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An explanation for the configuration of extracellularly recorded 
single muscle fiber discharges is not a trivial matter. A true un-
derstanding of this topic requires an in-depth knowledge of 
electrodynamics, a branch of physics commonly referred to in 
electrodiagnostic medicine (EDM) as “volume conductor theory.” 
It is certainly possible, however, to gain a good qualitative—albeit 
incomplete—clinical appreciation of extracellular waveform mor-
phology by using deceptively simple models. It may appear as 
though attempting to understand why an end-plate spike appears as 
it does compared to a positive sharp wave is primarily of academic 
interest. However, possessing a working knowledge of “volume 
conductor theory” can explain a number of clinical situations 
which may appear quite confusing. In this manuscript, an overview 
of a number of single muscle fiber discharges will be addressed in 
an attempt to convey a full appreciation of the interrelationship 
between a few basic science aspects of neurophysiology and the 
clinical application of EDM.

INNERVATED MUSCLE TISSUE

Normal Muscle

Intracellular Action Potential

Resting Membrane Potential. A good starting point for appreci-
ating why extracellularly recorded waveforms appear as they do is 
to first consider the electrical properties of the cell from which all 
clinically recorded waveforms are derived. It is generally accepted 
that excitable cells, like all cells in the body, generate and maintain 
a transmembrane potential which is stable over time. The distin-
guishing characteristics of an excitable cell, however, is that it has 
the ability to generate a propagating wave of depolarization along 
its length, i.e., an action potential. Because the cell’s transmembrane 

potential and action potential are interrelated, the generation of the 
cell’s resting membrane potential (RMP) will first be considered.

One may consider the cell as a compartment consisting of an 
aqueous environment separated from another aqueous environ-
ment by a membrane with special properties. The cell’s membrane, 
also known as a semipermeable membrane, has the ability to permit 
a few select substances to pass while selectively restricting other 
substances. From an electrical standpoint, we are primarily con-
cerned with the charged molecules and ions contained within and 
surrounding the cell. Inside the cell, there is an excess of negatively 
charged compounds that are too large to pass  through the cell’s 
membrane. These negatively charged compounds, however, can 
exert a transmembrane electrical influence on the ionic constituents 
in the cell’s surrounding aqueous environment. Contained within 
the cell’s membrane are proteinaceous substances (ion channels) 
capable of conveying selective ions, some of which are open at the 
RMP, while other channels open in response to a shift in the trans-
membrane voltage and these channels are referred to as voltage-
gated channels. 

There are three primary ionic species of interest present in the 
extracellular medium, sodium ions (Na+) and potassium ions (K+) 
which are positively charged (cations), and chloride (Cl-) ions 
which are negatively charged (anions).7,11,27 The negatively charged 
intracellular compounds attract both the sodium and potassium 
ions in an attempt to bring them intracellularly. However, at the 
RMP the membrane has nonvoltage-gated open potassium chan-
nels and open voltage-gated chloride channels. Therefore, only 
the potassium and chloride ions are capable of traversing the cell 
membrane to any extent. Initially, the potassium ions readily enter 
the cell because of the cell’s interior negative voltage, but there is 
another powerful reason for potassium entering the cell. Prior to 

Volume Conduction

Daniel Dumitru, MD, PhD
Professor

Department of Rehabilitation Medicine
University of Texas Health Science Center

San Antonio, Texas



any potassium entering the cell, there is a higher concentration of 
this ion in the extracellular space as compared to the intracellular 
space. Therefore, potassium ions also travel “down” their concentra-
tion gradient. This directional flow of potassium ions into the cell 
would happen even if there were no negatively charged compounds 
within the cell simply because of the concentration differences 
between the two spaces. Predictably, the flow of potassium would 
stop when the two compartments attain equal concentrations of 
this ion. However, because there is also a net negative charge within 
the cell, the flow of potassium continues past the point of a concen-
tration equilibrium. Potassium continues to enter the cell until such 
time that the intracellular concentration is high enough to balance 
the continued attractive force of the excess negative charges con-
tained within the cell. In other words, even though there may still 
be a net negative charge “pulling” the positive potassium ions into 
the cell, the concentration gradient is now so high in the opposite 
direction (inside to outside) that an equilibrium is reached between 
the electrical forces attracting more potassium into the cell and the 
concentration forces “pushing” the potassium ions out of the cell. 
If an electrode were located in the cell while another electrode is 
positioned outside the cell and both were connected to a voltmeter, 
a potential difference of about 80 mV would be measured with 
the inside of the cell registering relatively negative compared to the 
extracellular space. This balance (an equilibrium potential of about 
-80 mV) between electrical and concentration forces for the potas-
sium ion, particularly for excitable cells, occurs with the cell in its 
quiet or so called “resting” state. Therefore, the cell’s RMP is said to 
approximate the resting or equilibrium electrical potential for the 
potassium ion (generally -80 mV). The above description can be 
expressed mathematically through the Nernst equation: 

E = -2.3(RT÷ZF)(log{[I]i/[I]o})

In this expression the membrane potential (E) is related to the 
constants (RT÷ZF =26 mV) multiplied by the logarithm ratio of 
the internal ([I]i) to external ([I]o) ion concentrations (Table 1) 
multiplied by a negative constant (-2.3) and approximates -75 to 
-80 mV. The negative sign signifies that the intracellular compared 
to extracellular voltage is negative.

Interestingly, this is not quite the whole story for the RMP. At very 
high extracellular potassium ion concentrations, the predicted and 
measured RMP agree quite well. However, when the extracellular 
potassium concentration is very low, the predicted and measured 
RMP do not agree well at all (Figure 1). This suggests that there is 
a second (or possibly more) ionic species that at least in small part 
has an influence on the RMP. Investigations have determined that 
it is the sodium ion that to some degree also enters the cell.2 The 
movement of sodium ions into the cell implies there are at least 
a few open sodium channels in the cell’s membrane. Because the 
RMP is -80 mV, and the electrical and concentration forces for po-
tassium have reached equilibrium, there is still a negative electrical 
attraction for the positive sodium ions which are also of higher con-
centration outside compared to inside the cell. Therefore, sodium 
ions will try to enter the cell at the RMP. If the positive sodium ion 
can enter the cell, it stands to reason that the cell’s RMP should 
gradually become less negative. This, however, does not happen 

because the RMP is stable over time. Why doesn’t the cell’s RMP 
“run down” over time?

If there is sodium “leaking” into the cell, but the RMP is stable, 
then obviously there must be a compensatory mechanism opera-
tional. Additionally, if sodium is entering the cell and neutralizing 
some of the negative charge, then potassium would exit the cell 
because it wants to flow “down” its concentration gradient particu-
larly because some of the negative charge attracting the potassium 
ion has been neutralized by the entering sodium ion. However, 
investigations have also shown that in addition to the RMP, the 
intracellular concentration of potassium is also constant over time. 
The compensatory mechanism, therefore, must exchange the enter-
ing sodium for potassium which means it must “force” these two 
ions against their concentration gradients, i.e., sodium out of the 
cell and potassium into the cell. This process requires energy to 
maintain the opposing ionic concentration gradients in addition 
to “fighting” against the sodium ion’s electrical gradient. Such a 
mechanism has been documented, the so-called sodium-potassium-
adenosine-triphosphate-dependent pump. This remarkable com-
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Figure 1   Demonstration of the relationship between the membrane 
potential of a nerve and the external potassium concentration. The 
dotted line is the Nernst equation predicted membrane potential while 
the solid line is the experimentally documented membrane potential. 
Note the deviation between the two lines at low potassium concentra-
tions suggesting other ions contribute to the membrane potential in addi-
tion to the potassium ion. (From Barchi RL: Excitation and conduction in 
nerve, In Sumner AJ (ed): The Physiology of Peripheral Nerve Disease. 
Philadelphia, W.B. Saunders, 1980, pp 1-40, with permission).



pound is present within the cell’s membrane and expends energy to 
maintain the RMP at approximately -80 mV (Figure 2).2 

The above discussion addresses the RMP from the perspective of 
primarily two ionic species, sodium and potassium ions. There is 
a third ion in abundance with a high extracellular and low intra-
cellular concentration (Table 1): the chloride ion (Cl-). This ion 
carries a net negative charge. It stands to reason that because the 
intracellular environment is also negative, there would be a signifi-
cant repulsive force attempting to preclude any negative ions from 
entering the cell. However, because there is such a high extracellular 
concentration of the chloride ion present, a small amount does 
enter the cell because of the chloride ions’ concentration gradient. 
As previously noted, there are voltage-gated chloride ion channels 
present in the cell’s membrane which permit this ionic species to 
distribute or alter its intracellular concentration depending upon 
the shifts of potassium and sodium and hence the transmembrane 
potential. These voltage-gated chloride channels are open at the 
RMP. In this sense, the chloride ion is often said to be “passively” 

distributed. This does not mean, however, that the chloride ion is 
not important or has little impact on the cell’s electrical function-
ing. It is a very important ion and has a clinical impact in some of 
the disorders producing myotonic discharges (see below).

There are slight ionic differences between the exact concentra-
tions of different ions between cell types within a single species 
and between the similar cell types in different species (Table 1). 
However, the above discussion applies in principle equally for both 
nerve and muscle tissue.

Action Potential. As noted above, the previous RMP discussion 
applies equally well for just about any cell in the body. In addition 
to possessing a RMP, excitable tissues (nerve and muscle) also have 
the ability to generate a propagating reversal in the transmembrane 
voltage along their length. It is this traveling transmembrane rever-
sal of voltage that is referred to as an action potential. The genera-
tion of this action potential and its accompanying configuration are 
important to understand because it is the extracellular waveform 
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Figure 2   The sodium-potassium adenosine triphosphate pump 
located within the cell’s membrane maintains the resting membrane 
potential despite the passive diffusion of sodium ions into the cell and 
potassium ions out of the cell. The steepness of the arrows indicate the 
magnitude of the electrochemical forces driving the various ions. (From 
Barchi RL: Excitation and conduction in nerve, In Sumner AJ (ed): The 
Physiology of Peripheral Nerve Disease. Philadelphia, W.B. Saunders, 
1980, pp 1-40, with permission).

