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INTRODUCTION

Clinical neurophysiology plays a critical role in the diagnosis,
classification, and prognosis of neuropathies. In the case of
demyelinating neuropathies, for instance, typical abnormali-
ties include slowed nerve conduction velocities (CVs), pro-
longed distal latencies, prolonged or absent H reflexes and F-
waves, multifocal conduction block (CB), and varying
degrees of denervation (Table 1). These abnormalities reflect
underlying pathological changes, particularly segmental
demyelination and axonal damage. However, the degree of
conduction slowing documented using standard neurophysi-
ological investigation does not correlate well with clinical dis-
ability, and even when patients have fully recovered, CV may
remain permanently slow. The abnormalities of nerve
excitability that underlie conduction slowing, CB, and
ectopic impulse activity are not adequately explored by rou-
tine nerve conduction studies (NCSs). Using demyelinating
neuropathy as an illustrative example, this manuscript will
discuss new nerve excitability techniques complementary to
standard neurophysiological investigation that may provide
greater insight into patient symptomatology and disease
pathogenesis.

CONVENTIONAL NERVE CONDUCTION STUDIES AND NERVE
EXCITABILITY

In the last 30 years there have been few significant changes to
the neurophysiological investigation of patients with suspect-

ed demyelinating neuropathies. Motor and sensory NCSs, in
combination with electromyography, have remained the
method of choice for the clinician investigating nerve func-
tion in such patients. While routine NCSs can document the
presence of a neuropathy, they may not provide further
insight into disease pathophysiology. Measurements of action
potential amplitude and latency are limited indices of func-
tion, providing information relating to the number of con-
ducting fibers, and the CV of the fastest fibers. These data do
not always correlate well with a patient’s clinical status: on the
one hand, even quite large changes in CV may be asympto-
matic while, on the other hand, routine NCSs may be nor-
mal when there is clinical weakness. Conduction velocity is a
nonspecific indicator of pathophysiology: it may be
decreased by cooling, membrane depolarization or hyperpo-
larization, sodium channel blockade, axonal thinning,
demyelination, or remyelination with short internodes.

Measurements of axonal excitability are known to be sensitive
to and capable of providing an indirect measure of resting
membrane potential.2 As such, these measures provide com-
plementary information to conventional NCSs. Most tech-
niques currently employed to assess nerve excitability rely on
the stimulus-based method of threshold tracking. With
threshold-tracking, changes in the intensity of the stimulus
current required to generate a test potential of fixed ampli-
tude are measured online by a computer, which in turn
adjusts stimulus intensity to keep the amplitude of the subse-
quent test potential constant. “Threshold” in this context
indicates the stimulus current required to produce a target
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nerve action potential (e.g., 40% of maximum), and can be
adjusted online by computer (“tracked”) during different
maneuvers to follow changes in nerve excitability. For exam-
ple, when axons are hyperpolarized, the test potential will be
smaller, and stimulus intensity will be gradually increased by
the computer until the test potential has returned to its tar-
get size, usually chosen to be around 40-50% of maximum
(because this is on the fast rising phase of the S-shaped stim-
ulus-response curve for the compound potential).
Measurement of threshold depends on, and therefore pro-
vides, an indirect measure of resting membrane potential.
Resting membrane potential is in turn determined by a com-
plex network of ion channels (mainly persistent sodium
[Na+] channels, slow and fast potassium [K+] channels) and
the activity of the Na+/K+ pump.2

IMPULSE CONDUCTION IN DEMYELINATING NEUROPATHIES 

Acute demyelination lowers the safety margin for impulse
conduction, such that axons can become sensitive to shifts in
membrane potential, even when those shifts occur through
normal physiological mechanisms.1 In critically conducting
axons, impulse conduction can be impaired by the effects of
heating and activity and probably by any mechanism that
produces a significant shift in membrane potential, whether
depolarizing or hyperpolarizing.

Raising temperature by 0.5o C can be sufficient to precipitate
conduction failure in a critically conducting axon, and warm-
ing commonly accentuates the deficit in, for example, multi-
ple sclerosis, even to the point that warming is sometimes
used as a provocative test. Conduction failure occurs because
warming speeds up channel gating, affecting both activation
and inactivation, and this decreases the time integral of the
Na+ current at the node of Ranvier. In a critically conducting
axon, the duration of the driving current at the blocking
node can reach 1.0 ms,4 and CB can be precipitated or
relieved by maneuvers that manipulate the time course of the
driving current, such as changing temperature or the admin-
istration of agents that interfere with Na+ channel inactiva-
tion.

Activity hyperpolarizes axons. With brief high-frequency
trains (less than 10-20 impulses at 100-200 Hz), this is large-
ly due to activation of a nodal slow K+ conductance.10 The
resulting hyperpolarization can increase threshold by approx-
imately 40%, more than sufficient to jeopardize conduction
in impaired axons, but the return to control excitability
occurs over 100-150 ms, such that this mechanism might
disrupt the discharge pattern and limit the discharge rate, but
it could not produce conduction failure by itself. 

When an axon conducts long impulse trains, particularly at a
high frequency, there is an accumulation of Na+ ions within
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Table 1 Electrodiagnosis of demyelinating neuropathy

Demyelinating Neuropathy

Neurophysiological features: demyelination +/- axonal degeneration

Acute Chronic

Delayed/absent H reflex, F waves Motor conduction slowing (>1nerve)

Decreased SNAP amplitude Partial conduction block/Dispersion

Prolonged distal latency Prolonged distal latency (>1 nerve)

Conduction slowing Prolonged/absent F waves (>1 nerve)

Conduction block

Increased temporal dispersion Supportive: Absent H reflex
Sensory slowing 

EMG: Spontaneous activity (PSWs, fibs, occasional myokymia)
Reduced recruitment

MMN

Conduction block in >1 motor nerves at uncommon sites of focal neuropathy

Normal sensory conduction velocity for segments with conduction block

Normal sensory amplitudes with distal stimulation of nerves with conduction block

EMG = electromyogram; MMN = multifocal motor neuropathy; PSW = positive sharp waves; SNAP = sensory nerve action potential.



the axon, and this activates the Na+/K+ pump to restore ionic
balance (Table 2). The stoichiometry of the pump is such
that 3 Na+ ions are extruded in exchange for 2 K+ ions, and
the resulting imbalance in charge results in axonal hyperpo-
larization. This activity-dependent hyperpolarization has
been demonstrated in human sensory and motor axons and,
importantly, it can be produced by natural activity.13 The
extent and duration of the hyperpolarization depends on the
discharge rate and train length, and can result in an increase
in threshold of approximately 40% that takes many tens of
minutes to decay to control excitability. Importantly, volun-
tary contractions lasting as little as 15 seconds can increase
the threshold of motor axons by 10-15% and this increase
decays over some 5-10 minutes.13 Such changes are likely to
be clinically relevant: a conservative estimate of the safety
margin for impulse conduction in a series of patients with
chronic inflammatory demyelinating polyneuropathy
(CIDP) suggested that significant conduction failure of
approximately 14% would occur if the axons hyperpolar-
ized.3 For the same impulse load, the extent of the activity-
dependent hyperpolarization seems to be greater for motor
axons than for sensory axons.9,13 An important factor in this
difference is probably the difference in the hyperpolarization-
activated cation conductance (IH). 

In patients with inflammatory demyelinating polyneu-
ropathies, normal activity-dependent hyperpolarization can
precipitate conduction failure at sites of impaired function.
This was first demonstrated in multifocal motor neuropathy
(MMN)5 and subsequently in CIDP.3 There is nothing spe-
cial about activity: any process that produces sufficient hyper-
polarization will produce clinically significant CB at patho-
logical sites in these disorders, provided that a sufficient
number of axons are critically conducting. The release of
ischemia results in a post-ischemic hyperpolarization, and
this too can precipitate conduction failure. Paradoxically, in
CIDP, conduction failure may also occur during ischemia
during the depolarizing shift in membrane potential. This
probably occurs because depolarization inactivates transient
Na+ channels, thus decreasing the availability of functioning
channels in an axon that is critically dependent on the size of
the Na+ current. It is also possible that ischemia produces an
ischemic metabolite that blocks Na+ channels, a mechanism
that would further limit the number of Na+ channels avail-
able for the action current.

The important message is that critically conducting axons are
delicately poised. Conduction may block if membrane
potential is too far from threshold (i.e., the axon is hyperpo-
larized) or if the Na+ current becomes inadequate (because of
heating or because of a limitation on the number of function-
ing Na+ channels).8 Significant changes in activity or signifi-
cant shifts in membrane potential, whether depolarizing or
hyperpolarizing, may be sufficient to produce a transient
worsening of symptoms. Clinical fluctuations are well docu-
mented in multiple sclerosis; they are as likely in demyelinat-
ing polyneuropathies if a sufficient number of axons can only
just maintain conduction.

MULTIFOCAL MOTOR NEUROPATHY AND AXONAL
HYPERPOLARIZATION 

Multifocal motor neuropathy is a disease process character-
ized by motor nerve involvement, with sparing of sensory
function (other than tendon jerks), producing a syndrome in
affected patients of slowly progressive muscle atrophy, weak-
ness and fasciculation.11 A critical diagnostic feature in
MMN is the demonstration of CB in multiple peripheral
nerves on electrophysiological investigation.12 Conduction
block involves only motor axons, with sensory conduction
spared across the lesion.

The presence of “positive” symptoms and signs such as mus-
cle cramp, myokymia, and fasciculation in the context of pre-
dominantly negative features such as depressed tendon jerks,
muscle atrophy, and weakness remains unexplained in these
patients. Nor has the mechanism of the CB itself been eluci-
dated. Limited information is available from pathological
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Table 2 Mechanism of activity-dependent conduction block

Impulse Train

accumulation Na+ inside, K+ outside axon

stimulation of “electrogenic” Na+ /K+ pump

x3 Na+ out for x2 K+ in

Axonal hyperpolarization 

(5 treshold of motor axons by ~40% for 10-15 min after MVC for 1m)

Normal axons                                                        Impaired axons

safety margin 5:1 [500%]                      critically lowered margin

secure conduction                        conduction block

MVC = maximal voluntary contraction

5

5

5

5

5 5



studies, some of which provide evidence favoring demyelina-
tion.

