loss is detectable. This suggests
that another pathophysiologic process, focal demy-
elination, is operative.121,140 At times, such demyelin-
ation is severe enough to produce conduction
block42; when this occurs along motor fibers, it is
manifested as prominent, but usually short-lived,
weakness.136 This process has been confirmed both
inferentially and directly in the EDX laboratory.8,139

Lesser degrees of focal demyelination may result in
conduction slowing at the injury site. The slowing
may affect all axons to the same degree (synchro-
nized slowing) or alter the speed of conduction
along different axons to different degrees (desyn-
chronized or differential slowing). The latter is the
presumed mechanism whenever deep tendon re-
flexes are lost without accompanying clinical weak-
ness or fixed sensory deficits.112,136

The clinical and EDX features of isolated com-
pressive radiculopathies usually are much less severe
than those seen with single root avulsions, indicating
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that subtotal root involvement is characteristic of the
former.140 Furthermore, the roots generally are af-
fected more distally with typical compressive lesions
than with avulsion injuries, although with both the
site of injury along sensory fibers is proximal to the
DRG.

ELECTROPHYSIOLOGIC PROCEDURES USED IN
DIAGNOSING RADICULOPATHIES

Conventional Motor and Sensory Nerve Conduction
Studies. Motor and sensory nerve conduction stud-
ies (NCS) usually are normal with single radiculopa-
thies, for both anatomic and pathophysiologic rea-
sons. The sensory nerve action potentials (SNAPs)
rarely are affected, regardless of whether focal de-
myelination or axon degeneration has occurred, and
even when there is a fixed sensory deficit on clinical
examination. This is because of the proximal loca-
tion of the lesions; even if axon degeneration ensues,
both the DRG and the peripheral processes arising
from them are spared, since degeneration proceeds
centrally rather than peripherally.1,7,11,73

The sole component of the motor NCS that may
be affected substantially is the amplitude of the com-
pound muscle action potential (CMAP). This occurs,
however, only if the radiculopathy is causing axon
degeneration, because the conduction properties of
the axons distal to the root lesion—the segment that
is evaluated by routine motor NCS—remain normal
with focal demyelinative lesions; hence, the ampli-
tudes, distal latencies, and conduction velocities are
all unaffected. By contrast, with axon degeneration,
especially of recent onset, CMAP amplitudes may be
reduced because they reflect the number of viable
motor axons supplying the muscle from which the
recording is made.136 Thus, a C8 radiculopathy
sometimes causes low-amplitude ulnar CMAPs, and
an L5 radiculopathy may alter the peroneal CMAP
similarly. Nonetheless, such CMAP alterations are
seen infrequently with single root lesions because
the muscle from which the recording is made char-
acteristically sustains modest, rather than severe, de-
nervation. There are two reasons for this. First, the
root compromise generally is incomplete, so that it is
rare for the majority of motor fibers within the root
to degenerate. Second, one or more additional roots
also innervate the affected muscle, and their fibers
are not involved. Consequently, the CMAP ampli-
tudes are likely to be reduced with radiculopathies
only when axon loss is exceptionally severe or when
more than one root supplying the muscle is compro-
mised. These circumstances are seldom encountered
with cervical radiculopathies and isolated lumbosa-
cral radiculopathies, but are relatively frequent with

cauda equina lesions caused by lumbar canal stenosis
or large central disk protrusions, which may result in
simultaneous compromise of L5 and S1 roots.136,140

Even when root lesions produce considerable axon
loss, the motor distal latencies and conduction ve-
locities are not slowed because they reflect conduc-
tion along surviving fibers that are conducting at
their normal rate.

Late Responses. H Waves. The H wave is one of
the so-called late responses. It is a monosynaptic spi-
nal reflex named after Hoffmann who first described
it in 1918.27 It has been used with technical modifi-
cations to evaluate most of the lumbosacral roots
that sustain compressive radiculopathies,130 and a
few reports have described the utility of assessing the
C6 and C7 roots by recording an H response from
the flexor carpi radialis muscle while stimulating the
median nerve at the elbow.49,98,102,130 Nevertheless,
the only H-reflex study that enjoys wide popularity is
that assessing the S1 fibers; this involves stimulating
the tibial nerve while recording from the gastrocne-
mius–soleus muscle group.1,24,26,134

There is almost universal agreement that H-wave
studies, because of their sensitivity, may be helpful
with radiculopathy assessment. There is disagree-
ment, however, among various investigators regard-
ing which component of the H wave, its latency or
its amplitude, is most useful.89,134 Side-to-side la-
tency differences of greater than 1.0–1.8 ms, or la-
tencies that exceed those predicted by a nomogram,
have been used to diagnose S1 radiculopa-
thies,26,90,104,108,121 as have side-to-side amplitude dif-
ferences of 50% or greater, or unelicitable re-
sponses.50,99,102,129,130,140 In the authors’ experience,
reduction in the H-wave amplitude has been the
most useful H-wave abnormality for detecting root
lesions.

H-wave measurements offer several theoretical
advantages over the traditional method of diagnos-
ing radiculopathies, i.e., detecting fibrillation poten-
tials in a myotomal distribution. They can become
abnormal with the onset of root compression and
remain abnormal until the compression ceases. Fur-
thermore, they evaluate the function of sensory root
fibers, including the segment proximal to the DRG.
This is pertinent because sensory complaints are
more common than motor complaints in patients
with radiculopathies, suggesting more frequent or
more severe compromise of sensory fibers (at least
unmyelinated or small myelinated ones) than motor
fibers.117

Unfortunately, the advantages of H-wave studies
are offset by certain limitations. First, in most EDX
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laboratories only the S1 roots can be evaluated con-
sistently. Second, H waves are sometimes normal
with proven radiculopathies, presumably because of
incomplete root involvement with sparing of the fi-
bers that mediate the reflex. Third, an abnormal H
wave is not synonymous with a radiculopathy because
the reflex is mediated over a long pathway that in-
cludes peripheral nerves, plexuses, and various seg-
ments of the spinal cord, as well as the sensory
and motor roots; lesions at any of these levels can
cause identical H-wave abnormalities. Fourth, once
H waves become unelicitable, at least because of
S1 compromise, they often remain so indefinitely.
Consequently, the test offers very little assistance in
assessing patients with prior S1 radiculopathies, par-
ticularly those who have undergone lumbar laminec-
tomies. Finally, H responses often are unelicitable
bilaterally, not only in patients with polyneuropa-
thies—their loss is a very sensitive, early finding in
these generalized disorders—but also in otherwise
normal persons over the age of 60 years.90,121,140

F Waves. F waves also are late responses. They
are elicited by antidromic activation of motor neu-
rons following peripheral nerve stimulation. Their
name derives from the fact that they were first re-
corded from foot muscles.82 F waves vary in size,
shape, and latency, and are generally less than 5% of
the size of the direct muscle response.37,91 Different
investigators consider different aspects of the F-wave
study to be helpful. The most widely used compo-
nent is the ‘‘minimal latency’’: the latency of the
shortest reproducible response. This is assumed to
represent conduction time along one of the largest
diameter motor fibers in the stimulated nerve.30,37

Other parameters that have been used are the
‘‘mean latency,’’ the extent of scatter (‘‘chronodis-
persion’’),91 and the size and persistence of the F
waves.27,37

F waves have been used for almost two decades in
the evaluation of radiculopathies.29,37,38,119 Initially,
it was thought that they would be valuable in detect-
ing lesions involving proximal portions of the pe-
ripheral nervous system (PNS), such as radiculopa-
thies, that are inaccessible to the more conventional
NCS. In support of this view, high yields were
claimed in early reports. Unfortunately, subsequent
experience has shown F-wave studies to be disap-
pointing in patients with clinically unequivocal cer-
vical and lumbosacral radiculopathies; frequently
they are normal, and even when abnormal they often
are redundant because NEE abnormalities are pres-
ent as well.1,5,26,31,92,116