Table 1   CELLULAR IONIC CONCENTRATIONS

     Squid Axon      Mammalian Muscle

 Intracellular Extracellular Intracellular Extracellular

Na+ 50 440 10 145

K+ 400 20 160 4

Cl- 52 560 3 114

A- 35 -- 16 334

The ionic concentrations are in millimoles/liter and A- refers to the intracellular 
organic anions. A-=intracellular organic anions; Cl-=chloride ion; K+=potassium 
ion; Na+=sodium ion. 



manifestation of the transmembrane voltage reversal process that is 
detected during the EDM examination for both nerve and muscle 
tissue.

Recall that the cell’s RMP approximates -80 mV. If one rapidly 
injects a small amount of positive ions such as sodium in excess of 
the amount capable of being removed quickly by the sodium-potas-
sium-adenosine-triphosphate-dependent pump, the RMP expect-
edly becomes less negative; for example, it depolarizes to -70 mV. 
Adding slightly more positive ions results in a further membrane 
depolarization. Injecting enough sodium ions so as to reduce the 
RMP to about -65 mV results in an interesting sequence of events. 
First, there is a rapid alteration in the transmembrane voltage from 
-65 mV to approximately +40 mV (Figure 3).13 Shortly thereafter, 
the transmembrane potential begins to repolarize, but at a much 
slower rate than that of depolarization. Eventually, the RMP is 
again established. 

Investigations have revealed that at approximately -65 mV there is a 
precipitous increase in the membrane’s permeability (conductance) 
to the sodium ion (Figures 3A, 3B). This permeability is short lived 
(less than 1 ms in muscle) and rapidly declines. Shortly after the 
increase in sodium conductance, the membrane also increases its 
permeability to the potassium ion (Figures 3A, 3B). Peak potassium 
permeability occurs somewhat later than sodium permeability. It is 
the combination of a rapid decline in sodium permeability and an 
increase in potassium permeability that precludes the transmem-
brane voltage from reaching the equilibrium potential of the sodium 
ion (+55 mV) as would be predicted by the Nernst equation for the 
intracellular and extracellular sodium ion concentrations (Table 1). 
The increase in both sodium and potassium permeability is medi-
ated by voltage-gated sodium and potassium channels respectively. 
When the membrane’s threshold value of -65 mV is reached, a con-
formation change occurs in the two ion channels which increases 
the membrane conductance to these ionic species. The dependence 
of these special channels on a particular transmembrane voltage 
results in their designation as “voltage-gated” ion channels. These 
channels are different than those same ion channels which are open 
at the resting level of -80 mV, i.e., voltage-gated and nonvoltage-
gated ion channels. During this process, the chloride ion through 
its own transmembrane channel is distributed accordingly with 
respect to the intracellular potential. 

The intracellular voltage configuration of the above depolariza-
tion/repolarization process is relatively simple. As noted, the RMP 
(-80 mV) becomes less negative and even positive (+44 mV) once 
the membrane threshold level is reached. Repolarization again 
establishes the RMP (-80 mV). The action potential’s intracellular 
voltage profile, therefore, is monophasic (-80 mV → +44 mV → 
-80 mV) and referred to as “positive” because it changes from a 
negative to a positive, and back to a negative voltage level (Figure 
3A).

Local Circuit Currents. The action potential is obviously de-
pendent upon the flow of ions and in particular the sodium ion. 
Following any mechanical, electrical, or chemical stimuli that 
results in a transmembrane shift to the threshold value, the above 
noted sequence of activating and inactivating sodium and potas-

sium voltage-gated channels occurs. Obviously, any shift in trans-
membrane voltage is directly dependent upon the actual flow of 
sodium ions into the cell (Figure 3C). Recall that the sodium ion is 
positively charged and enters the cell because of both its electrical 
and concentration gradients favor this directional flow. Because a 
positive ion is moving and thereby constitutes charge movement, 
by definition this charge movement is equivalent to a current flow. 
Also, because positive sodium charges are moving into the cell’s 
interior, that region of membrane where inward positive current 
flow occurs is referred to as a “current sink.” Further, because posi-
tive charges are “sinking” into the membrane, the current sink is 
designated with a relative negative voltage. That region of the ex-
tracellular space from which positive sodium ions are being drawn 
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Figure 3   Alterations in Na+ conductance above threshold results 
in depolarization while increased K+ conductance helps establish 
the re-establish the RMP. The net result of these two processes is 
a monophasic positive intracellular action potential. In nerve, there 
is a delayed hyperpolarization due to a potassium ion conductance 
overshoot (not shown), however, this portion of the action potential 
does not contribute to the extracellularly recorded waveform. (B) The 
transmembrane dipolar arrangement of intracellular and extracellular 
ions is depicted. (C) Directional arrows indicate the flow of sodium ion 
comprising the local circuit currents. Note the flow of sodium ions from 
those regions surrounding the open sodium channels into the cell’s 
interior and proceeding bidirectionally to complete the current flow. (D) 
A triphasic extracellular waveform results from the above local circuit 
currents in a good volume conductor such as the body. (From Dumitru D: 
Volume conduction: Theory and application. In Dumitru D (ed): Clinical 
Electrophysiology. In Physical Medicine and Rehabilitation State of the 
Art Reviews. Philadelphia, Hanley & Belfus, 1989, pp 665-681, with 
permission). 



from is referred to as a current source and designated with a relative 
positive voltage.

As viewed from the cell’s exterior, the intracellular action potential 
is comprised of a “negative” central current sink surrounded by 
“positive” current sources. The extracellular current flows and their 
associated intracellular counterpart current flows are referred to as 
local circuit currents and form the basis for the action potential’s 
extracellular configuration (Figure 3D). Because nerve and muscle 
tissue are essentially extended cylinders, in a two dimensional view 
of an action potential extending along the tissue, the central nega-
tive current sink appears flanked by two positive current sources. 
This is a convenient way to qualitatively conceptualize an action 
potential. Using this method, an action potential is often described 
as a “source-sink-source.” This designation is often rewritten in 
a type of shorthand designating the equivalent voltages: (+ - +). 
Frequently, an action potential is referred to as a tripole (+ - +). 

Of course, most action potentials propagate secondary to the re-
petitive process of one region of membrane depolarizing the next 
region of membrane. Implicit in action potential propagation is the 
concept of direction. That is, an action potential originates at one 
point and propagates to another. Therefore, the action potential 
can be considered to have a leading portion and a trailing portion. 
For convenience, the above noted tripole is commonly rewritten by 
considering direction and splitting the central negative sink into 
two negative regions each of which is associated with a leading 
and a trailing current source: (+ - - +). One of the positive current 
sources and its associated negative current sink is designated the 
leading dipole (+ -) while the other positive source and its associ-
ated negative current sink is designated the trailing dipole (- +). The 
designations “leading” and “trailing” are obviously dependent upon 
which direction the action potential’s subcomponent dipoles are 
traveling. When an action potential is described as being comprised 
of a leading and trailing dipole, it is referred to not as a tripole but 
a quadrupole (+- -+). The dipole model using leading and trailing 
dipoles is a very powerful tool for conceptualizing extracellular 
waveform morphologies and is known as the leading/trailing dipole 
model (L/TD model).14

L/TD Model. The L/TD model is deceptively simple and a rela-
tively easy way to think about action potentials, yet provides a pow-
erful tool for the practitioner to gain significant insight into why 
potentials appear as they do. As noted above, the action potential is 
considered as a quadrupole (+-, -+) with a leading dipole (LD; +-) 
and a trailing dipole (TD; -+). Simply, an electrode located in the 
vicinity of either the LD or TD positive pole will record a positive 
deflection on the electrodiagnostic instrument. Similarly, when the 
recording electrode is in the vicinity of the quadrupole’s negative 
poles, a negative oscilloscope deflection will be documented. This 
is the essence of the L/TD model. The nuances of this model will 
be explored in more detail with respect to each specific waveform 
considered.

Recording Electrode

Tissue Effects. It is generally appreciated that inserting a mo-
nopolar or concentric needle electrode into muscle tissue results 

in adverse anatomic22 as well as electrical effects.29 Histologic as-
sessment of muscle tissue following needle insertion reveals muscle 
fiber disruption as well a reactive inflammatory response. This is 
the primary reason it is generally recommended that a diagnos-
tic muscle biopsy be performed in a region of muscle where the 
needle electrode was not located and preferably in a muscle not 
examined with a needle electrode. Avoidance of a needle insertion 
site precludes confusing needle trauma with muscle changes due to 
intrinsic muscle disease.

A portion of the needle electromyographic examination actually 
takes advantage of the fact that the needle electrode mechanically 
depolarizes the tissue. Needle “insertional activity” is routinely 
assessed to determine if the muscle membrane demonstrates any 
degree of instability with respect to provoked positive sharp waves 
and fibrillation potentials.29,39 Attempts have been made to discuss 
insertional activity as normal, increased, or decreased.

Waveform Morphology Effects. Perhaps the most poorly ap-
preciated interaction between the needle recording electrode 
and the muscle fiber is the direct influence the electrode has on 
the waveform’s configuration. It is generally assumed that the 
monopolar or concentric needle electrode is simply a passive by-
stander merely recording whatever electrical activity is within its 
pickup area. A number of investigations have suggested that to the 
contrary there is a dynamic interplay between the needle electrode 
and the muscle fiber directly influencing the recorded waveform’s 
configuration.15,17,18,19 This dynamic interplay between the needle 
electrode and muscle fiber will comprise a significant portion of the 
discussion addressing waveform morphology.

Single Muscle Fiber Discharges

The L/TD model will be used to explain the various single muscle 
fiber discharges typically observed during the needle electromyo-
graphic examination. Additionally, this same model will be imple-
mented to explain a number of waveforms usually observed during 
the needle examination, but ignored because of an incomplete 
understanding regarding the generation of these potentials.