Axonal properties remote from foci of CB are normal, find-
ings that support the contention that MMN is not a general-
ized disease with a focal presentation. However, excitability
studies have also been undertaken in MMN patients just dis-
tal to the site of CB in affected nerves, with strikingly abnor-
mal findings.7 The most significant alterations in excitability
properties in the MMN patients were: (1) the reduction in
minimum slope of the current/threshold (I/V) relationship
(indicating a reduction in input conductance); (2) the “fan-
ning-out” of threshold electrotonus; and (3) the increase in
superexcitability recorded during the recovery cycle. All these
excitability parameters, highly abnormal in MMN patients,
depend on the resting conductance of the paranodal and
internodal axon membrane. 

One way that the resting conductance of the axonal mem-
brane can be reduced is by means of membrane hyperpolar-
ization. To explore the possibility that the nerve distal to CB
in these patients was hyperpolarized, the results from patients
were compared to those from recordings of polarized and
ischemic nerves in healthy subjects.6 The patient axons
behaved as if hyperpolarized or post-ischemic. However,
subexcitability was preserved in the MMN patients, suggest-
ing that their axons were in a post-ischemic state. Whereas
both hyperpolarization and post-ischemia increase superex-
citability, late subexcitability is decreased by hyperpolarizing
currents. However, it remains unchanged when the nerve is

post-ischemic, and unchanged or even increased in MMN
patients, despite the changes consistent with hyperpolariza-
tion in the other excitability parameters. 

These comparisons suggested that the nerve distal to the site
of CB in these patients with MMN was behaving as if hyper-
polarized, most closely resembling a post-ischemic nerve. For
a critical test of whether hyperpolarization was responsible
for the abnormal membrane properties, a depolarizing cur-
rent of 0.5 mA was applied to the nerves of the MMN
patients, to test whether depolarization could reverse the
abnormalities. All excitability abnormalities were improved
by applied depolarization. 

It is notable that, in these MMN patients, the hyperpolariza-
tion was not merely long-lasting (as in a post-ischemic state)
but represented a stable steady state. Excitability recordings
taken 10 weeks apart showed almost identical excitability
abnormalities. Persistent overactivity of the Na+/K+ pump
would require a persistent intra-axonal source of Na+ ions to
drive the pump. These Na+ ions could not be continuously
entering the axon at the recording site, otherwise there would
be a net membrane depolarization. 

Longitudinal diffusion or transport along the axon could
provide an intra-axonal source of Na+ ions (Figure 1). Given
that the lesion in these patients is focal, Na+/K+ pump activ-
ity could be blocked by, for example edema, or alternatively,
by antibodies directed against the protein components of the
pump. In either case, prevention of Na+/K+ pump function
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Proximal Lesion Distal

Na+

Membrane depolarization
Hyperactive 
Na+ pump

Figure 1 Distal hyperpolarization in multifocal motor neuropathy suggests depolarization at lesion site.



could produce a depolarizing block with intracellular accu-
mulation of Na+ at the site of the lesion. Disruption of the
blood nerve barrier might increase the K+ concentration of
the endoneurial fluid, and in doing so, further aggravate any
depolarization block. If Na+ influx continued, a steady state
would be achieved only by Na+ ions moving intracellularly
along the axon to a site where the pump was still working,
and this would result in overactivity and membrane hyperpo-
larization. Therefore, depolarization at the site of the lesion
would co-exist with chronic hyperpolarization on one or
both sides of this site. Such a lesion, with adjacent ischemic
and post-ischemic lengths of nerve, would be likely to gener-
ate ectopic activity, a hallmark of MMN, with patients expe-
riencing fasciculation or myokymia in the presence of CB.

Other clinical symptoms and studies provide further support
for this hypothesis. Cold paralysis described in monomelic
amyotrophy also occurs in patients with MMN. The electro-
genic Na+/K+ pump is temperature-sensitive, with slower
kinetics at lower temperatures. Cooling would exacerbate the
effect of the already compromised Na+/K+ pump function,
increasing the depolarizing CB. This contrasts with the
expected effect of cooling in alleviating CB due to demyeli-
nation. Similarly digitalis, a known blocker of Na+/K+ pump
activity, paradoxically exacerbated the “fanning-out” changes
seen in threshold electrotonus for a patient with MMN.
Unfortunately attempts at tracking excitability changes more
proximally toward the site of the focal lesion in patients with
MMN were impossible as the nerve became completely inex-
citable. Finally, axonal hyperpolarization is consistent with
the selective increase in motor nerve threshold described in
patients with MMN at the site of the lesion.

SUMMARY

Conventional NCSs remain the gold standard for the electro-
diagnosis of demyelinating neuropathy. Electrodiagnostic
findings reflect a combination of demyelination and axonal
loss. Demyelination lowers the safety margin for impulse
conduction and activity-dependent CB may be induced.
Novel nerve excitability techniques provide complementary

information about membrane potential and axonal ion chan-
nel function not investigated by conventional methods 
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THE BEGINNINGS OF ALTERNATING CURRENT AND ITS
EARLY APPLICATIONS

The earliest experiments in generating electricity, beyond
that of simply collecting static charge, were performed in the
last decade of the eighteenth century by Alessandro Volta. He
produced direct current (DC) by placing a series of silver and
zinc blocks in the form of a vertical column (his “electric
pile”). Two decades later, Michael Faraday realized that move-
ment of a magnet could induce the flow of electric current in
a wire and in 1831 built the first DC generator. By the mid-
nineteenth century, the great Scottish physicist James Clerk
Maxwell identified the laws governing electricity and mag-
netism and within two decades, electricity, mostly in the
form of DC, was beginning to find practical uses, including
in artificial lighting (the incandescent lamp being invented
by Thomas Edison in 1879). Although DC appeared to hold
great promise, and was promoted by Edison and General
Electric, its use was limited due to difficulty in transmitting
it across long distances. By the 1880s it was becoming
increasingly clear that alternating current (AC) might be the
better option for widespread power usage since it could be
sent over vast distances effectively through the use of step-up
transformers at the energy source and step-down transform-
ers near the location of consumption. But it was not until
Nikola Tesla developed an effective AC motor and improve-
ments to AC generators a few years later that the use of AC

started becoming widespread. The true proof of AC was dra-
matically demonstrated during the Columbian Exhibition of
1893, where AC generators provided all the electricity for the
entire fair. 

Other uses for AC soon became apparent. The most imme-
diate was the possibility of using AC for the generation of
electromagnetic radiation. Based on Maxwell’s theories,
Hertz in the mid-1880s demonstrated that an electric spark
could create current flow in a distant copper coil. Although
this was a relatively crude experiment, it proved that such
transmission was possible. Soon Tesla was producing AC at
higher and higher frequencies which allowed for more effec-
tive radiation of signals from the wires. The first successful
wireless transmitters and receivers were developed, and in
1904 Marconi oversaw the first transmission of radio com-
munication across the Atlantic Ocean. 

It was soon realized that measuring how AC flowed through
a wire could tell a person something about the wire’s compo-
sition. Similarly, since AC (especially at higher frequencies)
could also easily flow through air or other mediums, it was
appreciated that studying how the AC was affected by the
medium could tell a person something about the characteris-
tics of that medium. By around the turn of the twentieth cen-
tury, the first studies using AC to probe the characteristics of
substances were initiated. These techniques were called
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impedance measurements, since the term “impedance” cap-
tured the two main electrical properties of a medium: its
resistance to current flow and its reactance, the opposition
to change in the direction of current flow with each cycle of
AC. 

EARLY BIOLOGICAL USES OF IMPEDANCE TECHNIQUES

By the first two decades of the twentieth-century impedance
measurements were being made on many different structures,
including biological ones. Between the years of 1910-1913,
R. Höber performed detailed impedance measurements on
red blood cells in solution, showing a frequency-dependence
to the applied measurements and also demonstrating that
upon lysing of the red cells, the resistance to current flow
decreased. In 1926, it was demonstrated that breast tumors
had substantially lower electrical “capacity” than normal
breast tissue and thus impedance measurements could be
used to assist in the diagnosis of tumors. 

Although of considerable theoretical interest, electrical
impedance methods in biology continued to find only limit-
ed applications until the 1950s and 1960s when it became
clear that these measurements could be used to assess body
composition in some fashion, since the proportion of free
and intracellular water relative to the amount of adipose tis-
sue would affect impedance values. Hence empiric relation-
ships could be drawn between measured impedance values
and lean body mass. Such measurements could be obtained
by running a current at 50 kHz between the hand and foot
and measuring the voltage difference between these two
points. Eventually, a minor industry developed around the
evaluation of 50 kHz current flow to assist in the determina-
tion of body fat content, and today devices to measure this
are commonplace in fitness centers and nutritionist’s offices. 

Outside the world of nutrition, bioimpedance measurements
found other uses in medicine. The evaluation of blood flow
using impedance plethysmography was first described in the
1930s. Moreover, the technique of electrical impedance
tomography (EIT) was introduced. In this procedure, electri-
cal currents are applied and detected at multiple sites on the
body along an area of interest with the goal of developing a
picture of the internal anatomy. Electrical impedance tomog-
raphy has been used to some extent to evaluate the heart and
other organs; however, given the incredible complexity of the
calculations involved to identify the various components of
such a system (the so-called “inverse problem”) this field has
never met with great success. With the advent of both com-
puted tomography and magnetic resonance imaging, there
has been little commercial impetus to pursue this work. The
use of impedance measurements has found some commercial
utility in evaluation of breast tumors, and a United States

Food and Drug Administration-approved device is now
being used for patient care at several sites in the United States
and Europe.

IMPEDANCE MEASUREMENTS OF MUSCLE—WHY THEY MAKE
SENSE

Electrical impedance myography (EIM) is a term first intro-
duced in 2003 to describe an electrical impedance-based
methodology for the assessment of skeletal muscle. The setup
for the most basic of these techniques, linear EIM, is demon-
strated in Figure 1. The technique has at its roots past work
in electrical impedance but the approach is quite different,
with the focus being on relatively small regions of tissue (e.g.,
several inches of the thigh) rather than entire limbs or the
entire body; in fact, the technique was initially referred to as
“localized bioimpedance analysis.” 