Several factors probably account for the low sen-
sitivity of F waves. First, they assess the functional

integrity only of motor fibers. Second, for F-wave
studies to be considered abnormal, it is generally
necessary for conduction slowing to be present along
at least some of the fibers studied, and this may not
have occurred. Third, even if such focal slowing is
present, the affected portion of the motor pathway is
so small compared with the total pathway being as-
sessed that this conduction abnormality may be ob-
scured. Fourth, F waves are elicited by stimulating
the peripheral nerve innervating the muscle from
which the response is recorded, and that peripheral
nerve contains motor axons derived from more than
one root. Hence, conduction slowing caused by an
isolated lesion of one root may readily be masked by
the normal conduction along fibers traversing the
other, unaffected root(s). Moreover, even if an F-
wave abnormality is present as a result of a root le-
sion, it is not possible to determine on this finding
alone which one of the roots supplying the affected
muscle is involved. Fifth, similar to H waves, F waves
are mediated over a long peripheral segment, ex-
tending from the recorded muscle to the spinal
cord. Consequently, if an F-wave abnormality is pres-
ent, it is not diagnostic of a radiculopathy because
the lesion may be located at any level (peripheral
nerve, plexus, root, cell body in the spinal cord)
along the motor pathway being tested.134 For the
above reasons, the authors do not consider abnor-
mal F waves, either alone or combined with NEE
abnormalities limited to the paraspinal muscles, to
be sufficient for the diagnosis of a radiculopathy,
including one involving the L5 or S1 root.101

Somatosensory Evoked Potentials. Somatosensory
evoked potentials (SEPs) have been used increas-
ingly in recent years to evaluate the function of pe-
ripheral sensory pathways. They are elicited by elec-
trical stimulation of an accessible mixed or
cutaneous nerve, or the skin in the territory of a
particular nerve or nerve root. Responses are re-
corded with either surface or needle electrodes over
the scalp, over the spine, and over peripheral nerve
fibers in the limb under study. Full technical details
are provided elsewhere.3 In assessing the response,
the latencies of the individual components and the
intervals between different components (i.e., the in-
terpeak latencies) are examined and related to
height or limb length. In addition, the presence or
absence of individual components and their ampli-
tudes are studied. Changes in morphology and in
the degree of dispersion of the response may also
reflect a lesion of the somatosensory pathways, but
defining the boundaries of normality is difficult.

SEP studies theoretically should be of help in
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evaluating patients with suspected root lesions be-
cause they are the only simple means (excluding H-
wave studies) of studying sensory function in proxi-
mal portions of the PNS. There are, however, several
general limitations to their use in this context. First,
any focal slowing of conduction due to compression
of nerve fibers traversing a particular nerve root may
be asked by the long distance between the site of
peripheral stimulation and the site at which the re-
sponses are generated. Second, focal conduction
block in some fibers may not lead to any obvious
abnormality in the SEP because conduction is unaf-
fected in the remaining fibers within the root or
nerve that is stimulated. Third, there is normally
some interside and intersubject variation in ampli-
tude of SEPs so that only an extreme change—or loss
of the response—reliably indicates the presence of
an underlying lesion. Fourth, although a SEP abnor-
mality may indicate a lesion in the somatosensory
pathways proximal to the limb plexus, any further
localizing information is very limited. Finally, SEP
abnormalities provide no clue to the nature or age of
a lesion in the sensory pathways.3

Nerve Trunk Stimulation. SEPs elicited by nerve
trunk stimulation have been used to evaluate pa-
tients with suspected cervical spondylosis. In general,
patients who have pain and paresthesias but lack
neurologic signs have normal median, ulnar, or ra-
dial SEPs. When there are radicular signs, however,
SEP abnormalities may be present, regardless of
whether there is an accompanying myelopathy.32,39

Nonetheless, only rarely among patients with objec-
tive evidence of root compression is the SEP abnor-
mal when the NEE is normal, whereas the reverse
commonly occurs.145

In patients with isolated compressive lumbosacral
root lesions, the peroneal-derived SEP is always nor-
mal in the authors’ experience,5,6 as might have
been anticipated, because the nerve contains fibers
from several different segments. Although others
have reported a high incidence of abnormalities in
peroneal SEPs in these situations, their failure to
provide any detailed account of their criteria for ab-
normality36 makes interpretation of their findings
difficult.

Cutaneous Nerve Stimulation. SEPs elicited by cu-
taneous nerve stimulation are more segmentally spe-
cific than those elicited by mixed nerve stimulation.
Eisen and coworkers found that 16 (57%) of 28 pa-
tients studied by this technique had abnormal scalp-
recorded responses, but NEE had the best diagnostic
yield (75%).28 The most common SEP abnormalities
were reduced amplitude and poor morphology; la-
tency abnormalities were uncommon. Using a simi-

lar technique, Perlik and associates evaluated the L4,
L5, and S1 segments of 27 patients with low-back
pain, unilateral radicular symptoms, and abnormal
computerized tomography (CT) scans. Radio-
graphic changes and SEP abnormalities consistent
with focal root dysfunction were found in 21 pa-
tients. Only 6 of the 21 patients had other electro-
physiologic changes (e.g., abnormalities on NEE or
late response testing), and they were the only pa-
tients with clinical signs. These findings, then, sug-
gested that the SEP elicited by cutaneous nerve
stimulation was very sensitive to compressive lesions
of the appropriate nerve root.94 In a subsequent
study that Fisher, the senior investigator in the ear-
lier study, undertook on a larger group of 59 patients
with clinical features of a lumbosacral radiculopathy,
the SEP findings were compared with the operative
findings and the results of other diagnostic studies. It
was again found that the SEP had a higher diagnostic
yield than NEE; thus, of the 38 patients with abnor-
mal postmyelogram CT scans, 32 had abnormal
SEPs, but only 11 had NEE abnormalities. This study
therefore supported a useful role for this type of SEP
even when conventional EDX studies are normal.124

By contrast, Seyal and coworkers found the scalp-
recorded SEP elicited by cutaneous nerve stimula-
tion to be abnormal in only 20% of patients with a
lumbosacral radiculopathy and appropriate radio-
logic abnormalities.107 Moreover, Tans and Vrede-
veld could find no significant difference between
NEE and SEPs in the incidence of abnormal findings
in their patients,117 while Dumitru and Dreyfuss re-
ported that the technique had high specificity but
low sensitivity.25 The findings of these latter investi-
gators, and those from the original study by Eisen
and his colleagues,28 raise doubt about the utility of
SEPs elicited by cutaneous nerve stimulation in as-
sessing patients with suspected lumbosacral radicu-
lopathy.

Dermatomal Stimulation. Dermatomal SEPs have
also been used to evaluate patients with isolated
compressive radiculopathies; they have intuitive ap-
peal for this purpose since the sensory fibers being
assessed are derived from a single root.43,79 Some
investigators have reported a very high diagnostic
yield for dermatomal SEPs in the diagnosis of lum-
bosacral root entrapment,100 but the absence of data
from normal subjects and the apparently arbitrary
criteria for abnormality used by these workers engen-
der a certain skepticism as to the value of the tech-
nique. Saal and colleagues concluded that dermato-
mal SEP studies are helpful in evaluating patients
with upper-lumbar radiculopathies, but the pub-
lished report of their experience is difficult to evalu-
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ate because insufficient details are provided.97 Their
‘‘gold standard’’ for establishing the diagnosis of ra-
diculopathy is not clear, few clinical details are fur-
nished, there is no account of the NEE or the find-
ings obtained thereby, the extent of the anatomic
abnormalities detected by imaging studies in indi-
vidual patients is not stated, and normative SEP data
are not provided. Moreover, it is likely that some of
the patients studied had spinal stenosis rather than
isolated radiculopathies. It is also noteworthy that
the SEPs were sometimes abnormal when imaging
studies showed no abnormality; for uncertain rea-
sons, Saal and colleagues attributed this to a ‘‘chemi-
cally mediated radicular syndrome’’ as opposed to a
false-positive test finding.97

Aminoff and coworkers compared the diagnostic
utility of dermatomal SEPs with more conventional
electrophysiologic techniques in 28 patients with
clinically unequivocal L5 or S1 compressive root le-
sions and found that in only 7 (25%) was the final
diagnosis confirmed by the SEP findings; the re-
sponses were lost or grossly attenuated in 6 patients
and prolonged in latency in 1 patient. Although in 2
patients the SEPs were abnormal when other elec-
trophysiologic studies were normal, NEE had the
greatest yield, revealing denervation in a myotomal
pattern in 21 (75%).5 Somewhat surprisingly, Katifi
and Sedgwick reported a much higher yield for der-
matomal SEPs,56 but there are a number of prob-
lems that confound interpretation of their results. In
particular, they studied patients who had diffuse
rather than restricted lumbosacral disease, and they
used more generous criteria for defining abnormal-
ity. The published data of Katifi and Sedgwick were
reviewed by Aminoff and Goodin4 in light of the
operative findings used to establish a definite diag-
nosis. It was found not only that the dermatomal
SEPs incorrectly suggested abnormalities in 12 roots
that were unaffected at operation, but also that in
only 4 of the 21 patients did the SEPs accurately
predict the operative findings.4

Others also have reported that dermatomal SEP
studies add little to the diagnosis of radiculopathy,
and that they are less sensitive than the NEE.96 Du-
mitru and Dreyfuss have recently examined the clini-
cal utility of dermatomal SEPs in 20 patients with
unilateral involvement of either the L5 or S1 nerve
root (but not both roots) as determined by the his-
tory, physical findings, results of imaging studies,
and presence of EDX abnormalities. They compared
their findings with those in a control population and
found that dermatomal SEPs were of inadequate sen-
sitivity and specificity to justify their use for diagnos-
tic purposes.25 Snowden and his colleagues have also

used dermatomal SEPs to evaluate root function.
They have suggested that in patients with spinal ste-
nosis, in whom lesions are likely to extend for a
greater distance along the length of the roots, the
findings may be important in indicating the extent
of radicular involvement,111 but a formal compari-
son with the results of NEE has not yet been pub-
lished. In any case, they concur with the view that
this technique is not helpful in detecting isolated
root involvement.