Miniature End-plate Potentials. The end-plate or neuromuscular 
junction region is the specialized portion of the muscle fiber where 
a terminal nerve fiber interfaces with the muscle fiber. At rest, the 
neuromuscular junction is spontaneously releasing a few quanta 
of the neurotransmitter acetylcholine (ACh) at a time.20,21 This 
amount of ACh is insufficient to open enough ACh receptors in 
order to allow an appropriate amount of sodium ions (depolarizing 
current) to reach the adjacent membrane’s threshold level. That is, 
the small amount of transmitter released only forms a small or so-
called “miniature end-plate potential” as opposed to an end-plate 
potential which is the summation of multiple miniature end-plate 
potentials. However, the amount of sodium ions that do enter the 
postsynaptic portion of the muscle fiber results in a small depolar-
izing current which can be detected with an extracellularly located 
electrode. It is also possible for the mass effect of the electrode to 
slightly press on the end-plate region and result in an increase in the 
amount and frequency of ACh released from multiple end-plates 
simultaneously. 
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When the subthreshold amount of ACh is released and the ACh 
receptors permit sodium ions to flow into the muscle fiber, a nega-
tive current sink is formed. As previously noted, this current sink 
is surrounded by current sources thereby forming a quadrupole 
(+- -+). However, because the amount of sodium is insufficient to 
reach the muscle membrane’s threshold level, the quadrupole dis-
sipates instead of propagating. If an electrode is positioned directly 
over the end-plate region and hence over the negative current sink 
(--), a small (~50 µV or less) negative spike is detected (Figure 4). 
However, failure of action potential propagation implies that as the 
quadrupole dissipates, so does the negative spike. In this case, there 
really is no leading or trailing dipole because the induced action 
potential does not propagate. The end result is a monophasic nega-
tive spike typically causing a small rippling of the electrodiagnostic 
instrument’s baseline (Figure 5). It is these subthreshold mono-
phasic negative potentials that are more commonly referred to as 
miniature end-plate noise or the so-called “seashell murmur.” 

End-plate Spike. An end-plate spike is the extracellular record-
ing of a single muscle fiber discharge initiated when a sufficient 
number of miniature end-plate potentials summate to generate a 
suprathreshold end-plate potential. The initiating factor in end-
plate spike generation is the needle electrode “irritating” a muscle 
fiber’s terminal nerve or end-plate region, most likely through phys-
ical contact. The discharge frequency of end-plate spikes approxi-
mates 19 Hz and is highly irregular.36 End-plate spike frequencies 
can reach 50-60 Hz (personal observation), in which case they 
appear regular. A needle electrode located in the end-plate region 
can result in considerable discomfort although this is not always the 
case. It is certainly possible to purposefully insert an electrode into 
the end-plate region with slow and deliberate insertions producing 
minimal discomfort.

Prototypical End-plate Spike Configuration. It is generally ac-
cepted that the prototypical end-plate spike is a biphasic initially 
negative waveform, i.e., a comparatively large initial negative 
deflection followed by a relatively small terminal positive phase. 
One can utilize the L/TD model to understand this waveform’s 
appearance.

Let us assume that a needle electrode (designated E-1 for our active 
recording electrode) is purposefully positioned directly over a single 
muscle fiber’s end-plate region and physically irritates the terminal 
nerve fiber for this fiber (Figure 6). The ensuing release of ACh 
results in an increased membrane permeability to sodium creating 
a current sink and surrounding current sources, i.e., a develop-
ing quadrupole (+- -+; Figure 7A; E-1A). The needle electrode 
detects a growing negative voltage associated with the increasing 
negative current sink and displays an increasing magnitude negative 
waveform deflection. The quadrupole increases in magnitude and 
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Figure 4   (A) A monopolar needle electrode is located directly over a 
single end-plate. The release of a few quanta of Acetylcholine opens a 
limited number of receptors permitting the sodium current to flow into the 
negative current sink. A relatively small negative deflection is recorded. 
Because the amount of current generated is subthreshold, the current 
fails to propagate and the receptor closes thereby dissipating the sodium 
current. As a result, the negative spike settles back to baseline. (B) The 
needle electrode is large enough to overlap several end-plates with the 
possibility of recording multiple miniature end-plate potentials (small 
negative spikes) and end-plate potentials (biphasic initially negative 
waveforms). (From Dumitru D: Electrodiagnostic Medicine. Philadelphia, 
Hanley & Belfus, 1995, pp 29-64, with permission.)

Figure 5   Miniature end-plate potentials recorded with a monopolar 
electrode purposefully positioned in a healthy person’s extensor digito-
rum brevis muscle. Slight needle advancement alters the quiet baseline 
to that of irregular spikes as the end-plate region is approached.



begins to propagate along the fiber in both directions away from 
the end-plate region (Figure 7B, 7C; E-1A). The quadrupole’s cor-
responding negative sink region also moves away from the electrode 
and onto the muscle fiber. This permits the electrode to now detect 
the quadrupole’s terminal dipole and in particular its positive pole 
(Figure 7C; E-1A). Correspondingly, the electrode now detects and 
subsequently displays a terminal positive phase. Continued action 
potential propagation along the muscle fiber implies the terminal 
dipole is moving further from the electrode and hence its associated 
terminal positive phase declines in magnitude (Figure 7E; E-1A). 
The end result of this process is a biphasic initially negative wave-
form just as is observed clinically (Figure 8).

“Atypical” Triphasic End-plate Spike Configuration. It is rea-
sonable to assume that the needle electrode will not always take the 
most direct route to the end-plate region. Therefore, from time-
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Figure 6   A monopolar needle electrode is in the end-plate region 
of a single muscle fiber while the shaft of the electrode contacts the 
terminal nerve and end-plate region. (A) A suprathreshold depolarization 
is induced at the end-plate zone. The initial current sink associated with 
the end-plate’s depolarization is detected which produces a negative 
waveform deflection. (B) Propagation of the action potential results in 
the electrode detecting the terminal repolarization currents creating a 
positive waveform deflection. The net result is biphasic initially negative 
potential. (From Dumitru D: Electrodiagnostic Medicine. Philadelphia, 
Hanley & Belfus, 1995, pp 29-64, with permission.)

Figure 7   (A) A single muscle fiber is depicted with an end-plate 
region and three recording electrodes located at the end-plate (E-1A), 
just beyond the end-plate (E-1B), and slightly further along the fiber 
but producing action potential blockade through a “sealed end” effect 
(E-1C). An action potential is generated at the end-plate zone (quadru-
pole: +- -+) with an ensuing negative deflection detected by the E-1A. 
A small positive deflection may be detected by E-1B. (B) The action po-
tential increases in magnitude and reaches the surrounding membrane’s 
threshold level (+- -+). The recorded negative deflection also increases 
in magnitude. The E-1B electrode detects the action potential’s leading 
dipole positivity thereby recording a waveform with an initial positive 
deflection. (C) Action potential propagation results in E-1A recording 
the quadrupole’s terminal positive pole while E-1B is now coincident 
with the quadrupole negative sink and describes a negative waveform 
deflection. At this point E-1C may be able to record a growing positive 
waveform deflection. (D) Both E-1A and E-1B record declining positive 
deflections while E-1C documents a relatively large positive deflection. 
(E) The action potential encounters the termination of excitable tissue 
due to electrode blockade (E-1C) with a corresponding dissipation of the 
quadrupole’s leading dipole and the beginning of a negative waveform 
deflection. (F) E-1C records the maximum negative waveform deflection 
while only the trailing dipole is present. (G-H) The trailing dipole now 
dissipates with the described waveform returning to baseline. (From 
Dumitru D, King JC, Stegeman DF: End-plate spike morphology: A clini-
cal and simulation study. Arch Phys Med Rehabil 1998;79:634-640, with 
permission.)



to-time the needle electrode may approach a single muscle fiber’s 
end-plate region in such a way as to have its shaft still irritate the 
terminal nerve, but its active recording surface contact the muscle 
fiber at some distance from the end-plate region (Figure 9). This 
type of recording situation places the needle’s recording surface at 
a distance from the forming quadrupole at the end-plate region 
(Figure 7A-H; E-1B). Hence, the needle electrode does not detect 
the quadrupole’s negative current sink, but instead first records the 
quadrupole’s leading dipole’s positive voltage. As the quadrupole 
propagates toward the electrode, a waveform with an initial positive 
deflection is documented. Arrival of the negative sink at the elec-
trode generates the expected negative deflection. Finally, departure 
of the quadrupole from the electrode’s location results in the elec-
trode detecting the trailing dipole’s terminal positive pole creating a 
positive waveform deflection. The final waveform is triphasic with 
an initial positive deflection. The magnitude and temporal dura-
tion of the initial positive deflection depends upon the distance 
from the end-plate zone. Simulation studies suggest that when an 
electrode situated directly over, or at some location within about 
200 µm from the end-plate zone, an initial negative deflection is 
documented.16 Beyond this distance, the end-plate spike will mani-
fest with an initial positive deflection. It is this author’s experience 
that triphasic end-plate spikes are rather common, but little atten-
tion is given to these waveforms because most patients complain 
of discomfort when these waveforms are observed; therefore, the 
electrodiagnostic physician understandably relocates the electrode 
to minimize pain. The hallmark of these waveforms is their irregu-
lar firing rate (Figure 10). When patients do not complain of pain 
and the electrodiagnostic physician is trying to localize a lesion, 
it is certainly possible for these waveforms to persist and appear 
quite similar to fibrillation potentials. In reality, the configuration 
of triphasic end-plate spikes and fibrillation potentials are identi-
cal because they are both single muscle fiber discharges recorded 
outside of the end-plate (former end-plate in denervated muscle) 
zone. The hallmark of differentiating end-plate spikes from fibrilla-
tion potentials is the potentials’ respective firing rates. Fibrillation 
potentials usually demonstrate a discharge frequency of about 6-10 

Hz and fire regularly, while end-plate spikes usually fire at higher 
frequencies (19 Hz) and quite irregularly (Table 2).36 Nevertheless, 
it is not always easy to tell the difference between end-plate spikes 
and fibrillation potentials when multiple potentials are discharging 
simultaneously. Careful attention must be paid to a potential’s dis-
charge frequency more so than morphology prior to concluding the 
waveform represents a pathological discharge. The primary point 
is to realize that triphasic end-plate spikes are very common and 
should be considered just as typical an end-plate spike appearance 
as the more familiar biphasic initially negative waveform.