The application of impedance methodologies to the assess-
ment of skeletal muscle makes excellent practical sense for the
following eight reasons: (1) skeletal muscle has a high water
content and relatively low resistivity; (2) skeletal muscle
makes up the largest component of the limbs; (3) skeletal
muscles in human beings are relatively large; (4) many skele-
tal muscles are in close proximity to the outside world; (5)
skeletal muscle, in both health and disease, is dense, relative-
ly homogeneous, and predictable; (6) skeletal muscle is
anistropic; (7) skeletal muscle’s contractile properties add
another potential dimension to impedance measurements;
and (8) disease changes in skeletal muscle are important.
These will be discussed in detail.

Skeletal Muscle Has a High Water Content and Relatively
Low Resistivity

Impedance methods in biological systems mainly evaluate
membrane health and structure. However, for the electrical
current to appropriately survey the membranes in a specific
region of interest, it is critical that the current preferentially
flow to that region. Electricity follows the path of least resist-
ance and little current will flow through areas with higher
resistivity (the inherent electrical resistance of the tissue).
Muscle’s resistivity is substantially lower than that of bone,
skin, or subcutaneous fat, the other major components of a
limb. Current will therefore preferentially flow through mus-
cle.

Skeletal Muscle Makes Up the Largest Component of the
Limbs

From a volumetric standpoint, there can be no question that,
except in the most obese individuals, muscle is the major
constituent of the arms and legs. While there are, in fact,
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some components of a limb that have lower resistivity than
muscle (namely blood), the importance of these other
components is relatively minor since they make up only a
small fraction of the overall limb volume.

Skeletal Muscles in Human Beings are Relatively Large

While it may be self-evident that skeletal muscles in a human
being are relatively large, it simplifies the measurement
process considerably since electrodes can be easily affixed to
the skin overlying several areas of a muscle or group of mus-
cles. 

Many Skeletal Muscles are in Close Proximity to the Outside
World 

While some muscles are buried deep within the body, such as
the psoas, many lie directly beneath the skin. Electrical cur-
rent can thus be directed through a region of specific interest
and electrodes placed in a variety of configurations over that
area. While impedance methods have been used with some

success for evaluation of cardiac structure, as has been noted,
the simple fact that the heart is buried deep within a body
cavity makes it far less amenable to study.

Skeletal Muscle, in Both Health and Disease, is Dense,
Relatively Homogeneous, and Predictable

Except in the most advanced neuromuscular diseases, muscle
tissue still consists of muscle fibers that are in relatively close
juxtaposition with one another. Also, the structure is relative-
ly homogeneous with one major tissue type (muscle fibers)
throughout; this situation is distinctly different from say the
brain or kidney where probing the tissue with impedance
methodologies is considerably more challenging given the
variety of tissues present.

Skeletal Muscle is Anisotropic

Anisotropy refers to the ability of a tissue to conduct electri-
cal current preferentially in one direction versus another. The
bundled fiber structure of muscle ensures that electrical cur-

AANEM Course New Directions in Neurophysiologic Assessment of Nerve and Muscle 9

Laptop
Computer

Voltage
Electrode 
Array

Current 
Electrodes

Computer Controlled/
Manual Electrode
Switching Box

Bioimpedance
Device

Figure 1 50 kHz, linear-EIM being performed on the left quadriceps.

EIM = electrical impedence myography.



rent will preferentially flow parallel to the fibers rather than
across them. Whereas in some sense this may complicate the
measurement of impedance, it also opens up a whole new
window into the evaluation of muscle since changes in the
anisotropy may help evaluate disease status.

Skeletal Muscle’s Contractile Properties Add Another
Potential Dimension to Impedance Measurements

Unlike many tissues in the body, muscle is not static. It can
contract and relax. The entire process of muscle contraction
is complex, but results in a substantial change in the structure
of the tissue which can be easily measured with impedance
methods.

Disease Changes in Skeletal Muscle are Impedance
Friendly

Many of the changes that occur in disorders that affect mus-
cle are potentially accessible to impedance measurements.
Muscle fiber atrophy, variation in fiber size, the presence of
fat and connective tissue in the endomysium, changes in
membrane structure, muscle edema/inflammation, and
changes in the contractile ability of the tissue may all con-
tribute to relatively diverse impedance signatures depending
on the disease state.

THE BASIC METHODS OF ELECTRICAL IMPEDANCE
MYOGRAPHY

Electrical impedance myography is still under development,
and the final techniques that emerge and their nomenclature
remain to be determined. However, a collection of variations
on the basic technique of linear-EIM has been established
that have the potential for the assessment of muscle. The
basic setup, shown in Figure 1 and Figure 2, demonstrates a
simplified electrical schematic.

Linear, Single-Frequency Electrical Impedance Myography 

Linear, single-frequency EIM, as suggested, is the most basic
form of the technique: current is applied at a distance at only
a single frequency of 50 kHz and the measurements are made
linearly along the axis of the limb. This simple technique may
be best for following a disease in an individual sequentially
over time.

Linear, Multifrequency Electrical Impedance Myography

Linear, multifrequency-EIM represents a simple extension of
the linear technique by gathering impedance measurements

at multiple frequencies, usually ranging from 1 kHz to 3
MHz. These data have demonstrated a fascinating range of
behavior in different neuromuscular diseases and may have
important implications for disease diagnosis.

Multidirectional Electrical Impedance Myography

Multidirectional-EIM represents a variation in the technique
which is geared toward the evaluation of muscle anisotropy.
Rather than applying current at a distance, current is applied
near the voltage electrodes and the voltage difference meas-
ured at different angles relative to muscle fiber direction. This
can be performed at one or many frequencies. 

Dynamic Electrical Impedance Myography

Dynamic-EIM consists of performing one of the aforemen-
tioned forms of EIM during muscle contraction. The muscle
contraction can be voluntary or electrically induced (by stim-
ulation of the nerve supplying the muscle[s] of interest).

BASIC ELECTRICAL IMPEDANCE MYOGRAPHY PARAMETERS

In EIM, muscle tissue is modeled as a complex circuit (Figure
2). The circuit model representing each element (of two resis-
tors and capacitor, shown at the bottom of the figure) dates
back to the 1920s. The basic concept is that by measuring the
voltage drop at any two points in the circuit and knowing the
applied current, the overall impedance from this tissue can be
obtained and from that, one can calculate its resistance (R)
and reactance (X). Nonetheless, both values, R and X, have
certain limitations, in part being dependent on the muscle
shape and size. In order to help eliminate these effects, one
obtains the phase (ρ) of the muscle. The phase is defined as
arctan (X/R). A separate value for θ can obtained between
each pair of voltage electrodes; these values can then be aver-
aged and for this, the term θavg is used. 

Another parameter that can be calculated is the resistivity of
the muscle, designated ρ; this variable is less straightforward
to obtain than X or R. The resistivity, as noted earlier, is a
measure of the ability of a muscle to conduct an applied elec-
trical current which can provide novel information on the
makeup of the tissue. For example, increased connective tis-
sue and reduced water content that occur in myopathic states
will lead to increased muscle resistivity. In order to calculate
this value, however, one needs to know the approximate vol-
ume of the muscle tissue underlying the electrodes. This is
achieved by making girth measurements of the limbs and tak-
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ing ultrasound measurements to calculate the size of the bone
and the skin-subcutaneous fat layers. 

APPLICATIONS OF ELECTRICAL IMPEDANCE MYOGRAPHY IN
HEALTH AND DISEASE

Normality, Muscle Strength, and Aging

Like many neurophysiologic parameters, muscle impedance
parameters also demonstrate an age-dependence with values
decreasing prominently over age 70 years. Figure 3 demon-
strates this characteristic decline. It is anticipated that while
this age-dependence may complicate analysis of the data, just
as it does for other standard neurophysiologic methods, it
also has the potential to provide interesting information on
sarcopenia of the elderly. However, physicians are currently in
the process of defining age- and sex-dependent lower limits
of normal for different muscles, a key element to making
EIM a practicable technique. 

Neurogenic and Myopathic Disease Progression

The most straightforward and easily implemented applica-
tion for EIM is the quantification of neuromuscular disease
progression and remission. Standard electrophysiologic test-
ing has proven itself useful in the actual diagnosis of disorders
and differentiating nerve disease from muscle disease, but
generally does not serve as good a role in quantifying the
degree of abnormality and the progression or remission of a
disorder in a single person. For this reason, other techniques
have been sought, such as the motor unit number estimation
(MUNE) for the assessment of disease progression in motor
neuron disease. 

Electrical impedance myography is ideally suited for this pur-
pose in myopathic and neurogenic disease alike. Even the
most simple, quickly applied version of single-frequency, lin-
ear EIM, can provide rapid information in this regard. For
example, Figure 4 shows the change in phase in a group of
patients with amyotrophic lateral sclerosis over time.

A simple explanation for this reduction in phase with disease
progression is as follows: regardless of the cause, as muscle
fibers atrophy, the capacitance of the muscle tissue decreases.
In a network of resistors and capacitors (as shown in Figure
2), the reactance of a single element, 

AANEM Course New Directions in Neurophysiologic Assessment of Nerve and Muscle 11

Figure 2 Simplified circuit schematic/model for electrical
impedance myography.

Figure 3 50 kHz linear electrical impedance myography data in
a normal population. 



will behave according to the following equation: 

Accordingly, as the capacitance of each individual cell
decreases, the reactance of the entire network will go down as

well. This makes intuitive sense since if there are no capaci-
tors in the system, the reactance would be zero (i.e., it would
purely resistive). The decreased reactance leads to a low θ,
since the two are related via the equation θ = arctan(X/R),
and, assuming all the segments of tissue studied are affected,
θavg will decrease as well. 