In summary, SEPs evoked by nerve trunk stimu-
lation are diagnostically unhelpful, while both cuta-
neous nerve and dermatomal SEPs are relatively in-
sensitive in patients with clinically unequivocal root
lesions, making it unlikely that they will be of any
clinical utility when the diagnosis is less clear.

Motor Evoked Potentials. The responses that can
be recorded from muscle after stimulation of the
central nervous system or proximal nerve roots are
designated motor evoked potentials (MEPs). Either
electrical or magnetic stimulation can be used for
this purpose. A procedure for assessing cervical ra-
diculopathies depends on stimulating the motor
roots electrically via a monopolar needle electrode
inserted into the paraspinal muscles near them,
while recording from selected muscles representa-
tive of the various myotomes in the upper extremi-
ties. Nerve root stimulation studies are performed
bilaterally, seeking amplitude and minimal latency
asymmetries of the CMAPs.8 It has been claimed that
this procedure is more sensitive than other tech-
niques for detecting compressive radiculopathy, but
this awaits further confirmation, particularly since
one report suggests that with this technique the mo-
tor root fibers are being stimulated ‘‘at their exit
from the spinal canal’’ and, hence, distal rather than
proximal to the lesion site.86 A similar technique for
lumbosacral root stimulation was originally de-
scribed several years ago (although for lumbosacral
plexus assessment),81 and is still used occasion-
ally.34,80 A more invasive procedure has also been
described in which needle stimulating and recording
electrodes are used, with the former inserted into
the spinal canal (extrathecally).93 In an early report,
Tabaraud and colleagues recorded the responses
from the tibialis anterior and soleus muscles using a
somewhat different approach, namely after percuta-
neous electrical stimulation over the lumbar spine,
in 45 patients with radiologically verified L5 or S1
disk disease that was causing unilateral symptoms;
they compared the findings on the two sides and also
to the findings elicited in 25 normal control sub-
jects.115 The MEP latency on the symptomatic side
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was prolonged by more than three standard devia-
tions from the normal mean interside latency differ-
ence in 72% and 66% of those with L5 and S1 le-
sions, respectively. This approach, however, has
largely been discarded in favor of magnetic stimula-
tion, which causes less discomfort to patients.

Magnetic stimulation has been used to excite the
cervical or lumbosacral nerve roots. When used in
the cervical region, Evans and coworkers found no
difference in the mean amplitude or area of the
MEPs compared to the responses elicited by electri-
cal stimulation with a monopolar needle electrode.35

However, the precise site of stimulation with the
magnetic coil stimulator is uncertain; some investi-
gators believe excitation may occur more distally
than with electrical stimulation35; others have sug-
gested that root excitation occurs preferentially at
the neural foramen.33 In regard to lumbosacral root
assessment, Chokroverty and colleagues used mag-
netic stimulation over the lumbar spine and found
the MEPs recorded from muscles innervated by af-
fected roots were delayed in latency and attenuated
in amplitude.14 Despite such encouraging prelimi-
nary reports, there has been little follow-up on this
type of assessment, although two groups have found
a disappointingly low yield from MEPs elicited by
magnetic stimulation in patients with lumbosacral
radiculopathy,34,75 and it is difficult to stimulate the
nerve roots supramaximally by this means.34,78 Con-
sequently, the approach remains experimental, and
its clinical relevance is uncertain.

Needle Electrode Examination. Although the NEE
is by far the oldest electrophysiologic method used
to evaluate patients with suspected radiculopathies,
it still is the single most useful procedure, having a
considerably higher diagnostic yield than other tech-
niques.1,5,23,28,64 With the NEE, only motor root fi-
bers are assessed and then principally for the occur-
rence of axon loss. Recognition and localization by
this procedure entail detecting abnormalities, most
often fibrillation potentials, in the muscles of a par-
ticular myotome (i.e., in a segmental distribution),
while demonstrating the absence of similar abnor-
malities in adjacent myotomes.69,84,109,134 The NEE
with suspected radiculopathies must be fairly exten-
sive; at the very least, several muscles must be exam-
ined. An adequate ‘‘radiculopathy screen’’ requires
assessment of five to seven muscles (at least), includ-
ing the paraspinals70,71; however, there is no consen-
sus regarding exactly which muscles should be in-
cluded in the survey. Nonetheless, muscles are
generally sampled from all the myotomes of the
limb, with emphasis on those of the myotome in

question and those overlapping it. A study is consid-
ered positive if abnormalities are present in two or
more muscles that receive innervation from the
same root, preferably via different peripheral nerves,
but are not detected in muscles innervated by the
normal roots adjacent to the involved one; for ex-
ample, an L5 radiculopathy may produce abnormali-
ties in the tibialis anterior (L4 and L5 root innerva-
tion via the common peroneal nerve) and tibialis
posterior (L5 and S1 innervation via the tibial
nerve), but not in the vastus lateralis (L2, L3, and L4
innervation via the femoral nerve) or the medial gas-
trocnemius (S1 and S2 innervation via the tibial
nerve). Thus, the only innervation common to the
affected muscles is that derived from the L5 spinal
cord segment, L5 root, sacral plexus, and sciatic
nerve. The latter two possibilities are eliminated if
similar abnormalities also are found in the low-
lumbar or high-sacral paraspinal muscles, and a sci-
atic nerve lesion also is excluded if muscles inner-
vated by the gluteal nerves (glutei; tensor fascia lata)
are abnormal. (It is impractical, with both L5 and
the S1 radiculopathies, to require completely sepa-
rate peripheral nerve innervation for the involved
muscles because almost all the limb muscles inner-
vated by these two roots share intermediate periph-
eral nerve innervation via the sciatic nerve.)

Myotomal Maps. Many myotomal maps have been
published, derived from various sources, including au-
topsy, clinical, neuroimaging, and electrophysiologic
(some intraoperative) studies.13,57,63,72,74,95,118,142,146,147

Nonetheless, the root (or primary root) innervation
of many muscles remains debatable. The myotomal
charts used in this article (Figs. 1 and 2) represent
the consensus views of the authors. All myotomal
maps are, however, best considered as ‘‘approximate
guides’’ only114; there is considerable individual
variation in the roots innervating a particular muscle
and in those roots providing its principal innerva-
tion.

Paraspinal Muscles. Performing the NEE on the
paraspinal muscles is necessary for proper assessment
of radiculopathy. Fibrillation potentials in paraspinal
muscles indicate axonal lesions in the posterior pri-
mary ramus and thus within or near the intraspinal
canal (i.e., proximal to the plexus).1,2,16,26,53,55,77,112

This important localizing point was first discussed in
1951 by Woods and Shea.143 The multifidus is the
deepest paraspinal muscle and is the only one con-
sidered to have monosegmental innervation.26,45 Be-
cause of overlapping innervation of most paraspinal
muscles, fibrillation potentials are not segmentally
specific, often occurring caudal to the presumed
anatomic level of a root lesion. Consequently, ad-
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equate NEE of the paraspinal muscles usually re-
quires sampling both at and inferior to the level of
the lesion.

Paraspinal muscle assessment in patients with sus-
pected radiculopathies has varied in importance in
different series. Thus, the occurrence of paraspinal
fibrillation potentials or insertional positive sharp
waves as the sole NEE abnormality has ranged be-
tween less than 5% and over 40% of patients studied
in different series.21,47,55,64,66 Such variation may be
due to study methodology. For example, one study

involved NEEs on patients with symptoms present
for less than 14 days, a time period that favors the
occurrence of paraspinal abnormalities.55 In the au-
thors’ experience, if the NEE is performed no
sooner than 3 weeks after symptom onset, it is rare to
find fibrillation potentials in the paraspinal but not
the limb muscles.