“Atypical” Biphasic/Monophasic End-plate Spike Configuration. 
In addition to the triphasic end-plate spike, it is also common to 
observe end-plate spikes that are biphasic initially positive or mono-
phasic initially positive, both of which may resemble positive sharp 
waves. Prior to explaining the configuration of these waveforms, it 
is necessary to first consider two different types of possible needle 
interactions with the muscle fiber. As noted above, the needle elec-
trode has a certain mass associated with its physical presence and 
acts to plow muscle tissue out of its way during its insertion similar 
to the bow of a ship through water. This “mass effect” has been pos-
tulated to interact with muscle in one of three ways (Figure 11).18 
First, the electrode may either fail to compress or only slightly 
compress the muscle fiber thereby minimally impeding action po-
tential propagation. In this instance, one would anticipate normal 
action potential propagation associated with a triphasic waveform 
(see above explanation). However, the needle electrode may also 
adversely affect action potential propagation in an additional two 
ways. The first type of interaction is referred to as a “cut” or “sealed” 
end effect whereby the electrode completely compresses the muscle 
fiber precluding action potential propagation past the electrode 
similar to action potential termination at a musculotendinous 
junction. The second type of needle/muscle interaction is referred 
to as a “crushed end” or “compressed end” effect. This type of end 
effect is likened to that of a hemostat crushing tissue where there 
may still be internal muscle fiber continuity across the compressed 
site; however, the membrane’s sodium channels have been rendered 
nonfunctional and therefore can only serve to sustain an approach-
ing passive current flow, but not an active current flow.

One may first consider the “sealed end” effect in more detail and 
the type of waveform recorded from this type of needle/muscle 
interaction. As noted above, it is assumed that the needle electrode 
has compressed the muscle fiber such that the site of compression 
not only inactivates the transmembrane sodium channels in that 
region, but also precludes any forward movement of intracellular 
current flow. As the action potential’s leading dipole encounters the 
compressed portion of muscle tissue, it begins to dissipate because 
of the lack of any current source to “feed” its current sink (Figure 
12A-D). This LD dissipation continues until it is completely gone. 
The TD in turn encounters the fiber’s sealed end and also begins to 
dissipate. As with the LD, the TD continues to “collapse” on itself 
at the tissue’s electrical termination until it too is completely gone.

The compressed type of muscle fiber termination is somewhat 
different than the sealed end termination. In the compressed ter-
mination, it is assumed that the needle electrode adversely affects 
the muscle fiber in such a way as to inactivate the transmembrane 
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Figure 8   Clinically recorded prototypical biphasic initially negative 
end-plate spikes with a monopolar electrode located in the healthy per-
son’s extensor digitorum brevis. 



voltage-gated sodium channels, but it does permit the passive 
intracellular-to-extracellular local current for the LD to enter the 
compressed segment and continue to “feed” the LD’s negative 
current sink. That is, there is some finite length of muscle into 
which the negative sink of an action potential can not penetrate 
(no functional sodium channels); however, some degree of com-
pressed segment penetration for the forward moving current flow 
(LD’s local circuit current) is permitted. Therefore, as the action 
potential’s LD first encounters the transition zone between normal 
and compressed tissue, the positive portion of the LD enters the 
compressed region of membrane (Figure 12E-H). This is unlike the 
sealed end because in the compressed segment, the LD’s forward 
propagating intracellular current can enter the compressed zone 
thereby permitting the extracellular sodium ions in close proximity 
to the compressed membrane’s surface to move toward the LD’s 

negative current sink completing the LD’s local circuit current. The 
result of this process is that the action potential stops propagating 
at the compressed zone initiation, however, unlike the sealed end 
termination, the action potential’s LD and then TD do not sequen-
tially dissipate. Rather, the LD’s positive source current continues to 
“feed” the action potential’s negative current sink. As those sodium 
channels immediately adjacent to the compressed zone begin to 
inactivate, the entire action potential dissipates with both the LD 
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Table 2   DIFFERENTIATING NORMAL AND PATHOLOGIC 
SINGLE MUSCLE FIBER DISCHARGES

 Fibs/PSWs EPS
Morphology Biphasic initially negative Biphasic initially negative
 Triphasic initially positive Triphasic initially positive
 Biphasic initially positive Biphasic initially positive  
 (PSW)  (PSW)
 Complex Complex

Firing Rate Regular Irregular
Discharge ~7.4 Hz (15 Hz) ~19 Hz (20-50 Hz or more)
Frequency

Fibs=fibrillation potentials; PSW=positive sharp waves; EPS=end-plate spikes
Note: “complex” refers to spontaneous discharges with configurations 
that appear to be summated result of more than a single spontaneous 
discharge.

Figure 9   A monopolar needle electrode approaches an end-plate 
region at an angle such that the electrode’s shaft depolarizes the termi-
nal nerve while recording at some distance from the end-plate zone from 
the same muscle fiber. Because the action potential now originates away 
from and not at the electrode, action potential propagation results in an 
initially positive triphasic potential instead of the anticipated biphasic 
initially negative potential. (From Dumitru D: Electrodiagnostic Medicine. 
Philadelphia, Hanley & Belfus, 1995, pp 29-64, with permission.)

Figure 10   Clinically recorded end-plate spikes with a triphasic 
morphology from a healthy persons’ extensor digitorum brevis. Note the 
irregular firing rate.



and TD intact until all of the sodium channels are inactivated. Let 
us now consider what type of waveforms are recorded for both the 
sealed end and compressed terminations. 

If one assumes a recording electrode is inserted into muscle tissue 
with its shaft irritating a terminal nerve fiber while the active re-
cording surface is several hundred micra from the end-plate and 
the electrode produces a sealed end termination effect, a particular 
waveform is recorded (Figure 7; E-1C). Recall that the action 
potential is initiated at the end-plate and propagates toward the 
electrode. An initial positive deflection is recorded by the electrode 
as the action potential’s LD approaches its location. This positiv-
ity increases until the LD encounters the sealed end termination. 
Once the sealed end termination is encountered, the LD begins to 
dissipate because further action potential propagation is precluded 
and there is no membrane from which to draw a source current. 
The dissipating LD results in a reduction in the waveform’s initial 
positive deflection. Following dissipation of the LD, the negative 
pole of the TD is now adjacent to the electrode generating a nega-
tive deflection. The magnitude of this negative deflection is not as 
great as the initial positive deflection because the TD is much more 
temporally dispersed than the LD in accordance with the respective 
times of depolarization (~1 ms) and repolarization (~4 ms). This 
temporal difference also accounts for the longer duration of the 
negative compared to positive spike. Therefore, the comparatively 
smaller negative spike also begins to dissipate as the membrane 
repolarizes and eventually settles back to baseline. The appearance 
of a waveform encountering a sealed end termination is similar to 

a positive sharp wave in that it displays an initial positive deflec-
tion and longer duration but lower amplitude negative phase, i.e., 
biphasic initially positive (Figure 7D; E-1C). This waveform may 
appear similar to a positive sharp wave, however, its firing rate is 
identical to that of the more prototypical or triphasic end-plate 
spike (Figure 13).

Suppose the needle electrode was inserted just as described for the 
sealed end termination potential, however, in this case the electrode 
produced a compressed termination. That is, there is some finite 
segment of membrane adjacent to the electrode where an internal 
current may flow, but there is an absence of functional sodium 
channels precluding the formation of a negative sink. Just as before, 
the electrode detects an initial positive deflection associated with 
the approaching action potential’s LD (Figure 14A-H; E-1C). The 
positive deflection increases in magnitude the closer the LD ap-
proaches. At some point the LD and therefore, the entire action 
potential ceases to propagate as there are no longer any functional 
sodium channels when the compressed zone is encountered. Recall 
that the LD is still present because it is “fed” by the LD’s local 
circuit current. However, the initiation of sodium inactivation 
begins to shut down the negative sink. Because there is a declining 
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Figure 12   (A) An action potential (triangle) with its associated 
leading dipole (LD: + -) and trailing dipole (TD: - +) propagate toward 
the “sealed end” (dashed vertical line) induced by a musculotendinous 
junction or electrode. (B) As the LD encounters the tissue termination 
boundary, it diminishes in length. (C) At this stage, the LD has com-
pletely dissipated and only the TD remains. (D) The TD then dissipates 
until it is no longer present. (E) A schematic representation of an action 
potential (triangle) with its LD and TD propagate toward the compressed 
termination of a muscle fiber (double dashed line). (F) A portion of the 
action potential LD enters the compressed zone. The two negative signs 
for the LD merely signifies a spatially distributed dipole. (G) The action 
potential’s entire LD collapses into the compressed zone with a possible 
intensification of the LD. (H) The LD and TD dissipate simultaneously 
with membrane repolarization. Action potentials propagate from left to 
right for both types of fiber terminations.

Figure 11   Cross section through a monopolar needle electrode 
and its surrounding muscle tissue. Note that those fibers immediately 
adjacent to the needle electrode are deformed to various degrees. 
Some of the muscle fibers are unaffected (arrow #1), others are mild to 
moderately compressed (arrow #2), while still other fibers significantly 
flattened (arrow #3). (From Dumitru D, King JC, McCarter RJM: Single 
muscle fiber discharge transformations: fibrillation potential to positive 
sharp wave. Muscle Nerve 1998;21:1759-1768, with permission).



availability for sodium ions to enter the membrane, both the LD 
and TD begin to simultaneously collapse in on themselves. The 
positive deflection recorded by the electrode also begins to decline 
in magnitude. The process of LD/TD collapse continues until all of 
the sodium channels are inactivated. The final waveform recorded 
by the electrode is a monophasic positive waveform (Figure 14A-H; 
E-1C). Although this waveform may also be mistaken for a positive 
sharp wave, its firing rate is identical to that of the more prototypi-
cal appearing end-plate spike (Figure 15).