Disease Diagnosis 

One of the more ambitious goals of this author’s work is to
determine whether the technique can be used to noninvasive-
ly characterize the type of alterations present in the muscle.
There is reason to anticipate that this may be possible, since
different conditions produce different pathological and mor-
phological changes in the muscle. For example, in acute myo-
pathic disease, such as inflammatory or toxic myopathy, there
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Figure 4   Example of how linear electrical impedance myography can be useful in the noninvasive assessment of disease progression in
patients with amyotrophic lateral sclerosis.



is substantial muscle edema with associated inflammatory
infiltrates. In contrast, in chronic myopathic or dystrophic
disease, a variety of alterations will be present including a mix
of muscle fiber hypertrophy and atrophy with substantial
quantities of endomysial connective tissue. In acute neuro-
genic disease, there will be pockets of atrophied muscle fibers
(in the acute stage) and fiber type grouping in the chronic
state. The wealth of structural differences in the muscle is
likely to lead to a variety of electrical signatures dependent on
the exact pathology present, perhaps best appreciated by
using different frequencies of applied current (multifrequen-
cy-EIM), as shown in Figure 5. Consistent with this hypoth-
esis, one early trend being observed is that in neurogenic dis-
ease, reactance values fall into a relatively narrow range
regardless of the frequency applied, whereas in myopathic
disease reactance values remain relatively normal even in
patients with more advanced disease. Continuing research

will explore the extent to which such differences can play a
role in diagnosis.

Disuse and Rehabilitation

Since any cause of muscle atrophy will cause the EIM signa-
ture to vary from normal, EIM has the capability of detect-
ing changes due to disuse. Being able to identify and quanti-
fy the presence of disuse atrophy could have a number of
important implications, from assisting in rehabilitation, to
evaluation of muscle atrophy and sarcopenia in the elderly.
Perhaps more provocatively, the technique could also be valu-
able in monitoring muscle health during extended space
flight, in part because the equipment necessary for the most
basic assessment is small and light. In order to identify the
effects of disuse here on Earth, this author and colleagues
have been obtaining EIM data on patients pre- and post-cast-
ing for orthopedic injuries. A prominent change has been
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Figure 5  Example of different impedance profiles in patients with myopathic and neurogenic disease as compared to normal subjects.

ALS = amyotrophic lateral sclerosis; IBM = inclusion body myositis; NL = normal limits



found in EIM patterns that parallels the atrophy found
immediately after cast removal and improves with the
restoration of muscle bulk and strength during rehabilitation. 

Novel Insights Into Contraction

Electrical impedance myography can also be performed dur-
ing muscle contraction, both voluntary and stimulated. As a
simple example of EIM’s potential use in muscle assessment
during contraction, in Figure 6 reactance and resistance data
is provided for the forearm of a normal individual voluntari-
ly contacting against a handheld dynamometer and is com-
pared to that from a patient with myotonic dystrophy type 1.
Note the additional impedance dip that follows each contrac-
tion, likely corresponding in some fashion to the delay in
muscle relaxation. Whereas it is anticipated that impedance
measurements will provide unique data on contractile prop-
erties of muscle, it remains to be determined if it can also
provide additional information on the actual depolarization
of muscle, a question currently attempting to be answered in
this author’s laboratory. 

ONGOING AND FUTURE WORK

Many challenges are still faced in developing EIM into a use-
ful technology. This author and colleagues are currently pur-
suing several different avenues of research, including clinical
human work, which is mainly geared toward better identify-
ing the relationships between impedance parameters and
neuromuscular disease states. An additional key component

to this plan is using EIM in rat models of neuromuscular dis-
ease to help confirm the association between the impedances
measures and the type and degree of pathological change.
Another long-term goal of pursuing animal studies is that
EIM has the potential to serve as a simple method for screen-
ing drugs for various mouse models of neuromuscular disease
(such as the muscular dystrophy and superoxide dismutase 1-
deficient mice). Learning how to perform EIM in rats pro-
vides a first step along that path. This author and colleagues
also plan to pursue work in pediatric disease since the non-
invasive nature of the test may prove to be especially useful in
the assessment of children with muscle weakness. In addition
to these programs, the technology is continuing to be refined,
including developing pre-formed electrode arrays, improving
user interfaces, and refining the methods used to obtain mul-
tidirectional and dynamic data. 
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INTRODUCTION

There is a growing interest in ultrasound imaging of the mus-
culoskeletal system including peripheral nerves. This interest
can be attributed to the increased resolution provided by new
transducers, which allows exquisite demonstration of
anatomical structures. With current transducers, structures as
small as individual peripheral nerve fascicles can be visual-
ized.21 Increasing interest in ultrasound may also be second-
ary to the fact that ultrasound equipment is becoming more
compact and more affordable, although currently image res-
olution is compromised. Ultrasound imaging has several
unique advantages over other imaging methods, such as mag-
netic resonance imaging (MRI), as it applies to peripheral
nerves and the musculoskeletal system.6 In addition to
decreased cost and improved accessibility at many centers,
ultrasound, compared to MRI, can employ dynamic imaging
to assess disorders that only are evident with particular joint
positioning or dynamic states, such as active muscle contrac-
tion. Ultrasound can also image an entire limb, including
comparison with the other limb if required, in a shorter peri-
od of time than MRI. Imaging of structures near hardware or
other ferromagnetic structures is also possible with ultra-
sound without the artifact present as opposed to MRI.8

Ultrasound allows for the evaluation of patients who are
unable to undergo MRI because of ferromagnetic devices in
specific locations (such as aneurysm clips), or when a patient
has claustrophobia. In fact, with regard to evaluation of the
rotator cuff, patients prefer ultrasound to MRI.15

One must also realize that there are several disadvantages in
using ultrasound compared to MRI. The primary difficulty is
ultrasound’s learning curve, which is steeper than that of
MRI. Magnetic resonance imaging uses specific sequences to
highlight pathology on images acquired in anatomical planes.
This relative uniformity allows one to become more quickly
familiar with anatomy and pathology. In contrast, although
standardized protocols are described for ultrasound, under-
standing anatomy and identification of pathology requires
dedicated training under supervision, and a thorough under-
standing of the structure imaged in three dimensions.

ULTRASOUND BASICS

An ultrasound unit consists of a central machine containing
the electrical and computer components, and the image
screen. The size of this unit can range from a laptop comput-
er to the size of an automated teller machine. This unit is
connected to a transducer through a cable. Images are
acquired by holding or moving a transducer in contact with
the skin surface over the area of interest using intervening
acoustic coupling gel. Images are acquired through properties
of the piezoelectric crystals in the transducer where electrical
signal is converted to a pulse wave. This pulse wave then
propagates through the soft tissues. When the sound wave
interacts with various soft tissue interfaces, it can reflect back
to the transducer, where the pulse wave is converted back to
electric signal used to create the ultrasound image. An ultra-
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sound wave can interact with soft tissues in various ways,
which allows discrimination between the various types of tis-
sues. For example, if a sound wave hits a soft tissue interface
of significant differences in impedance (such as soft tissue-
bone surface, or at soft tissue-gas interface), a majority of the
sound beam reflects back to the transducer and therefore a
bright or hyperechoic line is registered where the bone sur-
face is located. The ultrasound beam can also be absorbed or
refracted by the soft tissues. Various artifacts may be pro-
duced in this manner. Most ultrasound machines have color
and possible power Doppler options. In this mode, blood
flow is demonstrated on the image as red or blue, which is
determined by the direction the blood flow relative to the
transducer. 

By convention, the horizontal top edge of the resulting ultra-
sound image represents the skin surface where the transduc-
er is located. From left to right, the ultrasound image can be
viewed as though the soft tissues have been sectioned along
the long axis of the transducer. The bottom of the image rep-
resents the deepest part of the imaged tissues, farthest from
the transducer. The image that is produced may contain
bright echoes (called hyperechoic), intermediate echoes (isoe-
choic), low echoes (hypoechoic), or no echoes (anechoic) rel-
ative to the echogenicity of skeletal muscle. Normal tendons
shows a fibrillar and hyperechoic echotexture, normal muscle
shows predominately hypoechoic muscle tissue with inter-
vening hyperechoic fascia, and the bone surface is very hyper-
echoic with posterior acoustic shadowing (Figure 1).9 A nor-
mal peripheral nerve will appear speckled in cross-section
with the nerve fascicles appearing hypoechoic and the sur-
rounding connective tissue appearing hyperechoic (Figure
2).21 A fluid collection will be anechoic with enhanced echoes
deep to the fluid. This is called posterior acoustic enhance-
ment. An important artifact in imaging of tendon and mus-
cle is termed anisotropy.4 This occurs when a tendon is not
imaged perpendicularly to the sound beam, but rather
obliquely. Subsequently, a normal hyperechoic tendon will
appear hypoechoic similar to an abnormal tendon.

An important aspect of peripheral nerve and muscle ultra-
sound is the choice of transducer type. In general, a linear
transducer is optimal in visualizing a segment of peripheral
nerve or muscle perpendicular to their intrinsic fibers. The
transducer frequency choice is also critical. A higher frequen-
cy transducer will have higher resolution, but this will be at
the expense of depth penetration. Therefore, to image a deep
structure such as around the hip, a lower frequency transduc-
er will be required (5-7.5 MHz), but the resolution will be
decreased. When imaging a superficial structure, a high-fre-
quency transducer will show the anatomic detail. In general,
rotator cuff ultrasound is best imaged with at least 10 MHz,
while superficial peripheral nerves are best seen with at least

12 MHz, although 15 or 17 MHz will show even more
detail. It is important to note that the small portable ultra-
sound machines are currently somewhat limited with regard
to available high-frequency transducers and therefore resolu-
tion is less than that which can be achieved with a larger and
more powerful ultrasound machine. 

PERIPHERAL NERVE ULTRASOUND

Normal Ultrasound Appearance

Normal peripheral nerves have a characteristic ultrasound
appearance.21 When imaged in cross-section, the nerve has a
speckled or honeycomb appearance with the individual nerve
fascicles appearing hypoechoic and the surrounding connec-
tive tissue appearing hyperechoic (Figure 2).24 When imaged
longitudinal to the nerve fibers, the individual hypoechoic
nerve fascicles can again be seen. One must be aware that
because the peripheral nerve has both hypoechoic and hyper-
echoic areas, either may be accentuated depending on the
surrounding soft tissues. For example, when a peripheral
nerve is imaged when surrounded by hypoechoic muscle tis-
sue, the hyperechoic components of the nerve will be more
conspicuous. In contrast, when a peripheral nerve is imaged
when surrounded by hyperechoic tendons, such as in the
carpal tunnel, the hypoechoic nerve fascicle components will
be more obvious.10 What is most important beyond under-
standing the sonographic appearance of peripheral nerves is
having knowledge of peripheral nerve anatomy. Without this,
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Figure 1 Normal shoulder ultrasound. Ultrasound image
longitudinal to the distal supraspinatus tendon shows
hyperechoic and fibrillar tendon (between arrows), relatively
hypoechoic deltoid muscle (D), and subacromial-subdeltoid
bursa (*). Note reflective and hyperechoic surface of humerus
(H) (skin surface is at top of image, lateral is at right).



a small peripheral nerve may not be recognized. It is impor-
tant to use bone landmarks, as well as muscle and fascial
planes to identify peripheral nerves.