Although paraspinal muscle evaluation is an un-
questionably important benefit in radiculopathy as-
sessment, it has limitations. First, the paraspinal
muscles may not show fibrillation potentials with

FIGURE 1. Myotomal chart of the upper extremity (see text for
details).

FIGURE 2. Myotomal chart of the lower extremity (see text for
details).
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proven radiculopathies, either because the axons
supplying them were spared or because the affected
muscles have been reinnervated. Second, paraspinal
fibrillation potentials and insertional positive sharp
waves may be seen in asymptomatic persons, at least
in the lumbosacral region. Fibrillation potentials
and insertional positive sharp waves occur in lumbar
paraspinal muscles in between 14.5 and 48% of nor-
mal persons studied.22,88 These abnormalities are
age related; most are seen in persons over 40 years
old and may reflect degenerative changes resulting
from normal aging.22,88 Third, paraspinal fibrillation
potentials are not pathognomonic of radiculopathy;
they may be found in motor neuron disease, local-
ized paraspinal muscle trauma (as can occur with
epidural blocks and lumbar punctures), metastases
to the posterior primary rami and paraspinal
muscles, various generalized (especially inflamma-
tory and toxic) myopathies, and particularly, diabe-
tes mellitus.1,2,26,65,135,136 Fibrillation potentials, or
at least insertional positive sharp waves, may occur
throughout the paraspinal muscles in diabetics, but
are typically most abundant in the lumbar region.135

Fourth, NEE of the paraspinal muscles may be sub-
optimal because satisfactory muscle relaxation is not
achieved, particularly in the thoracic region. (Wed-
dell and colleagues, in 1944, reported that satisfac-
tory assessment of cervical paraspinal muscles was
impossible for this reason.128) Fifth, the extensive
overlap of the root innervation of the paraspinal
muscles makes it difficult to determine the specific
root involved by the distribution of fibrillation po-
tentials. Finally, NEE of the paraspinal muscles is of
questionable value in the setting of posterior spinal
surgery because any abnormalities may relate to peri-
operative damage to the posterior primary rami.105

Therefore, a radiculopathy cannot be excluded by
the absence of paraspinal fibrillation potentials, or
diagnosed solely by their presence.

NEE Abnormalities with Radiculopathies. The pres-
ence of fibrillation potentials in a myotomal distri-
bution is reliable evidence of a radiculopa-
thy.1,26,41,68,77 Other abnormalities may occur in a
root distribution, but have different significance. All
myotomal abnormalities can be divided into sponta-
neous activity, abnormal insertional activity, and
MUAP changes.

Fibrillation Potentials. Fibrillations in a myotomal
distribution may be the only electrophysiologic ab-
normality in radiculopathies because so few motor
fibers have degenerated that MUAP changes cannot
be detected.26,112,134 They usually occur in a proxi-
mal-to-distal sequence. Following onset of an acute
lesion, they may be found after 6 or 7 days in the

paraspinal muscles, but may not appear in limb
muscles for 5–6 weeks after onset of the lesion.1,26,68

Many EDX physicians once required fibrillation to
be present in all muscles of the myotome before
radiculopathy could be diagnosed,84 but total myo-
tomal involvement is rare. First, individual variations
in muscle innervation occur and may exclude a par-
ticular muscle from a myotome to which it custom-
arily belongs. Second, root compromise usually is
incomplete and, typically, only a minority of the af-
fected axons are injured so severely that they degen-
erate. Therefore, the nerve fibers supplying some of
the muscles in the myotome are spared. In the au-
thors’ experience, fibrillation potentials are more
likely to be found in the distal than proximal
muscles. Third, the NEE often is performed several
months after the onset of root compression, and
muscle fibers in the more proximal muscles of the
myotome have had time in the interim to become
reinnervated, usually by collateral sprouting. As a re-
sult, fibrillation potentials are found in their widest
distribution early in the course of radiculopathies;
with time, fewer muscles of the myotome, most often
the more distal ones, contain them.64,77,140

Other Spontaneous Activity. Fasciculation poten-
tials and complex repetitive discharges occurring in
a myotomal distribution are rare but satisfy criteria
for diagnosing a root lesion.26,27 Fasciculation poten-
tials appear in a segmental distribution so seldom as
to be of no practical value.16,136 Whenever they are
the sole type of spontaneous activity found in
muscles innervated by the same root, a more exten-
sive NEE assessment of multiple limbs is needed,
because they may represent generalized benign fas-
ciculations or amyotrophic lateral sclerosis (ALS).140

Moreover, fasciculation potentials occur in the nor-
mal abductor hallucis muscle, so their presence in
that muscle is not helpful in the diagnosis of S1 ra-
diculopathies.134 Complex repetitive discharges are
also rare with radiculopathies and—when present—
indicate chronicity. Furthermore, they typically are
then very restricted in distribution, often being pres-
ent in just one or two muscles of the myotome (e.g.,
the paraspinal muscles with chronic cervical radicu-
lopathies). Also, complex repetitive discharges may
occur in the iliacus muscle, so their presence in that
muscle is not helpful in the diagnosis of L2 and L3
radiculopathies.59,140

Abnormal Insertional Activity. Although the
amount of insertional activity may be deemed abnor-
mal soon after onset of symptoms, this is a nonspe-
cific finding that must be interpreted with caution.
Insertional positive sharp-wave activity may be en-
countered in a myotomal distribution before spon-

1620 AAEM Minimonograph 32: Electrodiagnosis of Radiculopathies MUSCLE & NERVE December 1998



taneous fibrillation potentials become apparent, but
other insertional activity may be mistaken for it, such
as brief myotonic potentials and a benign type of
nonspecific increased insertional activity.84,131,141,144

Moreover, the interval before it appears after onset
of the lesion is variable, as is its distribution within
the muscles of the myotome. Accordingly, NEEs
should not be performed on patients so soon after
onset of symptoms, and caution is advised in relying
on changes in insertional activity alone for diagnos-
ing a radiculopathy.

Abnormal MUAP Recruitment. Single motor units
usually fire at 5–10 Hz. In neurogenic lesions there
are fewer units firing, but they do so at faster rates,
during activity.69 Firing rate abnormalities occur at
the onset of clinical symptoms. Therefore, detecting
such a firing pattern in a myotomal distribution has
been recommended as one method of diagnosing
radiculopathies early in their course, before fibrilla-
tion potentials have had the opportunity to de-
velop.16,27,53,59 There are several limitations of this
approach. First, a single radiculopathy seldom com-
promises enough of the motor axons supplying a
particular muscle to produce this MUAP firing pat-
tern. Second, not all myotomal muscles are affected.
For example, the tibialis anterior muscle may be the
only muscle affected in an L5 radiculopathy. There-
fore, the changes are too limited for diagnosis.
Lastly, recognizing changes in MUAP firing pattern
requires considerable experience. Nonetheless, this
method is important for distinguishing a lower mo-
tor neuron MUAP firing pattern from upper motor
neuron patterns or submaximal voluntary effort.

Chronic Neurogenic MUAP Changes. Abnormali-
ties of MUAP configuration are frequent in chronic
radiculopathies. The MUAPs are of increased dura-
tion, reflecting both denervation and subsequent re-
innervation via collateral sprouting. They usually are
polyphasic as well, but the latter change is irrelevant
for diagnostic purposes. Chronic neurogenic MUAP
changes may be the only NEE abnormality in
chronic radiculopathies. Because they may represent
static axonal loss, they cannot be considered evi-
dence of ongoing active root damage.140 Just as with
fibrillation potentials, chronic neurogenic MUAP
changes seen with L5 and S1 radiculopathies often
are limited to, or more prominent in, the more distal
limb muscles. MUAPs of markedly increased ampli-
tude (e.g., exceeding 8 mV) occur rather infre-
quently with compressive root lesions. They are seen
more often with cervical than with lumbosacral ra-
diculopathies, particularly those associated with
spondylosis.68,112 Patients in whom MUAP amplitude
exceeds 8 mV in a myotomal distribution often have

a past history of previous poliomyelitis that may ac-
count for the electrophysiologic finding.