As can be easily observed, end-plate spikes can have many differ-
ent configurations: (1) biphasic initially negative (Figure 8), (2) 
triphasic initially positive (Figure 10), (3) biphasic initially positive 
(Figure 13), and (4) monophasic positive (Figure 15). The last three 
waveforms may be mistaken for pathologic fibrillation potentials 
and positive sharp waves if great care is not exercised in assess-
ing the waveform’s firing rate (Table 2). Additionally, it is highly 
likely that several of these waveforms from different muscle fibers 
may overlap at the electrode recording site so as to be summated 
electrically by the electrode. The net result are complex appearing 
end-plate spikes with many different configurations adding to the 
possibility of confusing these waveforms with pathologic appearing 
potentials. It is possible that a number of reports describing abnor-
mal spontaneous activity in healthy persons for the foot intrinsic 
and paraspinal muscles may in fact be detecting either in part or 
whole end-plate spikes with morphologies appearing very similar to 
abnormal potentials.12,24,33,40 This is particularly possible because 
the end-plate zone in small foot intrinsic and paraspinal muscles is 
more likely to be encountered by an exploring electrode compared 
to larger limb muscles as the end-plate zone is a larger percentage 
of the muscle’s length.8,36 Further, the end-plate zone of the foot 
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Figure 13   Clinically recorded end-plate spikes from a healthy 
persons extensor digitorum brevis with a monopolar electrode. Note 
the documentation of two (A and B) different irregularly firing end-plate 
spikes that resemble a positive sharp wave.

Figure 14   (A-H) Similar situation as described in Figure 7 except 
the termination effect is that of a compressed and not a sealed end. 
Note the LD and TD do not dissipate in turn, but dissipate simultane-
ously (E-1C). This precludes the TD’s terminal negative sink from being 
detected by the electrode. The end result is a monophasic positive 
waveform. (From Dumitru D, King JC, Stegeman D: Endplate Spike 
Morphology: A Clinical and Simulation Study. Arch Phys Med Rehabil. 
1998;79:634-640, with permission).

Figure 15   Clinically recorded monophasic positive endplate spikes 
from a healthy person’s extensor digitorum brevis muscle with a mo-
nopolar needle electrode. Note the potential’s initial irregular firing rate 
that eventually speeds up and appears quite regular at about 50 Hz.



intrinsic muscles are not well known and “blind” insertions into 
the paraspinal region can not discern the end-plate region thereby 
increasing the likelihood that this portion of the muscle may be 
explored.

Myotonic Discharges

The various disorders generating myotonic discharges of waxing 
and waning potentials are fascinating examples of how electro-
physiology and molecular biology have joined to provide a deeper 
insight into how our bodies work and in particular how muscle 
functions. Disorders generating myotonic discharges result from an 
inherited or acquired abnormality of either the sodium or chloride 
channel thereby designating these disorders as channelopathies. 

Sodium Channel Mutations. Different mutations of the human 
adult skeletal muscle sodium channel’s (hSkM1; gene SCN4A 
chromosome 17q23.1-25.3) a a-subunit have been recognized in 
families with potassium aggravated myotonia, paramyotonia con-
genita, and hyperkalemic periodic paralysis. At the present time, 
it is generally agreed that the sodium ions traverse the sodium 
channel without difficulty, however, the primary defect relates to 
the voltage-dependent gating characteristics of the channel, i.e., the 
mechanics of its opening and closing. The major (but not exclusive) 
problem identified with the sodium channel is an alteration of fast 
inactivation. Following depolarization and hence sodium channel 
activation (opening), the normal sodium ion channel rapidly enters 
an inactivated state through the process of fast inactivation with 
failure to open again until the transmembrane voltage has been re-
stored to the polarized state approaching the RMP (refractory and 
relative refractory periods). The critical process of fast inactivation 
has two important functions: (1) to limit the action potential’s du-
ration, and (2) to begin the process of membrane repolarization. In 
mutant sodium channels, the rate of inactivation is slowed thereby 
increasing the action potential’s duration and ineffectively contrib-
uting to membrane repolarization. Further, some mutant sodium 
channels in the above disorders also display a faster recovery from 
inactivation (increased probability of opening prior to full mem-
brane polarization), an uncoupling of the inactivation process from 
voltage dependence, a negative voltage shift in voltage dependence 
of activation, and “bursting” of the sodium channels in which they 
open and close multiple times during the expected inactivation time 
frame.3,6 These abnormalities result in a small but steady inwardly 
directed sodium current following an action potential that obvi-
ously predisposes the cell to further spontaneous depolarizations in 
a progressive cascade effect. It is important to note that only a small 
number of mutant channels (~2%) need be present in the mem-
brane with the above noted abnormalities to predispose the muscle 
to repetitive discharges because the net result of an inward sodium 
current will also affect the wild type channel functioning.9 If the 
percent of abnormal functioning sodium channels increases slightly 
(~3% or more) a persistently depolarized transmembrane potential 
may ensue predisposing the muscle fiber to paralysis. 

Chloride Channel Mutations. Mutations of the chloride channel 
gene (ClC-1; gene CLCN1 chromosome 7q35) can also result in 
myotonic discharges primarily observed in two inherited disorders: 

(1) autosomal dominant-Thomsen’s myotonia congenita, and (2) 
autosomal recessive- Becker myotonia congenita. The primary 
defect in these disorders is a reduction in the ability of the chloride 
ion to pass through the sarcolemmal membrane, i.e., a low chloride 
ion conductance.

Additional Disorders. Myotonic discharges may also be observed 
in a number of disorders where the mechanism of sarcolemmal 
membrane instability has yet to be exactly defined. A few reports 
suggest that patients with myotonic dystrophy can have sodium 
channel abnormalities where a defective inactivation system is 
operational29 as well as possible potassium ion conductance 
abnormalities.28,31 A report has suggested that similar to denervated 
muscle, myotonic dystrophy may predispose the muscle to develop 
apamin-sensitive calcium-activated potassium channels which may 
play some role in the repetitive discharges of myotonic muscle. 
It also appears that late sodium channel opening may occur in 
chondrodystrophic myotonia (Schwartz-Jampel syndrome). The 
exact mechanism of myotonic discharge remains to be elucidated 
for proximal myotonic myopathies (PROMM).32 It is possible to 
acquire myotonic discharges by consumption of monocarboxylic 
aromatic acids (e.g., anthracene-9-carboxylic acid) and the herbi-
cide 2,4-D (2,4-dichlorphenoxyacetic acid) secondary to a drug 
induced reduction in chloride conductance.36 Further research will 
eventually reveal the underlying channel abnormality responsible 
for these disorders.

Intracellular Action Potential

Resting Membrane Potential. The resting membrane potential 
in both the sodium and chloride channelopathies noted above 
producing myotonic discharges has been found to be normal in 
patients.35 A normal or slight reduction (less negative) in the RMP 
by about 10 mV may be present in some patients with myotonic 
dystrophy. 

Repetitive Spontaneous Action Potential Generation. The 
primary issue regarding myotonic discharges is the fact that they 
repetitively fire in a so-called waxing and waning manner with 
the membrane eventually reaching a quiescent stage. In order to 
more fully appreciate why patients’ muscle membranes display 
myotonic discharges it is necessary to explore in slightly more 
detail the process of action potential generation. In particular, it is 
necessary to consider the transverse tubule system. Recall that the 
transverse tubules (T-system) are channels lined with sarcolemmal 
membrane that traverse the muscle fiber so that the action potential 
can penetrate into the muscle fiber. This action potential penetra-
tion facilitates the efficient mechanism of excitation-contraction 
coupling. The T-system forms a small cylinder of extracellular fluid 
in continuity with the extracellular space within the confines of the 
muscle fiber. It is this small cylindrical space that becomes crucial 
for the eventual generation of repetitive discharges when defective 
ion channels are present.

Normal Sodium and Chloride Channels (Healthy Muscle 
Fibers). Assume that an action potential is propagating along the 
surface sarcolemma and propagates along the membrane down 
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into a T-tubule. As anticipated, the sodium channels within the 
T-tubule membrane respond to a depolarizing impulse by activat-
ing (opening) in a positive feedback manner when the membrane’s 
threshold voltage is achieved (sodium activation). Within a mil-
lisecond, sodium inactivation occurs which terminates further 
sodium ion entry, limiting the action potential’s duration and 
initiating the repolarization process. Potassium activation lags 
slightly behind sodium activation and permits potassium ions to 
flow “down” their concentration (high intracellular to low extra-
cellular) and voltage (relative intracellular positivity) gradients 
to further facilitate repolarization. However, the small T-tubule 
volume compared to the intracellular space only permits potassium 
to accumulate for a short time before the T-tubule potassium ion 
concentration reaches a level so as to equilibrate with the intra-
cellular potassium ion concentration. This is unlike the surface 
sarcolemma whereby potassium ions can quickly diffuse into the 
extracellular space in order to always keep the relative intracellular 
potassium ion concentration comparatively larger. In the T-tubule, 
however, intracellular potassium reaches a point where it can no 
longer easily flow “down” its concentration gradient compared to 
the surface sarcolemma and fails to accomplish repolarization to the 
RMP of -80 mV. In normal muscle, each action potential results in 
a residual of approximately 1 mV less than the RMP and requires 
about 400 ms to dissipate without help from another source. This 
1 mV less than the RMP value obviously increases with each suc-
cessive discharge. The RMP of -80 mV, therefore, is achieved by 
the chloride ion flowing down its voltage (intracellular positivity 
during depolarization) and concentration (high extracellular to 
low intracellular) gradients. Therefore, repolarization can only 
occur if these three mechanisms function properly: (1) sodium 
inactivation to stop sodium ion entry, (2) potassium activation to 
begin to repolarize the membrane, and (3) chloride ion entry to 
accomplish re-establishment of the RMP. A failure in any one of 
these processes not only results in a propensity for the membrane 
to fail to establish an RMP, but also have the cell’s transmembrane 
voltage achieve a new steady-state value that may be above the 
membrane’s threshold. Should this occur, when the sodium chan-
nels recover from the inactivation process, they will again open to 
initiate another action potential because the “new” RMP eventually 
becomes suprathreshold.