Compression Neuropathies

Common compression neuropathies of peripheral nerves
include the median nerve in the carpal tunnel, the ulnar
nerve in Guyon’s canal and the cubital tunnel, the posterior
interosseous nerve at the supinator muscle, the posterior tib-
ial nerve in the tarsal tunnel, and the digital nerve between
the metatarsal heads producing a Morton’s neuroma.14 The
hallmark of any compressive neuropathy is hypoechoic nerve
swelling at or just proximal to the compression, with flatten-
ing or compression distally. Direct pressure with the ultra-
sound transducer can reproduce symptoms, which offers
additional evidence that the segment of nerve is abnormal.

Carpal tunnel syndrome (CTS) results from compression of
the median nerve in the carpal tunnel. This can be due to
processes that cause narrowing of the carpal tunnel (trauma)
or crowding of the carpal tunnel (tenosynovitis, ganglion
cyst). It may also be idiopathic, possibly due to overuse con-
ditions. Imaging of the median nerve is in the transverse
plane at the level of the volar wrist crease just proximal to the
carpal tunnel and pisiform bone. At this location, the hypoe-
choic nerve fascicles of the median nerve are most obvious as
the nerve is surrounded by hyperechoic tendon.10 The cir-
cumference of the median nerve is then measured using tools
built into the ultrasound unit. It has been shown that a medi-
an nerve area greater than 9 or 10 mm2 correlates with CTS
(Figure 3).5,25 The compressed median nerve may also be
abnormally hypoechoic, and distal evaluation will show flat-
tening.

Ulnar nerve compression at the level of the elbow can occur
in the cubital tunnel. By imaging in the transverse plane
between the medial epicondyle and olecranon process of the
elbow, the ulnar nerve will be seen as a relatively hypoechoic
structure since it is surrounded by hyperechoic fat. Proximal
swelling at this level can occur with compression, and a cross-
sectional area greater than 7.5 mm2 correlates with cubital
tunnel syndrome (Figure 4).3 It is important to recognize that
in some cases the ulnar neuritis may be secondary to repeti-
tive ulnar nerve dislocation and relocation. Therefore, this
should be assessed. In fact, this is one of the advantages of
ultrasound over MRI—dynamic imaging with elbow flexion
and extension can be completed. With the transducer held in
the transverse plane fixed to the medial epicondyle, the
patient flexes the elbow.7 Abnormal translation of the ulnar
nerve over the medial epicondyle apex indicates subluxation
or dislocation. It is important to not apply too much pressure
with the ultrasound transducer, as this may inhibit the move-
ment of the ulnar nerve with elbow flexion. During elbow
extension, the ulnar nerve typically relocates and a snap is
commonly felt through the transducer. Ulnar nerve subluxa-
tion may occur in asymptomatic individuals, so it is impor-
tant to correlate this finding with swelling of the ulnar nerve
and patient symptoms to determine significance. A condition
called “snapping triceps syndrome” has also been described
where the ulnar nerve dislocates over the medial epicondyle
and also over the medial head of the triceps muscle.7 This
condition often affects patients with increased muscle bulk
related to weight training.

Morton’s neuroma is the result of plantar digital nerve
entrapment or impingement between the metatarsal heads,
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Figure 2 Normal median nerve. Ultrasound images transverse
to the median nerve (arrowheads) shows individual hypoechoic
nerve fascicles (arrow) (T = tendons).

Figure 3 Carpal tunnel syndrome. Ultrasound image
transverse through the median nerve at the level of the volar wrist
crease shows hypoechoic swelling (arrows). Note normal
tendons (T), several of which appear mildly hypoechoic due to
anisotropy.



commonly between the third and fourth heads. This repeti-
tive injury can cause fibrosis, which produces a swollen and
hypoechoic appearance seen during ultrasound
examination.17 Ultrasound imaging in the transverse plane of
the digital nerve from the plantar aspect of the foot will reveal
a hypoechoic mass between the metatarsal heads (Figure 5).
Because this appearance is nonspecific, it is important to
image the mass longitudinal to the peripheral nerve to iden-
tify the affected nerve entering the neuroma. An associated
anechoic intermetatarsal bursa may also be seen. Pressure
from the transducer and the opposing hand of the examiner
on the dorsum of the foot will produce symptoms typical of
a Morton’s neuroma, which is also a helpful diagnostic sign.

Nerve Trauma and Transection

Peripheral nerve trauma may be in the form of a crush injury
or transection. A crush injury may cause hypoechoic swelling
of the affected nerve. In this situation, it is important to con-
firm nerve fiber continuity through the affected area to
exclude complete nerve transection. Peripheral nerve transec-
tion may be secondary to a penetrating injury or surgery, or
may occur after a fracture of an adjacent bone. After a pene-
trating injury, evaluation of the affected nerve at the site of
injury can reveal hypoechoic swelling. In the setting of a
nerve transection, nerve fiber discontinuity will be identified.
In addition, the nerve ends often retract away from each
other and hypoechoic swelling or neuroma formation can be
seen.2 Neuroma formation after nerve transection is a normal
response in attempted nerve healing (Figure 6).16 Direct pres-
sure on the neuroma with the ultrasound transducer can elic-
it symptoms. This feedback, not possible with MRI, is

helpful in determining which neuroma is causing symptoms,
e.g., in patients after knee amputation (Figure 6).

Peripheral Nerve Sheath Tumors

Peripheral nerve sheath tumors consist of schwannomas (or
neurilemmomas), neurofibromas, and their malignant coun-
terparts termed malignant peripheral nerve sheath tumors.
Using ultrasound examination, they typically appear speckled
throughout in a uniform heterogeneous manner, and may be
hypoechoic or isoechoic to muscle tissue (Figure 7). Posterior
acoustic enhancement may occur similar to a fluid structure;
however, increased flow on color or Doppler imaging will
indicate the solid nature of the mass.20 Because most solid
masses are nonspecific with ultrasound imaging, it is impor-
tant to identify the entering peripheral nerve to indicate
probable nerve origin. The involved peripheral nerve may be
abnormally hypoechoic at the site of the nerve sheath tumor.

ULTRASOUND OF MUSCLE

Normal Ultrasound Appearance

Normal muscle appears relatively hypoechoic with interven-
ing connective tissue and fascia appearing hyperechoic
(Figure 1).9 Ultrasound examination shows muscle architec-
ture converging toward a hyperechoic tendon. Tendon
attachment on hyperechoic and shadowing bone can then be
assessed when viewing the ultrasound image. It is important
when imaging muscle to first become oriented to the region-
al anatomy. This can be accomplished using a lower frequency
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Figure 4 Cubital tunnel syndrome. Ultrasound image
transverse to the ulnar nerve proximal to the cubital tunnel shows
hypoechoic swelling (arrows) of the ulnar nerve. Note medial
epicondyle of the humerus (H) and triceps (T).

Figure 5 Morton’s neuroma. Ultrasound image transverse to
the metatarsal shafts shows hypoechoic neuroma (arrows)
between the metatarsal heads (M) (plantar aspect is at top of
image).



transducer, often with a curved surface to allow a wider field
of view. Once the regional anatomy is determined, accurate
identification of each muscle and muscle group can be com-
pleted. It is also important to use a lower frequency transduc-
er in this situation to ensure adequate depth penetration
when evaluating for pathology. Using only a higher frequen-
cy transducer may cause one to overlook deeper pathology; it
is suggested that evaluation of muscle begins from the bone
surface. Once the entire area is screened for pathology, then
a higher frequency transducer can be used to optimally assess
the more superficial structures.

Muscle and Tendon Injury

Muscle and tendon injury may be categorized into acute and
chronic. There are two common mechanisms of acute injury:
direct blow/compression and indirect strain injury (from
excessive contraction or stretch). Each of these mechanisms
produces pathology at a different location. The strain injury
typically involves the musculotendinous junction, and com-
monly involves those muscle-tendon units that cross two
joints such as the hamstrings and medial gastrocnemius
(Figure 8).22 In children, this stretch injury can cause bone
avulsion at the tendon attachment. In contrast, the direct
blow or compression injury typically involves the muscle
belly (Figure 9). Muscle injury can be divided into categories
based on severity: grade 1 is a mild strain, grade 2 (moderate
strain) is a partial tear, and grade 3 (severe strain) is a com-
plete tear. Ultrasound of grade 1 injuries show abnormal
hyperechoic hemorrhage and edema or may appear normal.23

With grades 2 and 3, there is often a mixed echogenic appear-
ance from hemorrhage, showing both hypoechoic and hyper-

echoic areas (Figures 8 and 9).23 The key difference between
grade 2 and 3 injuries is the presence of complete fiber dis-
ruption and resulting total muscle or tendon retraction,
which would indicate full-thickness or grade 3 injury. 

Chronic injuries to muscle and tendon most commonly take
the form of tendinosis. This term, or tendinopathy, is pre-
ferred over the term “tendinitis” as studies have demonstrat-
ed no significant inflammatory cells in this condition.1,11,12

Common sites of tendinosis include the supraspinatus of the
rotator cuff, the common flexor and extensor tendons of the
elbow (producing what is called epicondylitis), the patellar
tendon (also called jumper’s knee), and the Achilles’ tendon.
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Figure 6 Transection neuroma of sciatic nerve after above
knee amputation. Ultrasound image shows hypoechoic
transection neuroma (arrows) in continuity with the sciatic nerve
(arrowheads).

Figure 7 Schwannoma. Ultrasound image shows peripheral
nerve (arrowheads) entering the heterogeneous well-defined
schwannoma (arrows). Note posterior acoustic enhancement
(open arrow).