Abnormal Polyphasic MUAPs. Those MUAPs that
have more than four phases are designated poly-
phasic MUAPs. These are found in several different
settings with radiculopathies; some are very contro-
versial. Uncontested is that whenever muscle rein-
nervation is occurring, MUAPs can be seen that are
not only highly polyphasic but are also of increased
duration, often of low amplitude, and sometimes un-
stable on repetitive firing. Such ‘‘reinnervational’’
MUAPs can occur with radiculopathies, but more
often they are encountered with plexus and periph-
eral nerve lesions, in which the denervation of a
single muscle has been more substantial. Equally un-
challenged is that almost all chronic neurogenic
MUAPs are polyphasic as well. The relevance to the
diagnosis of radiculopathies of polyphasic MUAPs of
normal duration and amplitude and occurring in a
myotomal distribution is controversial. Some EDX
physicians believe that they can develop soon after
symptom onset, with lesions of less than 7 days’ du-
ration. These early appearing polyphasic MUAPs
have been attributed both to slowing along the small
terminal nerve fibers, caused by demyelination, and
to ephaptic transmission at the site of root compres-
sion, resulting in two MUAPs firing nearly simulta-
neously, thereby generating a ‘‘pseudopolyphasic
MUAP.’’16,19 Others have shown that polyphasic
MUAPs in a myotomal distribution may be the sole
NEE findings with chronic radiculopathies, particu-
larly chronic cervical radiculopathies of greater than
6 months’ duration, in which fibrillation potentials
seldom are seen.16,20,48,67,127

There are several serious problems with these ap-
proaches. First, the pathophysiologic mechanisms
that would cause increased polyphasia in these situ-
ations without also altering the external configura-
tion of MUAPs are unknown. Second, unlike fibril-
lation potentials and chronic neurogenic MUAPs,
polyphasic MUAPs are not abnormal as isolated find-
ings; furthermore, between 10 and 20% of MUAPs
may be polyphasic in any normal muscle. Accord-
ingly, to demonstrate excessive numbers of polypha-
sic MUAPs in a segmental distribution, quantitative
MUAP analysis is required in several muscles.136 Fi-
nally, the high incidence of false-positive NEE stud-
ies that invariably results when excess MUAP poly-
phasia alone is used as a diagnostic criterion of
neurogenic lesions, particularly when the examiner
is inexperienced, is unacceptable to many EDX phy-
sicians.1,2,26,60,68,84,140
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Duration of Radiculopathy. The specific NEE ab-
normalities seen with a radiculopathy are partly a
function of the duration of the lesion. Myotomal
fibrillation potentials unaccompanied by abnormali-
ties of MUAP configuration suggest the radiculopa-
thy is of recent onset. Conversely, chronic neuro-
genic MUAP changes alone in a root distribution are
probably due to a very slowly progressive or remote
static lesion. Finally, the combination of both myo-
tomal fibrillation potentials and chronic neurogenic
MUAP changes are most consistent with either a
chronic but ongoing active radiculopathy or a more
acute root lesion superimposed upon a long-
standing one. The amplitude, firing characteristics,
and distribution of fibrillation potentials are also im-
portant. Kraft showed that the mean amplitude of
fibrillation potentials decreases progressively with
time, perhaps because of progressive atrophy of the
denervated muscle fibers.61 The authors have ob-
served that whenever fibrillation potentials fire in an
irregular manner, the lesion is usually less than 6–8
weeks in duration. Also, whenever fibrillation poten-
tials are present in the more proximal muscles of the
myotome, including the paraspinal muscles, the ra-
diculopathy is usually of recent onset or, at least,
ongoing. With chronic L5 and S1 root lesions, for
example, fibrillation potentials typically are not
found in the hamstrings or glutei. Finally, complex
repetitive discharges may be seen, usually in a mi-
nority of the myotomal muscles, with chronic radicu-
lopathies, i.e., those of greater than 6 months’ dura-
tion.16,136

ELECTROMYOGRAPHIC ABNORMALITIES IN
RADICULOPATHY: REGIONAL CONSIDERATIONS

Cervical Radiculopathies. The cervical region is
the second most common spinal area afflicted with
root disorders. They constitute 5–36% of all radicu-
lopathies encountered62,76,85,110; in the authors’ ex-
perience, they account for approximately 5–10%.134

Most cervical disk and osseoligamentous disor-
ders affect the lower four disk regions, i.e., C4–C7,
and thus typically compress the lower four cervical
roots.62,83,110 Although reports vary regarding the in-
cidence of involvement of each root, most agree that
C7 radiculopathies account for up to 70% of all cer-
vical radiculopathies.83,146 The incidence of other
cervical radiculopathies was as follows: C6: 19–25%;
C8: 4–10%; and C5: 2%.83,146 In a recent publication
concerned with 50 cervical radiculopathies, C7 root
lesions were the most common, although their inci-
dence (56%) was somewhat less, whereas that of C5
lesions was greater (14%).72

C5 Radiculopathies. Lesions of this root (typically
due to involvement of the C4 disk) may produce
abnormalities in the rhomboids, spinati, deltoid, bi-
ceps, brachialis, and brachioradialis. Most of the
muscles that show NEE abnormalities with C5 ra-
diculopathies do so with C6 radiculopathies as well;
because of myotomal overlap, distinguishing one
from the other may be impossible. However, if
changes are found in the rhomboids, the C5 root
probably is the one affected. Conversely, if the pro-
nator teres, the flexor carpi radialis, or both, are
involved, the compromised root probably is C6. In
many patients, however, the NEE localization to C5
as opposed to C6 remains uncertain. In these in-
stances, many EDX physicians refer to the changes
seen as those due to a ‘‘C5–C6 radiculopathy.’’ An
H-wave study, recording from flexor carpi radialis,
would point toward a C6 root lesion if abnormal.

C6 Radiculopathies. A recent report72 has indi-
cated that lesions of this root (C5 disk region) have
two distinct NEE presentations, one mimicking C5
radiculopathies, as already noted, and the other
simulating C7 radiculopathies. With the latter, which
appears to represent nearly 50% of C6 radiculopa-
thies, abnormalities are seen in the triceps, anco-
neus, pronator teres, and flexor carpi radialis
muscles.

C7 Radiculopathies. With C7 radiculopathies,
changes typically are found in the triceps, anconeus,
flexor carpi radialis, and somewhat less often, the
pronator teres. One common error made with sus-
pected C7 root lesions is to base the diagnosis on
changes found solely in limb muscles that receive
their intermediate innervation via the radial nerve.
In addition to the NEE abnormalities, the H reflex
recorded from the flexor carpi radialis muscle may
be abnormal with C7 root lesions,98,102,130 but this is
unhelpful in separating C6 from C7 lesions.92

C8 Radiculopathies. Lesions of the C8 root (C7
disk region) can result in abnormalities in all of the
muscles supplied by the ulnar nerve, as well as in
some supplied by the radial nerve (e.g., extensor
indicis proprius and extensor pollicis brevis) and
some by the median nerve (e.g., flexor pollicis lon-
gus and sometimes the abductor pollicis brevis). Ab-
ductor pollicis brevis is unaffected with many C8 ra-
diculopathies, however, presumably because it
receives its predominant innervation from the T1
root.72

Cervical Radiculopathies—Caveats. Both the clini-
cal and NEE findings with cervical radiculopathies
can closely mimic those found with partial axon-loss
brachial plexopathies; specifically, lesions of the C5
and C6 root resemble those of the upper trunk and
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lesions of the C8 root resemble those of the lower
trunk. Two procedures, however, are of benefit: (1)
examination of the cervical and high-thoracic para-
spinal muscles, where the presence of fibrillation po-
tentials suggests radiculopathy; and (2) evaluation of
the appropriate SNAPs, because low-amplitude or
unelicitable responses suggest plexopathy. Unfortu-
nately, both of these approaches have limitations.
Paraspinal fibrillation potentials are not detected
with many cervical radiculopathies, despite a thor-
ough search, so their absence never excludes a root
lesion. Similarly, with mild axon-loss brachial
plexopathies, not enough sensory axons degenerate
to affect SNAP amplitudes. Hence, if neither para-
spinal fibrillation potentials nor SNAP amplitude
changes are present, the EDX localization remains
indefinite.133,138 C5 and C6 radiculopathies also are
mistaken for neuralgic amyotrophy, since the latter
often involves one or more peripheral nerves de-
rived principally from these roots, e.g., the supra-
scapular and axillary nerves. Because of the particu-
lar nerve fibers affected, the EDX abnormalities
often are limited to the NEE, which is helpful in
determining both the severity and distribution of the
disorder.1,133

C6 and particularly C7 radiculopathies com-
monly are confused clinically with carpal tunnel syn-
drome, but are readily distinguished by EDX exami-
nation. In contrast, C8 radiculopathies frequently
are mistaken for ulnar mononeuropathies, and these
sometimes can be difficult to distinguish from one
another, because the NEE abnormalities in any or all
of the ulnar-innervated muscles are common to
both. The presence or absence of abnormalities of
the ulnar SNAP amplitudes, of ulnar motor NCS
along the elbow segment, and in C8 root/median
and radial nerve-innervated muscles is critical for ac-
curate localization.