The validity of the above description of action potential propaga-
tion has been established in animal models.1,10 Placing healthy 
muscle tissue in baths free of chloride ions or using sea anemone 
toxins to impair sodium inactivation both result in myotonic-like 
discharges. However, removing the T-tubule system from these 
same preparations abolishes the repetitive discharges thereby estab-
lishing the need for an intact T-system in order to have myotonic 
discharges. This information is useful to better understand why 
myotonic discharges occur in both sodium and chloride chan-
nelopathies.

Defective Chloride Channels. Now assume that a muscle fiber has 
a disorder which results in the manufacture of defective chloride 
ion channels whereby it cannot conduct the ion to a significant 
degree across the cell membrane for both the surface membrane 
and T-system. When an action potential propagates into the 
T-system, the sodium channels activate normally resulting in 

membrane depolarization followed by sodium inactivation and the 
initiation of membrane repolarization. As before, the potassium 
exits the cell in an attempt to repolarize the membrane but achieves 
this to a somewhat limited extent, secondary to a quickly rising 
T-system (extracellular) potassium ion concentration. Remember 
that the extracellular potassium ion in the T-system cannot quickly 
diffuse away but is restricted to the confines of the T-system.9 As a 
result, the anticipated RMP of -80 mV is only partially achieved, to 
perhaps -79 mV. It is necessary for the chloride ion to flow into the 
cell to further repolarize the cell, however, the markedly reduced 
chloride conductance secondary to defective channels precludes 
this from happening. The end result is a RMP with a value that 
is more positive but likely not above the membrane’s threshold. If 
several action potentials propagate into the T-system, however, then 
each succeeding action potential raises the RMP to a progressively 
more positive level. At some point, the ever less negative RMP will 
be above threshold when the sodium channels are again primed to 
open to a suprathreshold transmembrane voltage. In other words, 
after a few “priming” action potentials, the membrane then spon-
taneously depolarizes multiple times (myotonic discharge) and 
propagate out from the T-system onto the membrane’s surface. 
Each subsequent depolarization, however, results in a smaller dif-
ference between the ever more positive RMP and the maximum 
positive peak action potential voltage of about +40 mV. Therefore, 
each action potential will be smaller in amplitude because the 
resting membrane potential is progressively less negative, and the 
action potential’s peak is progressively less positive because more 
and more wild type sodium channels are inactivated. The firing rate 
will also speed up to reach the possible rate limiting step of how 
long it takes to cycle between sodium activation and inactivation 
back to activation again. The extracellular action potential will be 
observed to alter its firing rate and decline in magnitude during the 
myotonic discharge. The myotonic discharge will eventually cease 
when the cell’s defective repolarization process fails to reduce the 
transmembrane potential below that of the approximate sodium 
equilibrium potential (approximately +55 mV). It is this defective 
chloride conductance that is primarily—but not exclusively—
limited to the T-system that results in the repetitive discharges 
observed in chloride channelopathies.

Defective Sodium Channels. As discussed, one can imagine an 
action potential propagating along the sarcolemma and into the 
T-system. One can assume a small percent of defective sodium 
channels with the majority being normal such that channel acti-
vation functions normally, but channel inactivation is altered for 
those mutant channels.30 This alteration consists primarily of a 
slowing of inactivation where the sodium ion channel stays open 
longer and recovers faster from the inactivated conformation. An 
incomplete persistent inactivation may also be present where the 
sodium channel inactivates, but then opens spontaneously during 
the anticipated inactivation period, i.e., its voltage dependence is 
uncoupled. 

When an action potential enters the T-system, therefore, the 
cell is depolarized as expected. Sodium inactivation, however, is 
delayed and a sodium current flows for a longer time than normal. 
Potassium exits the cell to enter the T-system confines and attempts 
to repolarize the membrane. As noted above, this process by itself 
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cannot re-establish the RMP. Chloride conductance is assumed to 
be normal and flows into the cell down its voltage and concentra-
tion gradients attempting to restore the RMP. The transmembrane 
voltage may be reduced below the membrane’s threshold, however, 
the rapid recovery from sodium inactivation and possible contin-
ued sodium current bursting acts to depolarize the membrane again 
prior to re-establishment of the RMP back to -80 mV. This process 
now repeats because the inwardly directed sodium current simply 
keeps re-initiating an action potential that propagates up to and 
along the surface sarcolemma. As with defective chloride conduc-
tance, the subsequent action potentials decline in magnitude for 
the same reason, and increase in firing rate until the membrane is 
no longer capable of sustaining an action potential. Eventually the 
membrane recovers to repeat the process.

Myotonic Discharge Configuration

As noted above, those muscle fibers with abnormal channels are 
innervated and for the most part have a normal RMP revealing 
monophasic positive intracellular action potentials. As result, the 
single muscle fiber waveform configurations should appear the 
same as previously described for innervated muscle fibers with 
normal functioning ion channels. There is little in the way of 
information concerning the details of myotonic discharge mor-
phologies.18 Personal observations of myotonic discharges recorded 
at relatively fast sweep speeds reveal waveforms with configurations 
consistent with that discussed above, i.e., biphasic initially negative 
(similar to an end-plate spike), triphasic initially positive, and bi-
phasic initially positive (sealed end potential), as well as monopha-
sic positive (compressed end potential). The L/TD model applies 
equally well for healthy and myotonic discharges. 

Careful needle insertion into a patient’s muscle with myotonia can 
reveal a single myotonic discharge (Figure 16). It is reasonable to 
assume that a single muscle fiber is responsible for these repetitive 
discharges. If this hypothesis is accepted and there is no reason to 
think otherwise, then the truly remarkable finding is the frequently 
observed variation of the waveforms within this discharge train. 
The muscle fiber, needle electrode, and action potential configura-
tion are all constant, yet there is often a marked transformation of 
the different waveform configurations throughout the discharge. 
It is true that the action potential is declining in magnitude as 
revealed by intracellular recordings, but the intracellular action 
potential’s morphology does not change and hence neither should 
its extracellular counterpart, yet it does. 

Application of the L/TD model can be used to better appreciate 
how a single muscle fiber can display such an array of waveforms 
during the course of a single discharge. Although the muscle fiber 
can display any sequence of waveform morphologies depending 
upon the conditions present between the recording electrode and 
muscle fiber, a single example will be used to gain insight into the 
overall process (Figure 16). The first discharge observed in our 
example (Figure 16; trace #1) is biphasic initially negative. This 
suggests that the needle electrode initiated the discharge in the 
immediate vicinity of the recording tip. After the first discharge, 

the waveform configuration changed to that of a triphasic initially 
positive waveform where the initial positive deflection is small in 
amplitude compared to the potential’s negative spike (Figure 16; 
trace #2).16 This suggests that the generator site for the waveform 
shifted a few hundred microns from the needle tip (or the needle 
moved slightly) so that the induced action potential now propa-
gated toward and past the recording electrode. Shortly thereafter, 
the waveform morphology again changed to that of a biphasic 
initially negative waveform (Figure 16; trace #3). This suggests the 
generator site again shifted to coincided with the needle’s recording 
tip. The waveform then gradually altered its configuration from a 
biphasic initially negative to a monophasic positive waveform. In 
this case it appears the tip gradually produced a compressed type 
of action potential blockade until such time the action potential 
ceased to discharge. It is also possible to observe myotonic po-
tentials that maintain a morphology similar to that of a positive 
sharp wave (sealed end blockade), or triphasic (no needle induced 
blockade) throughout their discharge train. More commonly, the 
myotonic runs appear rather complex because the needle electrode 
has induced spontaneous discharges in multiple fibers with super-
imposition of many single muscle fiber waveforms.

Denervated Muscle Tissue

Intracellular Action Potential

Resting Membrane Potential. Following the loss of innervation 
to a single muscle fiber, the RMP “falls” or becomes less negative 
by approximately 15 mV after about 30 hours of neural loss.34,37 
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Figure 16   A monopolar needle electrode is carefully inserted into the 
first dorsal interosseous muscles of a patient with myotonic dystrophy. 
Note the single myotonic run of potentials with a constant changing 
waveform configuration.



This alteration in the RMP results from an increase in the sodium 
permeability and a reduction in the potassium permeability. 
Additionally, a new type of sodium channel is synthesized that is 
significantly more resistant to the effects of tetrodotoxin (sodium 
channel blocker from the puffer fish). The newly synthesized 
sodium channels appear to have altered kinetics, demonstrating 
half the recovery time for fast inactivation compared to sodium 
channels in innervated muscle. Further, a new type of potassium 
channel is also synthesized following denervation which is apamin 
(bee venom derivative) sensitive and calcium activated.4,25

Repetitive Spontaneous Action Potential Generation. Locating 
a microelectrode in a muscle fiber that has been denervated for 
several days reveals a number of interesting findings. The RMP 
is not only less negative than anticipated, but it also can be ob-
served to display spontaneous biphasic oscillations of progressively 
increasing magnitude (Figure 17). The exact cause for these mem-
brane oscillations remains unknown. However, the progressive 
increase in magnitude for these membrane oscillations continues 
until the membrane threshold level is reached. Recall that the newly 
established RMP is approximately 15 mV less negative and hence 
very close to the threshold value of the membrane which is about 
15-20 mV less negative than the innervated membrane RMP (the 
membrane’s threshold level approximates -65 mV). Therefore, as 
the oscillations increase, at some point they reach the denervated 
muscle membrane’s threshold value to result in a spontaneous su-
prathreshold action potential (Figure 17; left panel).