Figure 8 Medial gastrocnemius tear. Ultrasound image shows
hypoechoic tear with fiber disruption involving the distal medial
gastrocnemius (MG). Note intact plantaris tendon (arrowheads)
(S = soleus muscle).



The ultrasound image of tendinosis shows hypoechoic
swelling of the involved tendon (Figure 10). The presence of
anechoic areas would suggest coexisting partial-thickness tear,
which can be common in the patellar and Achilles’ tendons.

Inflammatory Conditions

There are a number of acute inflammatory conditions that
cause myositis, which includes dermatomyositis, polymyosi-
tis, and muscle infection. There is significant overlap in the
ultrasound appearances of these conditions because all show
increased echogenicity of the involved muscle and possible
hyperemia (Figure 11).18 In the setting of infection, abscess
will appear as a mixed echogenicity or anechoic area with
posterior acoustic enhancement (Figure 12).13 The role of
ultrasound in these conditions is not only to identify the
location and extent of the abnormality, but also to guide per-
cutaneous biopsy or aspiration for diagnosis. In chronic
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Figure 10 Patellar tendinosis. Ultrasound image shows hypoechoic thickening of the proximal patellar tendon (arrows). Note normal
distal patellar tendon (arrowheads) (P = patella).

Figure 9 Triceps muscle, partial tear. Ultrasound image shows
partial disruption of the triceps muscle (T) characterized by
anechoic hemorrhage (arrows).



inflammatory conditions, a hyperechoic muscle of decreased
size indicates atrophy.19

CONCLUSION

With ultrasound imaging, high-resolution transducers are
able to show anatomy and pathology of peripheral nerves and
muscles. With regard to peripheral nerves, individual nerve
fascicles can be demonstrated. Ultrasound imaging is also
effective in the diagnosis of peripheral nerve entrapment dis-
orders, nerve injury, and peripheral nerve sheath tumors.
With regard to muscles, ultrasound imaging is able to image
muscle groups from origin to insertion, demonstrating both
acute and chronic muscle and tendon abnormalities.
Inflammatory conditions of muscle can also be identified
with ultrasound imaging, which is helpful in guiding diag-
nostic biopsy. Inherent advantages of using ultrasound to
image peripheral nerve and muscle include portability, rela-
tive low cost, improved accessibility, high resolution, and the
ability to image structures dynamically.
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INTRODUCTION

Information obtained from electrodiagnostic (EDX) studies
is often helpful in assisting with the diagnosis, following the
course, or indicating the responsiveness to treatment of dis-
eases affecting the neuromuscular system. In conjunction
with nerve conduction studies, analysis of motor unit action
potentials (MUAPs) or spontaneous activity detected using
single fiber, concentric, or monopolar needle electrodes com-
prises an important component of the EDX assessment of
many disorders affecting the motor system. Needle elec-
tromyography (EMG) analysis may, at the least, provide an
indication of motor axon or motor neuron injury, may show
evidence of early or chronic motor unit (MU) reinnnervation
or muscle fiber injury, and may provide evidence of the loss
of MUs based upon recruitment. Although typically per-
formed in a qualitative manner, quantitative analysis of
MUAP size, morphology, and recruitment may be helpful in
some cases to better characterize or rule out a given disorder,
provide baseline values against which to compare future stud-
ies, and judge the usefulness of any intervention.32

Furthermore, estimation of the numbers of MUs in a muscle

group can provide a direct assessment of the number of func-
tioning MUs to assess for possible MU or motor axon loss.

In the mid 1950s, Buchthal and colleagues8,9 introduced a
method for quantitative MUAP analysis. Twenty or more
MUAPs meeting strict amplitude and rise-time criteria were
collected, MU by MU, from a minimally contracting muscle.
Statistics (mean values), based on the detailed measurement
of the duration, amplitude, and number of phases from the
filmed recordings of these MUAPs were compared against
normative data. While these principles are generally accept-
ed, this method is extremely time-consuming with a com-
plete study often requiring hours. Therefore, based largely on
the practical disadvantages related to the duration of the
study and the need for considerable patient cooperation this
“manual” method is impractical in a typical clinical laborato-
ry.

Manual, operator-dependent methods of collecting MUAPs
for quantitative analysis rely on the EDX physician’s experi-
ence and “internal pattern recognition algorithm.” Manual
methods have the advantage of visually considering the
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shapes and firing patterns of the MUAPs as opposed to just
their peak amplitudes. The shapes of the MUAPs of other
active MUs can be considered and visually compared to the
potential of interest. This ensures that the MUAPs collected
and analyzed are produced by the same single MU and
excludes inclusion of potentials from other MUs. Of course,
the major drawback of manual methods is the impractical
amount of operator time and energy required to collect a suf-
ficient number of MUAPs in order to provide meaningful
data. Few EDX physicians are able to visually track more
than three to four MUAPs simultaneously in an interference
pattern. Additionally, window- or level-based triggering sys-
tems are usually overwhelmed by interference patterns with
more than three to four active MUs. This being the case, the
sample is typically drawn from only the earliest recruited,
lowest threshold MUs. Therefore, automated methods have
been developed that attempt to mimic this manual, operator-
dependent MUAP selection process.

Following the introduction of signal triggering and delay
lines in clinical EMG systems, successive discharges of the
MUAP could be time-locked on the display. This allowed
direct measurement of MUAP parameters directly from the
display or from printouts. The use of spike-triggered averag-

ing further improved the signal-to-noise ratio and facilitated
analysis of quantitative features of the MUAP. Computers
were later introduced into the clinical laboratory and aided
both measurement and averaging. However, despite the
added speed of computer-assisted collection and analysis, a
study of 20 MUAPs from one muscle in an alert and cooper-
ative patient still required at least 20 minutes, considered too
slow for routine work.

The advent of faster, more powerful computers enabled the
development of EMG decomposition methods.33 The goal of
EMG decomposition is to extract as much information as
possible from each muscle contraction and associated epoch
of EMG data. In essence, decomposition methods break
down the EMG signal interference pattern into its con-
stituent MUAP trains (MUAPTs) (Figure 1). From these
MUAPTs, information relating to MUAP morphology and
stability and MU activation patterns may be determined. 

The goals of decomposition methods range from simple
extraction of the MUAPs of a single MU, to complete
decomposition of a composite EMG signal into its con-
stituent MUAPTs.2,18,21,24,27,31,33 As with manual techniques,
automated techniques consider the shapes of the MUAPs,
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Figure 1 Decomposition EMG is designed to break down a composite EMG signal into its constituent motor unit action potential trains.



but in addition they are faster, require much less operator
intervention, are potentially less prone to bias, and require
less patient cooperation.

The ideal EMG signal decomposition system should be able
to handle signals with the following attributes:

1. five or more MUAPTs

2. nonstationary MUAPs and background biological
noise

3. variable MUAP shapes

4. nonstationary MU activation patterns

5. superpositions of MUAPs

6. two or more MUs with similar MUAP shapes

7. lapses in the recruitment of particular MUs

The basic steps in EMG signal decomposition are:

1. signal acquisition

2. segmentation (detecting MUAPs)

3. feature extraction

4. clustering of detected MUAPs

5. supervised classification of detected MUAPs

DECOMPOSITION-BASED QUANTITATIVE
ELECTROMYOGRAPHY

Decomposition-based quantitative EMG (DQEMG)14,33 is a
series of algorithms that have been developed to provide clin-
ically relevant quantitative electrophysiologic information.
Like automatic decomposition EMG (ADEMG)23,24 and
multi-MUP2 analysis, DQEMG is based on the partial
decomposition of concentric or monopolar needle-detected
EMG signals and MUAP superpositions that are not
resolved. Decomposition-based quantitative EMG is based
on a multi-algorithm, multi-stage decomposition process
that uses robust data-driven assignment thresholds and
actively uses firing-pattern information to make classification
decisions. Further details of the steps in this process, most of
which are common to all decomposition systems, will be
explained.

Basic Assumptions 

Signal Acquisition

To obtain detailed, or micro, spatial, and temporal informa-
tion about the fibers of each MU, signals need to be acquired
with electrodes that have small, selective detection surfaces
such as monopolar (MN), concentric (CN), single-fiber (SF),
or fine-wire electrodes. In contrast, to obtain information
regarding the overall size and muscle fiber spatial distribution
of each MU, or macro information, signals must be acquired
with electrodes that have large, less-selective surfaces such as
surface electrodes or indwelling macro or concentric macro
(conmac) electrodes.19,29,30 Therefore, it is useful to acquire
signals from two instrumentation channels during a given
voluntary contraction. One channel typically acquires a
micro signal detected by a standard MN, CN, or SF electrode
with an appropriate bandpass and sampling rate. A second
channel acquires a macro signal detected by an overlying sur-
face or indwelling macro or conmac electrode with an appro-
priate bandpass and sampling rate. The micro signal is
decomposed into its MUAPTs and the macro signal is then
analyzed in conjunction with the results of the micro signal
decomposition. Additional signals, such as force, could also
be acquired. 

Segmentation of the Composite Micro-electromyography
Signal

The first step in the decomposition of an acquired micro-
EMG signal is to attempt to detect all of the MUAPs gener-
ated by MUs active during signal acquisition. However, in
practice, the MUAPs of MUs without fibers close to the
detection surface will be of low amplitude and will be com-
posed of primarily low-frequency components. Therefore, it
is difficult to consistently assign such MUAPs to their correct
MUAPT and it is easy to miss occurrences of such MUAPs
when they occur in close temporal proximity to larger
MUAPs. Consequently, it is necessary to select and consis-
tently detect only those MUAPs that can be subsequently
successfully assigned. Several different methods have been
devised to segment the signal into sections that contain sig-
nificant MUAPs. All of these methods are based on defining
some detection threshold, which is based on a statistic com-
puted using the composite signal. When the signal character-
istics produce a statistic value above the threshold value, a sig-
nificant signal segment (putative MUAP) is detected that can
be processed and further analyzed.

One consistent method of selecting segments containing
MUAPs that can be consistently correctly assigned is to first
filter or pre-process the micro-EMG signal. Bandpass filter-
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ing shortens the duration of the MUAPs, which reduces their
temporal overlap and reduces the number of superimposed
waveforms. It also reduces the amplitude of similarly shaped
MUAPs of different MUs that do not have fibers close to the
electrode (“distant” MUAPs). This filtering removes nondis-
criminative, low-frequency information and allows for dis-
crimination between MUAPs of different MUs by reducing
the variability of the MUAP shapes from a given MU.