Myelopathies involving the anterior horn cells or
their existing fibers can be mistaken for root lesions.
ALS often involves the anterior cervical segments of
the spinal cord. The myotomal changes that result
may be identical to those seen with radiculopathies.
The distinction is particularly difficult whenever ALS
begins in a monosegmental, unilateral manner. A
lesion involving the anterior horn cells, rather than
the roots, should be suspected whenever: (1) there is
no history of interscapular pain or neck stiffness, and
limb pain and paresthesias are absent; (2) the de-
nervation is exceptionally severe, as judged by the
density of fibrillation potentials and amplitudes of
the CMAPs recorded from affected muscles; and (3)
multiple (often bilateral) involvement is found on
NEE. If two or more of these features are present

simultaneously (e.g., painless, severe axon loss in the
distribution of more than one cervical segment),
ALS is the more likely diagnosis. Occasionally, how-
ever, cervical canal stenosis in an elderly patient
presents in this manner. In any event, a more exten-
sive NEE is required.

The majority of cervical radiculopathies are soli-
tary lesions. Nonetheless, whenever one is detected,
it is prudent to examine at least a single muscle in
the contralateral limb, preferably homologous to a
muscle that showed abnormalities on the symptom-
atic side. When multisegmental abnormalities are
found in an upper extremity, NEE of the contralat-
eral limb is mandatory. Very often, similar changes
are seen in that upper extremity also, frequently in
multiple root distributions as well. These findings
are more consistent with cervical canal stenosis or a
spinal cord lesion than with a typical compressive
radiculopathy. Also, whenever multilevel lesions are
found bilaterally, at least a limited NEE of a lower
extremity is indicated; the presence of similar
changes in one or both lower extremities raises the
possibility of ALS.

Thoracic Radiculopathies. Lesions of the thoracic
roots are rare, accounting for less than 2% of all
radiculopathies.62,85 EDX assessment is difficult be-
cause thoracic myotomes contain few muscles, and
those muscles often are difficult to examine. To ob-
tain adequate relaxation usually is a tedious, some-
times impossible, task, and the action potentials gen-
erated by the respiratory muscles may be confused
with fibrillation potentials. The intercostal and ab-
dominal muscles, particularly in obese patients, are
studied with trepidation, if at all, because of con-
cerns regarding the inadvertent entering of body
cavities. Even when fibrillation potentials are found
in the abdominal muscles, localization cannot be
made to a specific root.134

Patients with clinical and EDX changes sugges-
tive of thoracic radiculopathies are often diabetic
and appear to have two or even more of their mid- or
lower-thoracic roots affected, sometimes bilaterally;
thus, they appear to have diabetic thoracic radicu-
lopathy, a subdivision of diabetic polyradiculopathy.
Unfortunately, in such patients there is no electro-
physiologic means of distinguishing between a com-
pressive, metabolic, or ischemic root lesion.134,135

Lumbosacral Radiculopathies. The lumbosacral re-
gion is the most common spinal area afflicted with
root disease. Depending upon the study, lumbosa-
cral radiculopathies comprise 62–90% of all radicu-
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lopathies encountered.62,76,85,134 The L5 and S1
roots are by far the most commonly involved.

The lumbosacral roots can be compromised not
only at their exiting foramina but also within the
cauda equina, where the roots are quite compact125

so that a single level lesion can produce multiple
lumbosacral radiculopathies. In large series of pa-
tients referred for lumbosacral root assessment, elec-
trophysiologic changes are often bilateral.15,140 Be-
cause of this, whenever abnormalities are found, at
least a limited NEE should be performed of the con-
tralateral limb, even if it is asymptomatic.15,41,48,140

Lesions involving the same lumbar disk may com-
press different roots, depending upon the direction
and size of herniation, so that the anatomic level of
compromise is not reliably indicated by the affected
root. The majority of disk herniations between the
L4 and L5 vertebrae, for example, are posterolateral
and compromise the L5 root; however, far lateral
herniation may injure the L4 root, whereas central
herniations may compress the S1–S4 roots.40,140 Be-
cause the L5 and S1 roots have extensive longitudi-
nal representation, extending from the paraspinal
muscles to the intrinsic foot muscles, the fact that
fibrillation potentials disappear from the myotome
centrifugally with reinnervation is often especially
obvious on NEE with L5 and S1 root lesions. In fact,
fibrillation potentials may still be found in the more
distal limb muscles innervated by these roots some
12–18 months after onset of a nonprogressive lesion,
whereas with cervical radiculopathies they usually
have disappeared by 6 months.1,2,127,140

L2, L3, and L4 Radiculopathies. Lesions of L2,
L3, and L4 are best considered collectively because
they have such extensive myotomal overlap. Conse-
quently, it is frequently impossible to distinguish iso-
lated lesions involving one of them. Abnormalities
typically are found in the various quadriceps
muscles, the thigh adductors, and the iliacus. In ad-
dition, with L4 radiculopathies similar changes may
be found in the tibialis anterior muscle, but their
absence never excludes a lesion of that root.

EDX assessment is often difficult for several rea-
sons. First, the L2, L3, and L4 myotomes have lim-
ited limb representation. Second, almost all the
muscles comprising the L2–L4 myotomes are situ-
ated proximally in the lower extremity and, hence,
tend to reinnervate sooner than muscles located
more distally. Third, the majority of the muscles in
these myotomes receive their intermediate innerva-
tion from the femoral nerve, making it difficult at
times to distinguish a root from a peripheral nerve
disorder. Fourth, no reliable sensory NCS are avail-
able for evaluating the L2–L4 fibers. Consequently,

unlike the situation with L5 and S1 radiculopathies,
SNAP amplitudes cannot be used to distinguish a
plexopathy from a radiculopathy. The only means of
making this distinction is thus by detecting paraspi-
nal fibrillation potentials, which are not seen with
many radiculopathies.134,140 As a result of these limi-
tations, the NEE with L2–L4 radiculopathies is more
likely to be falsely negative than with L5 and S1 ra-
diculopathies; moreover, when NEE abnormalities
are found, it is sometimes impossible to determine
from their distribution whether they are due to a
radiculopathy, a lumbar plexopathy, or even a femo-
ral neuropathy.

L5 Radiculopathies. Most studies show that L5 ra-
diculopathy is the most common single radiculopa-
thy encountered. Abnormalities may be found in the
tibialis anterior, extensor hallucis, peroneus longus,
and extensor digitorum brevis (all of which are in-
nervated by the common peroneal nerve), as well as
the flexor digitorum longus, tibialis posterior, tensor
fascia lata, and gluteus medius and maximus (par-
ticularly the former).

EDX physicians disagree regarding which ham-
string muscles most often show NEE abnormalities
with L5 radiculopathies; in the authors’ experience,
the internal hamstrings (semitendinosus; semimem-
branosus) are likely to do so, but other EDX physi-
cians have made the same claim for the biceps femo-
ris, particularly the short head. Regarding the NEE
with L5 radiculopathies, two points are noteworthy.
First, of the L5 innervated muscles located proximal
to the knee, the tensor fascia lata, in the authors’
experience, is more likely to show abnormalities
than either the internal hamstrings or the glutei
muscles. Moreover, it is one of the few muscles in the
lower extremity innervated by the L5 root that does
not receive its intermediate innervation from the sci-
atic nerve (the other muscles being the glutei). Sec-
ond, the L5 myotomal muscles situated distal to the
knee are the ones most likely to show abnormalities
with L5 radiculopathies, particularly with chronic
disorders. Nearly all of these muscles receive their
intermediate innervation from the common perone-
al nerve except the tibialis posterior and flexor digi-
torum longus; hence, one or both of the latter two
muscles should always be assessed whenever an L5
radiculopathy is suspected, although some have
questioned whether the tibialis posterior can be re-
liably assessed using the NEE.52

S1 Radiculopathies. Lesions of the S1 root are
the second most common radiculopathy encoun-
tered. Abnormalities may be seen in the abductor
hallucis, abductor digiti quinti pedis, soleus, gastroc-
nemii (particularly the medial), and the glutei (es-
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pecially the maximus); they are sometimes found in
the extensor digitorum brevis and flexor digitorum
longus as well. As with L5 radiculopathies, there is
disagreement concerning the hamstring muscles
most likely to show abnormalities with S1 radiculopa-
thies. In the authors’ experience, the most likely is
the biceps femoris, both the long and short heads. As
with L5 radiculopathies, the NEE changes may be
restricted to muscles distal to the knee with some
acute and many chronic S1 root lesions. In addition
to the NEE, the H-wave study often is abnormal with
S1 radiculopathies.