The action potential depolarizes toward the sodium equilibrium 
potential (+55 mV), overshoots the zero level by about +20 mV 
and begins to repolarize secondary to sodium inactivation and po-
tassium activation assisted by chloride flowing into the cell thereby 
never reaching +55 mV. The end result of this process is similar to 
that observed in innervated muscle. However, there is a very im-
portant difference between the action potentials of denervated and 
innervated muscle. As previously mentioned, there are newly syn-
thesized potassium channels that produce a long duration hyperpo-
larization of the intracellular action potential compared to normal 
tissue (Figure 18). This hyperpolarization may last up to 100 ms. 
As noted above, the newly synthesized sodium channels recover 
from inactivation faster than their “normal” counterparts and the 
membrane’s threshold level is lower permitting it to respond to a 
depolarizing current sooner than anticipated for innervated tissue. 
The terminal portion or recovery phase of the outward directed 
potassium current in effect constitutes a depolarizing current which 
serves to activate the now recovered sodium channels. Another way 
of stating this concept is that following denervation not only is the 
denervated membrane’s RMP less negative, but the membrane’s 
threshold value is actually more negative by about 9 mV.40 The 
combination of the membrane’s lower threshold value and relative 
“depolarizing” afterpotential act to re-initiate a second depolariza-
tion which in turn activates another potential and so on. The end 
result is a repetitive firing of the membrane with an interdischarge 
interval dependent upon the duration of the hyperpolarization 
phase and when it again reaches the membrane’s threshold value.
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Figure 17   Spontaneous fibrillation potentials recorded from single 
fibers of the chronically denervated extensor digitorum longus muscle 
of the rat in vivo. Note the resting membrane potential (RMP) oscilla-
tions immediately preceding the regular discharge of suprathreshold 
discharges (intracellular recorded fibrillation potentials) (left panel). 
Following the train of fibrillation potentials, the RMP oscillation can be 
seen to dampen over time (right panel). The break in the action poten-
tial trace indicates the zero potential level of the cell. (From Thesleff S, 
Ward MR: Studies on the mechanism of fibrillation potentials in dener-
vated muscle. J Physiol 1975;244:313-323, with permission).

Figure 18   (A) In a chronically denervated rat diaphragm muscle, 
in vivo recordings reveal an action potential that is biphasic with a 
long duration hyperpolarization phase. (B) An intracellular monophasic 
action potential recorded from the same type of preparation in A except 
the muscle tissue is innervated. (From Thesleff S: Spontaneous electri-
cal activity in denervated rat skeletal muscle. In: Gutmann E, Hnik P: 
The Effect of Use and Disuse on Neuromuscular Functions. Elsevier 
Publishing Co, New York 1963, pp 41-51, with permission).



L/TD Model of Denervated Action Potentials. As noted earlier, 
the monophasic positive intracellular action potential for healthy 
muscle tissue can be conceptualized as a quadrupole (+- -+) with 
depolarization represented by the LD (+-) and repolarization by the 
TD (-+) (Figure 19A-C). However, the intracellular action poten-
tial for denervated muscle tissue is biphasic initially positive where 
the initial phase may be considered to represent membrane depo-
larization and repolarization, while the terminal negative phase 
represents hyperpolarization followed by repolarization back to the 
RMP. In this manner, the denervated intracellular action potential 
can be modeled as an octapole with a leading quadrupole (+- -+) 
and a trailing quadrupole of reversed polarity (-+ +-), i.e., (+- -+, 
-+ +-) (Figure 19D-F). The L/TD model can then be used to help 
explain the configuration of fibrillation potentials recorded at dif-
ferent locations along the muscle fiber as well as the configuration 
of positive sharp waves.

An important aspect of denervated muscle fibers is to realize that 
irrespective of the investigation, there is only one configuration 
to the denervated muscle fiber’s intracellular action potential, i.e., 
biphasic positive negative (Figure 18A). Therefore, any attempt to 
explain the positive sharp wave must use this action potential shape 
while at the same time explaining how a fibrillation potential using 
the same action potential can appear so different in duration and 
morphology. Combining the L/TD model and the concept of the 
compressed end will permit an explanation for both these wave-
forms beginning with the intracellular action potential.

Conceptualize a hypothetical muscle fiber deprived of its innerva-
tion with an action potential beginning in the fiber’s middle and 
terminating at a region of the fiber compressed by an exploring 
electrode, i.e., a compressed end effect. The majority of fibrilla-
tion potentials are believed to initiate at the muscle fiber’s former 
end-plate zone and propagate onto the fiber from there.26 At the 
former end-plate zone, we may assume a spontaneous membrane 
oscillation has reached threshold and initiated an action potential. 
Therefore, at the former end-plate zone, a quadrupole is initially 
formed that grows in magnitude commensurate with the depolar-
ization achieving the membrane’s threshold level (Figure 19A, B; 
E-1A). If an electrode is located at this position, a waveform with 
an initial negative deflection is detected similar to the configura-
tion of an end-plate spike as would be anticipated. Propagation of 
the action potential bidirectionally along the fiber can be expected 
with the membrane’s repolarization (trailing dipoles for the two 
action potentials; -+) becoming manifest at the electrode’s location. 
Hence, a positive waveform deflection is observed (Figure 19C; 
E-1A). Continued action potential propagation would now permit 
the action potential’s initial hyperpolarization phase (-+) to occur 
in this region of the membrane (Figure 19D-H; E-1A). Of note, 
however, is the fact that the hyperpolarization phase occurs over a 
very long time which means the current density associated with this 
portion of the action potential is relatively low. A way the extracel-
lular waveform is related to the intracellular waveform is often de-
scribed as its second derivative, i.e., the “rate of rate of change” for 
the intracellular current at a particular location. Because the hyper-
polarization phase has a comparatively long time course compared 
to depolarization, the magnitude of the extracellular waveform as-
sociated with a portion of the action potential is negligible. The re-

corded waveform simply settles back to baseline even though there 
is a region of hyperpolarization in the electrode’s vicinity. The final 
waveform observed is a biphasic initially negative potential. This is 
exactly the type of fibrillation potential recorded from the former 
end-plate zone of a denervated muscle fiber (Figure 20).

Suppose the electrode was no longer located at the muscle fiber’s 
former end-plate zone, but instead was relocated halfway between 
the fiber’s middle and termination so that an action potential could 
propagate past it. Because the action potential was initiated at the 
former end-plate zone, it now travels toward the electrode so that 
the LD’s initial positivity can be detected (Figure 19A-C; E-1B). 
Arrival of the leading quadrupole’s negative sink produces a nega-
tive spike. Propagation of the action potential’s leading quadrupole 
past the electrode generates a terminal positive deflection. As with 
the end-plate zone, the rate of rate of change for the action po-
tential’s terminal quadrupole’s (hyperpolarization phase) voltage 
profile is too slow to result in a detectable potential. The final result 
is a triphasic initially positive potential consistent with a stereotypi-
cal fibrillation potential.

Finally, consider what would happen if the electrode adversely af-
fected the muscle fiber such that either a sealed end or compressed 
type of termination is produced. If a sealed end effect is generated 
by the electrode, a waveform with an initial positive deflection and 
smaller terminal negative phase is observed (Figure 7; E-1C). This 
waveform has an appearance similar to that of an innervated fiber 
because the denervated action potential’s hyperpolarization phase 
does not contribute to the formation of an additional phase because 
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Figure 19   (A-L) Leading/trailing dipole explanation of a denervated 
intracellular action potential represented by an octapole (+- -+, -+ +-) 
propagating along a muscle fiber from left to right. Electrodes are 
located at the fiber’s former end-plate zone (E-1A), halfway between 
the fiber’s middle and termination (E-1B), and at the fiber’s termination 
(E-1C). Note that only half the fiber is shown; the other half projects to 
the left of the figure.



of its slow rate of voltage change per unit time. These potentials 
appear similar to a positive sharp wave in that they are biphasic ini-
tially positive, however, the terminal positive phase is comparatively 
brief and the sound associated with these potentials is frequently 
high-pitched similar to that for a fibrillation potential (Figure 20).

If the electrode produces a compressed type of interaction with 
the muscle fiber, then a completely different effect is recorded 
with respect to the action potential’s hyperpolarization phase. 
The electrode detects the approaching action potential’s leading 
quadrupole’s positivity similar to the electrode that permits action 
potential propagation thereby recording an initial positive deflec-
tion (Figure 19E; E-1C). However, when the leading quadrupole’s 
LD encounters the compressed membrane segment, it does not 
dissipate (Figure 19F; E-1C). As for the compressed region of an 
innervated fiber, the leading quadrupole’s LD and TD remain 
intact and dissipate with membrane repolarization returning the 
waveform’s initial positive deflection to baseline (Figure 19G; 
E-1C). When the trailing quadrupole’s LD reaches the compressed 
zone, it too does not dissipate but remains in place with its negativ-
ity “facing” the recording electrode. Further, the compressed zone 
may increase the trailing quadrupole’s LD somewhat permitting it 
to be detected by the electrode (Figure 19H, 19I; E-1C). The net 
result is a waveform with a negative deflection. As with the leading 
quadrupole, the trailing quadrupole now dissipates in place with 
membrane depolarization back to the RMP (Figure 19I-L; E-1C). 
A positive sharp wave is thus generated and is postulated to repre-
sent a compressed type of interaction between the electrode and 
membrane so that the denervated action potential’s hyperpolariza-
tion phase is detected.