Most preprocessing and threshold determination schemes
involve using the slope of the composite signal in some way.
Nandedkar and colleagues27 use 10% of the maximum low-
pass filtered first derivative of the composite signal as a
threshold. Stålberg and colleagues31 use an absolute threshold
criteria consisting of an amplitude of greater than 50 µV and
a slope of greater then 0.3 V/s. All of these methods directly
or indirectly use the first derivative of the signal and a detec-
tion threshold in an attempt to only detect significant
MUAPs of MUs with at least some of their fibers close to the
detection electrode. These MUAPs would typically corre-
spond with those considered “close” or “sharp” when per-
forming routine EMG analysis.

In similar fashion, DQEMG processes a filtered signal and
uses an amplitude threshold (e.g., 50 µV) and slope criteria
(≥ 0.3 V/s) to detect fixed-length sections containing candi-
date MUAP occurrences. The detected MUAPs are then rep-
resented by the data samples of the filtered micro signal. 

Clustering of Detected Motor Unit Action Potentials

Following the detection stage, the MUAPs must be grouped
or clustered into groups of responses of similar shape. Each
cluster has a prototypical shape that is called the cluster mean
or MUAP template. The exact number of clusters—that is,
the number of active MUs with fibers sufficiently close to the
detection surface of the electrode—is unknown a priori.
Within the context of EMG signal decomposition, a cluster-
ing algorithm is usually applied to only a portion of the
detected MUAPs. It has two main objectives. One is to esti-
mate the number of MUs contributing significant MUAPs to
the composite EMG signal (i.e., the number of possible
MUAPTs). The other is to assign as many MUAPs as possi-
ble to their correct MUAPT so that the prototypical, or mean
MUAP shape, of each contributing MU can be optimally
determined. However, every MUAP assigned to the wrong
MUAPT increases the probability of errors and thus, subse-
quent supervised classification results will be more successful
if based on accurate clustering results. Therefore, it is more
important that the clustering results are accurate and that

superimposed MUAPs are ignored than it is for all detected
MUAPs to be assigned (especially for clinical applications
where MUAP morphology is of more importance than accu-
rate determination of MU activation patterns). As such, a
clustering algorithm does not need to classify all detected
MUAPs. It should be conservative and try to minimize the
number of erroneous classifications. In addition, because at
later stages of the decomposition it is easier to merge two
trains into one than it is to split one erroneous train into two,
overestimation of the number of MUAPTs is preferred to
underestimation. The pattern recognition algorithms
employed at this stage employ feature extraction to represent
the shape of detected MUAPs and assign them to groups.
These features mathematically represent the shape of the
MUAPs and are typically based on the actual sampled voltage
values or morphologic statistics such as peak-to-peak voltage,
number of phases, duration, and slope. As well, some algo-
rithms are dependent on information in the frequency
domain such as those obtained with Fourier transformation
coefficients and wavelet analysis.

Supervised Classification of Detected Motor Unit Action
Potentials

Recall that the goal of clustering is to conservatively deter-
mine the number of active MUs and provide initial classifica-
tion. Once estimates of the number of active MUs and the
shapes of their prototypical MUAPs are available, the com-
plete set of detected MUAPs can be further classified using
supervised classification techniques. For supervised classifica-
tion, the MUAPs are represented as they are for clustering. 

For clinically applicable decomposition methods where the
goal is usually the determination of quantitative data relating
to MUAP amplitude, duration, and morphology, the super-
vised classification algorithms are typically conservative with
the emphasis on accuracy regarding assignment to a class
rather than completeness of the decomposition. If, for clini-
cal or investigative purposes, the goal is the accurate determi-
nation of recruitment and firing time data, then less conser-
vatism is appropriate and resolution of superpositions is nec-
essary.

Resolving Superimposed Motor Unit Action Potentials

During muscle contraction, recruited MUs fire asynchro-
nously and at variable firing rates. When two or more MUs
discharge at the same time, or in close temporal relationship
to one another, the detected potential is the algebraic summa-
tion of the individual MUAPs. This response is termed a
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superimposed MUAP. If complete decomposition is one of
the objectives of a given method, then superpositions need to
be resolved into their component MUAPs.

Discovering Temporal Relationships Between Motor Unit
Action Potential Trains

Following clustering, supervised classification, and superposi-
tion resolution, a MUAPT is produced. If each discharge of
an MU is independent of previous and future firings and
identically distributed, its MUAPT can be modeled as a
renewal stochastic point process. Such modeling represents
the discharge times or the intervals between discharge times
of MUAPTs as random variables. The random variables rep-
resenting the activity of two MUAPTs can be either inde-
pendent or dependent. If they are independent, the firing
times of one train have no affect on and are not related to the
firing times of the other train. On the other hand, if the
trains are dependent the firing times of one train are affected
or related to the firing times of the other train. Three kinds
of dependent behavior defined as linked, exclusive, or synchro-
nized are possible. Linked trains fire with a definite, constant
interval relative to each other, such as a main MUAP spike
and its satellite. Exclusive trains never fire together. If two
trains are exclusive they may have been created by the same
MU and erroneously separated into two trains by the classi-
fication algorithms. Synchronized trains have behavior some-
where between linked and exclusive trains and probably rep-
resent a true biological tendency of MUs to have dependent
firing behavior. This information can be used to detect erro-
neous, multiply detected trains and resolve such errors.33

HOW CAN DECOMPOSITION RESULTS BE USED?

The resulting EDX data from the decomposition of an EMG
signal can be used to assist in the diagnosis, treatment, and
further study of neuromuscular disorders. In addition, infor-
mation pertaining to the motor control of skeletal muscles
and the effects of disease, aging, and fatigue can be obtained.
Following are descriptions of some of these specific uses.

QUANTITATIVE NEEDLE (MICRO) ELECTROMYOGRAPHY

In a normal muscle the fibers of each MU are randomly dis-
tributed throughout a roughly circular area of approximately
5-10 mm in diameter called the MU territory. The morpho-
logical makeup of the MUs of a muscle changes with disease.
With myopathic processes, the numbers of fibers in MUs are
often reduced, as are the sizes of the fibers. With neuropath-
ic disorders, the number of MUs is reduced but the sizes of

the remaining MUs are typically increased, at least in the
chronic phase. This means that the MUs have larger numbers
of fibers and that the fibers are no longer randomly spatially
distributed. These morphological changes in the structure of
MUs result in changes in the shapes of their detected
MUAPs. Characterizing these MUAP changes can be used to
aid in the diagnosis and treatment of some neuromuscular
disorders. Various statistics of the MUAP shapes, calculated
from a representative sample of MUAPs detected in a muscle
of interest, are used to quantify their characteristics.

As described earlier, decomposition methods provide
MUAPTs that in turn represent individual firings from a
group of concurrently active MUs (Figure 2). From each
MUAPT the prototypical MUAP shape can be estimated.
Decomposition-based quantitative EMG uses isolated
MUAPs and mode estimation over a 50 ms interval centered
on each MUAP’s peak slope, to calculate the prototypical
MUAP. An isolated MUAP is defined as one that occurs iso-
lated in time by at least 3 ms from any other detected MUAP
and with a shape suitably close statistically to that of the pro-
totypical MUAP. Isolated MUAPs are used to better estimate
the spike portion of the prototypical MUAP. Given the pro-
totypical shape, its duration, peak-to-peak voltage, number
of phases and turns, area, and area-to-amplitude ratio are cal-
culated using standard algorithms. When using DQEMG, a
25 µV threshold is used to define a turn and a phase must
have an amplitude of at least 20 µV and duration of at least
240 ms. The values of MUAP parameters along with the pro-
totypical MUAP waveform for each MUAPT extracted from
a composite EMG signal are presented in a clinical summary
(Figure 3). Markers identifying the onset, end, and peak val-
ues can be manually adjusted if necessary. These parameters
from the sample of MUAPs collected from a given muscle
studied are then summarized statistically and graphically.

MACRO MOTOR UNIT ACTION POTENTIALS

Stålberg first introduced the concept of ensemble or spike
triggered averaging, using individual MU firing occurrences
as triggers, to extract macro-MUAPs.29,30 His original macro
electrode was a 15 mm length of cannula centered around a
single-fiber detection surface. Decomposition EMG and
specifically DQEMG simply extends Stålberg’s original idea.
The firing times of multiple MUs are represented in the
MUAPTs obtained following the decomposition of a micro
signal. For each MUAPT the MU firing times are used as
triggers for locating 100 ms epochs in the macro detected sig-
nal (detected using surface or indwelling needle electrodes).
Each located interval is ensemble averaged to extract the
MU’s macro-MUAP. The duration, peak-to-peak voltage,
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and negative peak area of the macro MUAP are calculated
and can be displayed along with the macro-MUAP waveform
in a clinical summary (Figure 4).

The size parameters of the macro-MUAPs, such as peak-to-
peak voltage or area are related to the overall size of the con-
tributing MU. This is certainly true when using indwelling
macro electrodes such as Stålberg’s original “macro” electrode
or a conmac electrode. When using surface electrodes, the
depth of the MU in the muscle can confound these relation-
ships. Additionally, amplitude or area of a mean surface-
detected MUAP can be determined and compared with that
of the compound muscle action potential in order to derive a
MUNE in suitable muscles (e.g., thenar, hypothenar, biceps
brachii, extensor digitorum brevis, tibialis anterior).

Firing Rates and Recruitment Patterns

Potential limitations of the specific decomposition algorithm
must be taken into account when considering firing time
data. If the decomposition algorithm resolved superimposed
MUAPs and/or a manual editing was completed, the firing
pattern information may be assumed to be complete and cor-
rect and can therefore be used for detailed analysis. If this is
not the case, information regarding only the average behavior
of the MU is available. While average information might be
suitable for clinical use it is more likely that detailed informa-
tion will be required for investigative purposes. The contrac-
tile force at the time of signal acquisition is another impor-
tant consideration when interpreting firing pattern informa-
tion. Were MUs being recruited or becoming inactive? Were
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Figure 2 A single motor unit action potential (MUAP), extracted by decomposition-based quantitative electromyography (DQEMG), is
shown centered in the raster plot along with two other identifiable MUAPs. The data along the left are the time occurrences (in seconds) for
the extracted MUAP within the contraction, while the data along the right are inter-discharge intervals (in milliseconds) between each
identified occurrence of the MUAP.



firing rates changing to create a varying force profile? If the
force of a contraction is also measured more detailed infor-
mation can be obtained.