Of the various root lesions studied in the EDX
laboratory, those involving the S1 root are most of-
ten bilateral, because the sacral fibers are more me-
dially situated in the cauda equina and, therefore,
are especially vulnerable to midline compression.125

For this reason, NEE of the contralateral limb is
mandatory whenever an S1 radiculopathy is found,
with emphasis on the S1 myotome. Moreover, be-
cause some of the S1 myotomal muscles are in the S2
myotome as well, e.g., the abductor hallucis, abduc-
tor digiti quinti pedis, soleus, and medial gastrocne-
mius, these limb muscles are the ones most likely to
be abnormal in patients with sphincter disturbances.
Consequently, they should be assessed, along with
the external anal sphincter muscle, in all patients
who have bowel and bladder disturbances on a sus-
pected lower motor neuron basis.

S2, S3, and S4 Radiculopathies. Lesions of the S2,
S3, and S4 roots often occur together and bilaterally,
usually from cauda equina injury. When due to mid-
line compression, they usually coexist with lesions,
usually bilateral, of other lumbosacral roots. Isolated
lesions of the S2, S3, and S4 roots, in the authors’
experience, are seldom due to compression. Instead,
they are most often iatrogenic, the result of inadver-
tent injury during caudal or epidural anesthesia.134

Only limited abnormalities are seen with these le-
sions during the basic EDX examination. Fibrillation
potentials, often sparse, may be found in the rela-
tively few limb muscles that are innervated by the S2
root; frequently they are limited to the abductor hal-
lucis and abductor digiti quanti pedis. The H re-
sponse frequently is normal; this can be confusing
because it is abnormal so commonly with S1 radicu-
lopathies. NEE of the anal sphincter muscle, both its
right and left portions, typically reveals severe MUAP
dropout; depending upon the duration of the lesion,
this is accompanied by fibrillation potentials,
chronic neurogenic MUAP changes, or both.

Multiple Lumbosacral Radiculopathies. Simulta-
neous involvement of more than one root is far more
likely to occur with lumbosacral lesions than with

cervical or thoracic ones. The majority of such le-
sions are seen in elderly patients. Although they can
be caused by single lateral disk protrusions,62 they
are due more often to compromise of the cauda
equina by either central disk herniations or lumbar
canal stenosis.140 Polyradicular lumbosacral lesions
typically are bilateral, although often asymmetric,
and usually involve the lower lumbosacral roots, es-
pecially S1. These are the only compressive root le-
sions that frequently are associated with abnormali-
ties on routine NCS. Low-amplitude or unelicitable
CMAPs often are found on the basic peroneal and
posterior tibial NCS, especially the latter, because of
severe axon loss affecting both roots innervating the
muscle from which the recording is made. With
these lesions the H waves characteristically are un-
elicitable on either side because of bilateral S1 root
compromise, whereas the lower extremity SNAPs
(sural, superficial peroneal) are unaffected. How-
ever, the majority of bilateral, multilevel lumbosacral
radiculopathies occur in patients who are over the
age of 60 years, and the lower-extremity SNAPs may
then be unelicitable bilaterally because of age alone.
To determine the extent of denervation present, it
often is very helpful to record from muscles proxi-
mal to the ankle. With relatively acute lesions, the
CMAP amplitude of the direct motor response (M
wave) recorded during the H-wave test is an excel-
lent indicator of the degree of S1 denervation,
whereas the CMAP amplitude recorded from the
tibialis anterior muscle, while stimulating the com-
mon peroneal nerve, often reflects the extent of L5
root denervation. With chronic lesions, the CMAP
amplitudes may not accurately mirror the severity of
motor axon loss because extensive reinnervation by
collateral sprouting may have occurred in these
muscles.122

Lumbar Canal Stenosis. The clinical hallmark of
lumbar canal stenosis is neurogenic intermittent
claudication.123 Pain, sometimes associated with
weakness or other sensory complaints, develops in
the hips, thighs, or legs after the patient walks a
certain distance and is relieved by sitting or by flex-
ing the lumbar spine. EDX changes are variable. Bi-
lateral, multiple lumbosacral radiculopathies (cauda
equina lesions) are found, in the authors’ experi-
ence, in approximately half of patients with lumbar
canal stenosis. Frequently, these are of quite pro-
longed duration; chronic neurogenic MUAP
changes tend to be prominent, whereas fibrillation
potentials often are restricted to the more distal
muscles of the myotomes. In the remaining patients
with lumbar canal stenosis, a variety of findings are
obtained. In some, two distinct lumbosacral radicu-
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lopathies, most often manifested as a single root le-
sion in each lower extremity, occur either symmetri-
cally (e.g., bilateral S1) or asymmetrically (e.g., left
L5 and right S1). In others, an isolated radiculopa-
thy, almost always either an L5 or an S1 lesion, is
found. In some patients, limited but nondiagnostic
abnormalities are encountered. One common sce-
nario is bilaterally absent H waves associated with
normal sural SNAPs and a normal NEE of the lower
extremities; another is fibrillation potentials in a
single limb muscle, most often one innervated by the
S1 root. Finally, in the remaining patients, extensive
EDX examinations are normal.

Because lumbar canal stenosis affects the cauda
equina so frequently, H-wave studies and NEE
should be performed bilaterally whenever this entity
is suspected.

Lumbosacral Radiculopathies—Caveats. The utility
of the EDX examination in individual patients de-
pends on the particular portion of the PNS affected,
the underlying pathophysiology, and the age of the
patient. ALS may be mistaken for one or more lum-
bosacral radiculopathies when: (1) only one or a few
lumbosacral segments are involved; (2) fasciculation
potentials have not yet developed; (3) the process
has not extended to the upper extremity; and (4)
coincidental back pain or a history of remote lumbar
disk disease is present. Certain findings on the EDX
examinations of patients with suspected lumbosacral
radiculopathy should raise the possibility of ALS,
and thereby encourage more extensive assessments:
(1) when the patient has few or no sensory com-
plaints, but motor axon loss in one or more myo-
tomes is severe (e.g., fibrillation potentials and
MUAP dropout are prominent and the appropriate
CMAP amplitudes are low); (2) when substantial
axon loss is present in an S1 myotome, and yet the H
response is intact; and (3) whenever fasciculation
potentials as well as fibrillation potentials are pres-
ent, especially when the former are widespread.

As already noted, it sometimes is impossible to
distingush an L2, L3, or L4 radiculopathy from a
lumbar plexopathy or even, occasionally, a femoral
neuropathy. L5 and S1 radiculopathies can some-
times be confused with nontraumatic sacral plexopa-
thies and sciatic mononeuropathies. The most help-
ful EDX procedures for distinguishing these lesions
from radiculopathies in such circumstances are sen-
sory NCS of the superficial peroneal and sural
nerves. Depending upon the particular fibers af-
fected, the SNAPs from one or both of these nerves
will be of low amplitude or unelicitable with axon-
loss lesions involving the sacral plexus and sciatic
nerve because the sensory fibers are injured distal to

their DRG. Unfortunately, many patients with these
lesions, particularly those with sacral plexopathies,
are over the age of 60 and may thus have bilaterally
unelicitable lower extremity SNAPs because of age
alone.

L5 radiculopathies frequently are confused with
common peroneal neuropathies at the fibular head
(CPN-FH) when they cause clinical footdrop by pro-
ducing severe MUAP dropout in the tibialis anterior
muscle from axons loss or, less often, demyelinative
conduction block. They usually are distinguished by
the EDX findings. First, the peroneal motor NCS,
recording from the tibialis anterior muscle, distin-
guish those CPN-FH caused by conduction block
from other lesions. Second, the superficial peroneal
SNAPs are normal (at least in patients under the age
of 60 years) with L5 compressive radiculopathies and
with those CPN-FH manifested solely as demyelin-
ative conduction block; in contrast, they are usually
unelicitable, or at least of low amplitude, with CPN-
FH causing axon loss. Third, with L5 radiculopa-
thies, fibrillation potentials typically are found in
myotomal muscles that do not receive their interme-
diate innervation via the common peroneal nerve.137

S1 radiculopathies sometimes are confused with dis-
tal tibial mononeuropathies (tarsal tunnel syn-
drome). The most helpful differentiating points are
the presence with S1 radiculopathies of changes on
the H-wave test and abnormalities on NEE in S1-
innervated muscles proximal to the ankle.