With DQEMG, for each MUAPT the temporal pattern of its
discharges are characterized by a histogram and estimation of
the mean interdischarge-interval (IDI) and the standard devi-
ation (STD) and coefficient of variation  of the IDIs (Figure
4). Because there are erroneous and missed MU firings pres-
ent in the trains, a technique that recognizes and ignores
erroneous IDIs is used. An MU’s average firing rate is calcu-
lated as simply the inverse of its mean IDI. An MU’s instan-
taneous firing rate, at each of its discharge times, is estimat-
ed as the inverse of a Hamming weighted average of 10 valid
IDIs centered around the current discharge time. A valid IDI
has a value within 3 STDs of the mean IDI. The identifica-
tion rate is calculated as the percentage of expected firings
detected. The number of expected firings is estimated as the
product of the mean firing rate times the length of time that
the MU was active. The times of an MU’s discharges can be

displayed along with its instantaneous firing rate, a histogram
of its IDIs, and calculated firing pattern statistics in a decom-
position summary (Figure 4).

APPLICATION OF DECOMPOSITION ELECTROMYOGRAPHY

Normative Data

It is inappropriate to compare data obtained with manual
methods with that obtained using decomposition EMG-
based methods. Similarly, while many of the previously
described decomposition techniques share certain features,
the differences in the algorithms require the collection of spe-
cific normative data. Therefore, normative data has been col-
lected and published for a number of clinically applicable
methods.2,14,24,27,27 Interestingly, despite significant differ-
ences in the algorithms, there is reasonable similarity when
comparing, for example, quantitative data for the biceps
brachii muscle (Table 1).
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Figure 3 Clinical summary from decomposition-based quantitative electromyography illustrating extracted motor unit action potential
(MUAP) (micro template), macro (S-MUAP) and motor unit (MU) activation pattern data for a single contraction from which six MUs were
extracted. 



Clinical Application of Decomposition Analysis

There are relatively few reports describing the clinical appli-
cation of decomposition EMG. Dorfman and colleagues17

used ADEMG to compare MU firing rates and firing rate
variability in patients with neuropathic, myopathic, or cen-
tral disorders. Based on the results of decomposition analysis,
they reported increased MUAP amplitudes and firing rates,
and firing rate variability in patients with motor neuron dis-
eases. In contrast, patients with myopathies (primarily
inflammatory) were found to have MUAPs with reduced
amplitude, duration, and turns. Firing rates, especially at
threshold force, were often dramatically increased. For
patients with central disorders, the MUAP morphology was
similar to control subjects. However, mean firing rates were
reduced and firing rate variability was increased.

Jongen and coworkers20 compared ADEMG with conven-
tional EMG in 17 patients with idiopathic inflammatory
myopathy. Automatic decomposition EMG was carried out
on only the biceps brachii (due to the availability of norma-
tive data) whereas the conventional qualitative analysis was
performed on a mean of four muscles per subject. The
authors reported less sensitivity with ADEMG as compared
to the conventional analysis (9/17 versus 13/17 considered
probable for myopathy respectively). By way of explanation,
the authors suggest that ADEMG may have missed some
small MUAPs, especially at higher contractile forces, and that
the automated duration measurement may not always be per-
formed correctly. On the other hand, it may be inappropriate
to compare the results of ADEMG from a single muscle with
those from qualitative analysis of multiple muscles when per-
formed by a nonblinded EDX physician.

Barkhaus and colleagues1 studied predominately the biceps
brachii of 17 patients with a diagnosis of inclusion body
myositis (IBM) with multi-MUAP analysis. Traditionally, it
has been held that IBM exhibits both myopathic and neuro-
pathic features on needle examination. Quantitative data,
however, were myopathic (decreased mean duration or
area:amplitude ratio) in 16 of the 17 patients studied. Macro-
EMG amplitude was reduced in 3 of 17 studies with the
remainder in the normal range. No subject’s mean macro-
EMG values were increased as would be expected with a neu-
ropathic process.

Application of Decomposition-based Quantitative
Electromyography 

The authors have reported control data14 for both concentric
needle detected MUAP data and surface electrode detected
MUAP (S-MUAP) data from control subjects in the deltoid,
biceps, first dorsal intersosseous, vastus medialis, and tibialis
anterior muscles. There was significant variability across these
five muscles with regard to the mean MUAP size, mean S-
MUAP size, and MUAP duration. These values were in keep-
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Figure 4 Micro (motor unit action potential [MUAP], indicated
by markers) and macro (S-MUAP) data for a single motor unit
(ver tical scale, 200 µV/division horizontal scale, 10
ms/division).

Table 1 Mean values ± standard deviation for biceps brachii concentric needle motor unit potential data from decomposition analysis
across four different methods

Amplitude (µV) Duration Phases Firing Rate

Doherty and Stashuk (n = 290) 327 ± 187 0.8 ± 1.5 2.5 ± 0.2 12.3 ± 1.3 

McGill and Dorfman (1985) 468 ± 292 9.2 ± 3.9 1.8 ± 1.0 12.2 ± 1.8 

Bischoff and colleagues (1994) 436 ± 115 9.9 ± 1.4 2.6 ± 0.3 NA

Nandedkar and colleagues (1995) 364 ± 296 10.6 ± 5.0 2.1 ± 1.0 10.6 ± 2.5



ing with other published data. This study simply confirmed
that DQEMG was able to validly extract needle and surface-
detected signals from a number of muscles across contrac-
tions of varying intensity in healthy control subjects.

Decomposition-based Quantitative Electromyography-
assisted Motor Unit Number Estimates

The authors have recently applied DQEMG to obtain motor
unit number estimates (MUNEs) to study both aging and
disease. A number of methods have been developed to obtain
MUNEs, all of which are based on the same principle. That
is, the size (amplitude or area) of the maximum compound
muscle action potential from a muscle or muscle group in
response to supramaximal stimulation of its motor nerve is
divided by the mean size of a representative sample of S-
MUAPs.10,11,28 One method of obtaining a MUNE, spike-
triggered averaging, uses the needle-detected MUAP as a trig-
ger to ensemble average the surface EMG single to extract S-
MUAPs from which a mean S-MUAP size can be derived7

(Figure 5). Decomposition-based quantitative EMG enables
the collection and analysis of multiple MUs from each con-
traction and thus allows for more representative sampling of
the S-MUAP population and considerably shortens the col-
lection time. It has been recently demonstrated that decom-
position provides a valid and reliable method for
MUNE.3,4,25

Application of Decomposition-based Quantitative
Electromyography to Normal Aging

It has been well established that aging is associated with sub-
stantial changes in the neuromuscular system including sig-
nificant losses of MUs. The authors and others have previous-
ly demonstrated MU losses on the order of 50% for intrinsic
hand muscles and the biceps brachii/brachialis.6,12,13,15,16

Decomposition-based quantitative EMG-assisted spike-trig-
gered averaging was applied to examine the impact of aging
on MU numbers in the tibialis anterior of old and very old
men. The hypothesis was that further MU loss, beyond that
previously noted in those over 60 years, might explain the
progressive losses of strength and muscle mass present in the
very old. The authors compared strength measures and
MUNEs in a group of young (mean age 27±3 yrs), old (66±3
yrs), and very old (82±4 yrs) men. Motor unit number esti-
mates were significantly reduced in the older men (90) com-
pared to the young (150), and further losses were observed in
the very old (59). However, despite the significant reduction
in MUNE after 65 years, strength was maintained and was
not significantly reduced until after age 80.26

Application of Decomposition-based Quantitative
Electromyography to the Study of Neuromuscular Disease

The authors have completed a pilot project that used
DQEMG to examine S-MUAP sizes, and MUNE for both
the hypothenar muscles and biceps brachii/brachilais in a
small group of patients with amyotrophic lateral sclerosis
(ALS).5 As expected the mean S-MUAP size was significant-
ly increased in the patients with ALS in comparison to con-
trol subjects for both muscle groups. In turn, the MUNEs
were substantially reduced in the ALS patients (e.g.,
hypothenar: controls 215, ALS 73). From a practical stand-
point, it was possible to obtain standard quantitative MUAP
data on 20 or more MUs and MUNEs in this study in about
15 minutes for each muscle group.

Recently, DQEMG was applied as a method to study MU
numbers in hereditary neuropathy. The authors examined a
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Figure 5 Illustration of motor unit number estimation from
decomposition-based quantitative electromyography in the
biceps/brachialis group in a young control subject.

MUNE = motor unit number estimate; SMUAP = surface electrode detected motor
unit action potential

Results are from 20 valid



large cohort of patients with Charcot-Marie-Tooth (CMT)-
X, and obtained DQEMG assisted MUNEs in the
hypothenar and biceps/brachialis muscle groups. It was the
authors’ hypothesis that CMT-X may present with greater
MU losses in the more distal muscles, in comparison to
CMT1A. This was supported by preliminary data that
showed greater MU losses observed in the hand muscles
(mean 27 CMT-X , control lower limit of normal > 100)
than the more proximal biceps/brachialis (mean 181, con-
trols LLN > 150). The ratio of the distal to proximal MUNEs
was 0.15. This ratio was less than previously observed for a
group of CMT1A patients, suggesting that CMT-X may
exhibit an accentuated distal MU/motor axon loss in com-
parison to CMT1A.22

SUMMARY

Decomposition EMG techniques are designed to extract
quantitative data from the EMG signal through a series of
computer algorithms. Decomposition EMG, as well as other
similar methods, uses pattern recognition to recognize specif-
ic features including shape and the firing pattern of the
MUAPs of voluntarily activated MUs to do so. Quantitative
data relating to MUAP size, duration, and morphology can
be obtained as well as recruitment and firing pattern data. A
MUNE method utilizing features of DQEMG has also been
developed. Decomposition EMG and other decomposition
methods have been used to examine neuromuscular disorders
and human aging.
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