The EDX changes seen with mild/moderate
axon-loss peripheral polyneuropathies sometimes
are similar to those of chronic bilateral S1 radicu-
lopathies. In patients over the age of 60, the follow-
ing combination of findings, encountered fre-
quently, is equally consistent with both disorders: (1)
bilaterally unelicitable H waves (due to the bilateral
S1 radiculopathy, a polyneuropathy, or advanced
age); (2) bilaterally unelicitable lower extremity
SNAPs (due to a polyneuropathy or advanced age);
(3) fibrillation potentials essentially limited to the
intrinsic foot muscles; (4) borderline slow lower ex-
tremity motor conduction velocities; and (5) normal
EDX examination of an upper extremity; with more
severe axon-loss polyneuropathies, the upper-
extremity SNAPs typically are low in amplitude or
unelicitable, whereas with more active S1 radiculopa-
thies definite NEE abnormalities usually can be seen
in other S1-innervated muscles.

Needle Electrode Examination—Limitations. Al-
though the NEE is the single best EDX procedure
for detecting radiculopathies, it has many limita-
tions. These, in turn, are the major limiting factors
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for the EDX examination as a whole in the recogni-
tion of root lesions. First, the findings on NEE are
dependent on loss of motor axons. Sensory root
compromise, however substantial, has no effect on
the NEE findings. Moreover, demyelinating conduc-
tion slowing and modest or lesser amounts of demy-
elinating conduction block along motor axons are
not detected with the NEE. Substantial demyelinat-
ing conduction block alters the MUAP firing pat-
tern, but such pathophysiology is rarely widespread
enough at the root level to allow for identification of
a radiculopathy.

Second, even when axon loss has affected some
of the motor root fibers, it may not involve enough
fibers, or the appropriate fibers, for a myotomal dis-
tribution of abnormalities to be discerned.

Third, because fibrillation potentials are the car-
dinal sign of denervation, the NEE is very time de-
pendent. Studies may be falsely negative if they are
performed either too early or too late in the course
of a radiculopathy, after reinnervation has occurred.
In this regard, it is important to appreciate that, fol-
lowing a single episode of root compression, fibril-
lation potentials not only develop in the muscles of
the myotome in a proximodistal sequence, but also
soon begin to disappear from the myotome in the
same sequence because of collateral sprouting in the
partially denervated muscles. With static radiculopa-
thies, this reparative process occurs regardless of
whether the root is decompressed. Hence, the NEE
frequently ‘‘normalizes’’ with time, even when clini-
cal symptoms and signs (especially sensory) per-
sist.122,140 This is probably the reason that false-
negative studies are found so frequently with cervical
radiculopathies of greater than 6 months’ dura-
tion127 and lumbosarcral radiculopathies of more
than 12–18 months’ duration. As a corollary, fibril-
lation potentials will persist indefinitely only if addi-
tional motor axons are continually being compro-
mised, i.e., if the lesion is progressive rather than
static.

Fourth, although fibrillation potentials in a myo-
tome distribution are highly suggestive of a proximal
axon-loss lesion, they reveal neither the etiology of
the lesion nor whether it is involving the root, rather
than the appropriate spinal cord segment. Because
of this, the indefinite designation ‘‘intraspinal canal
lesion’’ is often more appropriate than ‘‘radiculop-
athy’’ when abnormalities are found in one or, par-
ticularly, more myotomal distributions. Thus, bilat-
eral changes in an L5 distribution can be described
as ‘‘a lumbar intraspinal canal lesion involving the
L5 segment/root bilaterally.’’

Fifth, even if fibrillation potentials are present in
several muscles of the myotome, the affected root
may not be accurately localized by the NEE because
of root innervation anomalies, myotomal overlap, or
both. This is particularly a problem when only a few
muscles of the myotome show definite NEE changes.
Finally, definite myotomal changes permit the af-
fected segmental or radicular level to be deter-
mined, but not the anatomic site of the lesion in
regard to disk levels. This, limitation, as already
noted, is more significant with lumbosacral radicu-
lopathies than with cervical or thoracic ones.

COMPARATIVE DIAGNOSTIC SENSITIVITY

The EDX examination and neuroimaging studies fo-
cus on different aspects of the nerve roots. The EDX
examination detects functional abnormalities,
whereas neuroimaging studies detect structural ab-
normalities.54 Studies of relative diagnostic sensitiv-
ity are difficult, because there is no widely accepted
‘‘gold standard’’ against which tests can be judged.
The operative findings are often used for this pur-
pose, even though, as Tullberg and associates note,
this is not ideal ‘‘because different surgeons tend to
have different subjective evaluations of the degree of
nerve root entrapment.’’ Moreover, typically just one
or two roots are explored.120

Early studies compared the EDX examination to
myelography. The EDX examination was positive in
73–94% of cases, whereas myelography was positive
in 75–84%; in four of five studies, the EDX exami-
nation had a higher yield.140 More recently, the EDX
examination has been compared to CT, with essen-
tially the same results.58,103 The authors are unaware
of similar comparative studies with magnetic reso-
nance imaging (MRI). Regardless, many physicians
routinely refer patients for imaging studies and only
occasionally consider the value of an electrophysi-
ologic appraisal for nerve root function. This is un-
fortunate because, as for myelography,46 both CT
scans and MRI are so sensitive for detecting struc-
tural abnormalities that their diagnostic specificity is
impaired. For the lumbar spine, myelography may
reveal abnormalities in 24% of asymptomatic sub-
jects,46 CT scans in 36%,132 and MRI in between 28
and 64%.9,51 Similarly, cervical MRI is abnormal in
19% of asymptomatic subjects.10 Indeed, because of
the high incidence of asymptomatic abnormalities in
the spinal MRI, EDX examination is often necessary
to determine whether structural abnormalities are of
functional significance. Such studies are particularly
important whenever the clinical symptoms and the
neuroimaging studies are discordant.1,31,120
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VALUE AND LIMITATIONS OF THE
EDX EXAMINATION

There are several limiting factors related to the differ-
ent techniques in use, as already discussed, and
other more general concerns. First, the EDX exami-
nation does not detect all compressive radiculopa-
thies.140 The EDX findings can therefore never be
used to exclude a radiculopathy. This critical fact
concerning the EDX examination should be in-
cluded in the formal EDX report, whenever appro-
priate, to avoid misleading the referring physician. A
second limiting factor of the EDX examination is
that even when the findings suggest a radiculopathy,
the etiology of the responsible process cannot be
determined. Third, even when a specific root ap-
pears to be involved, various anatomic factors may
lead to inaccurate localization, so that the root actu-
ally affected is not recognized (it is usually adjacent
to the one identified); moreover, the site of the le-
sion within the intraspinal canal cannot be accu-
rately determined, at least with lumbosacral radicu-
lopathies. Finally, the presence of a number of
‘‘confounding factors,’’ many interrelated and the
majority occurring principally in the elderly, can
produce changes on the NCS, H-wave studies, and
NEE that may compromise the ability of the EDX
physician to recognize a radiculopathy. These in-
clude advanced patient age, diabetes mellitus, a gen-
eralized polyneuropathy, and remote poliomyeli-
tis.140

The EDX examination provides several distinct
advantages in the assessment of patients with sus-
pected root disorders. First, it is the only laboratory
study in widespread use that directly assesses the
physiologic integrity of the roots, thereby providing
information of both diagnostic and prognostic rel-
evance. Second, it may reveal changes consistent
with a root lesion in the presence of a clinical ex-
amination that is normal or unsatisfactory because of
a host of complicating factors, including poor volun-
tary effort (hysteria; malingering; pain on activation)
and an upper motor neuron lesion. Third, the EDX
evaluation may be abnormal when all other labora-
tory procedures, including neuroimaging studies,
are unrevealing. Such imaging studies typically are of
no benefit in patients with noncompressive radicu-
lopathies; moreover, with compressive root lesions
imaging studies cannot determine the severity of
axon loss and thereby aid in determining the prog-
nosis. Fourth, the EDX examination generally can
identify extraforaminal lesions, e.g., plexopathies,
mononeuropathies, and polyneuropathies, the
symptoms of which are often attributed incorrectly
to radiculopathies. Fifth, when performed by expe-
rienced physicians, EDX studies are rarely false-

positive. In contrast, incidental neuroimaging abnor-
malities are very common, particularly in middle-
aged or elderly patients without related symptoms.51

Consequently, performing EDX studies on these pa-
tients may be helpful for determining whether the
reported anatomic abnormalities are of clinical sig-
nificance. Finally, the EDX examination has a low
morbidity, can be performed on outpatients, and
can be used to follow radiculopathies over time.
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