This discussion highlights the different types of waveforms that 
may be detected in denervated muscle. A fibrillation potential may 
appear biphasic initially negative if it is recorded at its site of initia-
tion, biphasic initially positive with a short duration terminal nega-
tive phase if detected by the electrode that is generating a sealed end 
effect, or the more prototypical triphasic initially positive waveform 
secondary to action potential propagation past the electrode. A 
positive sharp wave can also be observed if the fibrillating muscle’s 
action potential blocks at the site of the electrode secondary to a 
compressed end effect induced by the electrode. Therefore, there are 
two fundamental waveforms that can be recorded from denervated 
muscle with no electrode distortion (biphasic initially negative and 
triphasic initially positive potentials), and two waveforms arising 
from needle distortion effects (biphasic initially positive with a 
short terminal negative phase, and biphasic initially positive with a 
relatively long terminal negative phase-positive sharp wave). There 
are also complex appearing potentials referred to as “hybrid” fibril-
lation potentials because they display configurations suggestive of 
both fibrillation potentials and positive sharp waves.16 Additionally, 
when fibrillation potentials transition to positive sharp waves or 
positive sharp waves to fibrillation potentials, a number of interme-
diate complex waveforms are usually displayed.18 The explanation 
for these waveforms remains to be more fully developed.

CONCLUSION

Careful consideration of the intracellular action potential in both 
innervated and denervated muscle fibers should provide consider-
able insight into the type of waveform observed by the EDM in-
strument. It is important to realize that the needle electrode is not 
merely a passive bystander, but rather an active participant in how 
the waveform will appear. Application of the deceptively simple 
leading/trailing dipole model can provide the clinician with consid-
erable insight into the underlying mechanism resulting in the par-
ticular waveform observed. One cannot simply look at a waveform 
and decide whether it arises from a denervated or innervated fiber. 
As demonstrated above, fibrillation potentials may appear biphasic 
initially negative or positive as well as triphasic. Similarly, end-plate 
spikes may have identical configurations potentially resulting in the 
erroneous conclusion that normal persons may have “denervation” 
activity in foot intrinsic or paraspinal muscles. Rather, waveform 
configuration in combination with the discharge frequency must 
be considered. Continued research into various disorders should 
provide additional insight into why waveforms appear as they do.

REFERENCES

1. Adrian RH, Bryant SH. On the repetitive discharge in myotonic 
muscle fibres. J Physiol 1974;240:505-515.

2. Barchi RL. Excitation and conduction in nerve. In: Sumner AJ, 
editor. The physiology of  peripheral nerve disease. Philadelphia: W.B. 
Saunders; 1980. p 1-40.

AANEM Course Fundamentals in Electrodiagnostic Medicine 17

Figure 20   Two spontaneously discharging waveforms with different 
configurations are depicted as recorded from a denervated tibialis ante-
rior muscle. Note that the first waveform has an initial positive deflection 
with a small and short duration terminal negative phase consistent with 
a “sealed end” waveform. The second waveform has an initial negative 
onset suggesting this is a fibrillation potential recorded at its site of 
origin.



3. Barchi RL. Ion channel mutations and diseases of  skeletal muscle. 
Neurobiol Dis 1997;4:254-264.

4. Barrett JN, Barrett EF, Dribin LB. Calcium-dependent slow potas-
sium conductance in rat skeletal myotubes. Devel Biol 1981;82:258-
266.

5. Behrens MIG, Jalil P, Serani A, Vergara F, Alvarez O. Possible role of  
apamin-sensitive K+ channels in myotonic dystrophy. Muscle Nerve 
1994;17:1264-1270.

6. Bendahhou S, Cummins TR, Tawil R, Waxman SG, Ptacek LJ. 
Activation and inactivation of  the voltage-gated sodium channel: role 
of  segment S5 revealed by a novel hyperkalaemic periodic paralysis 
mutation. J Neuroscience 1999;19:4762-4771.

7. Bryant SH, Morales-Aguilera A. Chloride conductance in normal and 
myotonic muscle fibres and the action of  monocarboxylic aromatic 
acids. J Physiol 1971;219:367-383.

8. Buchthal F, Rosenfalck P. Spontaneous electrical activity of  human 
muscle. Electroencephalogr Clin Neurophysiol 1966;20:321-336.

9. Cannon SC. Ion-channel defects and aberrant excitability in myoto-
nia and periodic paralysis. TINS 1996;19:3-10.

10. Cannon SC, Corey DP. Loss of  Na+ channel inactivation by 
anemone toxin (ATXII) mimics the myotonic state in hyperkalaemic 
periodic paralysis. J Physiol 1993;466:501-520.

11. Carpenter RHS. Neurophysiology. Baltimore: University Park Press; 
1984.

12. Date ES, Mar EY, Bugola MR, Teraoka JK. The prevalence of  
lumbar paraspinal spontaneous activity in asymptomatic subjects. 
Muscle Nerve 1996;19:350-354.

13. Dumitru D. Volume conduction: theory and application. In: 
Dumitru D, editor. Clinical electrophysiology. Physical Medicine 
and Rehabilitation State of  the Art Reviews. Philadelphia: Hanley & 
Belfus; 1989. p 665-681.

14. Dumitru D, Jewett DL. Far-field potentials. Muscle Nerve 
1993;16:237-254.

15. Dumitru D, King JC. Varied morphology of  spontaneous single 
muscle fiber discharges. Am J Phys Med Rehabil 1998;77:128-139.

16. Dumitru D, King JC, Stegeman DF. Endplate spike morphology: A 
clinical and simulation study. Arch Phys Med Rehabil 1998;79:634-
640.

17. Dumitru D, King JC, Stegeman D. Normal needle electromyographic 
insertional activity morphology: A clinical and simulation study. 
Muscle Nerve 1998;21:910-920.

18. Dumitru D, King JC, McCarter RJM. Single muscle fiber discharge 
transformations: fibrillation potential to positive sharp wave. Muscle 
Nerve 1998;21:1759-1768.

19. Dumitru D, King JC, Rogers WE, Stegeman DF. Positive sharp wave 
and fibrillation potential modeling. Muscle Nerve 1999;22:242-251.

20. Elmqvist D. Neuromuscular transmission defects. In: Desmedt JE, 
editor. New developments in electromyography and clinical neuro-
physiology, volume 1. Basel: Karger; 1973. p 229-240.

21. Elmqvist D, Quastel DMJ. A quantitative study of  endplate poten-
tials in isolated human muscle. J Physiol 1965;178:505-529.

22. Engel WK. Focal myopathic changes produced by electromyo-
graphic and hypodermic needles: “needle myopathy”. Arch Neurol 
1967;16:509-511.

23. Franke C, Hatt H, Iaizzo PA, Lehmann-Horn F. Characteristics of  
Na+ channels and Cl- conductance in resealed muscle fibre segments 
from patients with myotonic dystrophy. J Physiol 1990;425:391-405.

24. Gatens PF, Saeed MA. Electromyographic findings in the intrinsic 
muscles of  normal feet. Arch Phys Med Rehabil 1982;63:317-318.

25. Hugues M, Schmid H, Romey G, Duval D, Frelin C, Lazdunski M. 
The Ca2+ dependent slow K+ conductance in cultured rat muscle 
cells: characterization with apamin. EMBO J 1982;1:1039-1042.

26. Jarcho LW, Berman B, Dowben RM, Lilienthal J. Site of  origin and 
velocity of  conduction of  fibrillary potentials in denervated skeletal 
muscle. Am J Physiol 1954;1788:129-134.

27. Katz B. Nerve, muscle, synapse. New York: McGraw-Hill; 1966.
28. Kobayashi T, Askanas V, Saito K, Engel WK, Ishikawa K. 

Abnormalities of  aneural and innervated cultured muscle fibers 
from patients with myotonic atrophy (dystrophy). Arch Neurol 
1990;47:893-896.

29. Kugelberg E. “Insertional activity” in electromyography. J Neurol 
Neurosurg Psychiatry 1949;29:26-273.

30. Lerche H, Heine R, Pika U, George AL, Mitrovic N, Browatzki M, 
and colleagues. Human sodium channel myotonia: slowed channel 
inactivation due to substitutions for glycine within the III-IV linker. J 
Physiol 1993;470:13-22.

31. Merickel M, Gray R, Chauvin P, Appel S. Cultured muscle from 
myotonic muscular dystrophy patients: altered membrane electrical 
properties. Proc Nat Acad Sci USA 1981;81:648-652.

32. Moxley RT, Udd B, Rickert K. 54th ENMC international workshop: 
PROMM (Proximal myotonic myopathies) and other proximal 
myotonic syndromes. Held 10-12th October 1997, Naarden, The 
Netherlands. Neuromusc Dis 1998;8:508-518.

33. Nardin RA, Raynor EM, Rutkove SB. Fibrillation in lumbosacral 
paraspinal muscles of  normal subjects. Muscle Nerve 1998;21:1347-
1349.

34. Redfern P, Thesleff  S. Action potential generation in denervated 
rat skeletal muscle: I. Quantitative aspects. Acta Physiol Scand 
1971;81:557-564.

35. Rudel R, Lehmann-Horn F. Membrane changes in cells from myoto-
nia patients. Physiol Rev 1985;65:310-356.

36. Stohr M. Benign fibrillation potentials in normal muscle and their 
correlation with endplate and denervation potentials. J Neurol 
Neurosurg Psychiatry 1977;40:765-768.

37. Thesleff  S. Spontaneous electrical activity in denervated rat skeletal 
muscle. In: Gutmann E, Hnik P, editors. The effect of  use and 
disuse on neuromuscular functions. Prague: Publishing House of  
Czechoslovak Academy of  Sciences; 1963. p 41-51.

38. Thesleff  S, Ward MR. Studies on the mechanism of  fibrillation po-
tentials in denervated muscle. J Physiol 1975;244:313-323.

39. Wiechers DO. Mechanically provoked insertional activity before and 
after nerve section in rats. Arch Phys Med Rehabil 1977;58:402-405.

40. Wiechers D, Guyton JD, Johnson EW. Electromyographic findings 
in the extensor digitorum brevis in a normal population. Arch Phys 
Med Rehabil 1976;57:84-85.

18 Volume Conduction AANEM Course



INTRODUCTION

Understanding the electrophysiologic instrument’s processing of 
recorded biologic signals is of fundamental importance to the per-
formance of an optimal electrodiagnostic medicine (EDM) consul-
tation. Failure to appreciate the manner in which a biologic signal is 
analyzed through all of the instrument’s individual subcomponents 
can lead to unrecognized waveform distortions leading to the possi-
bility of false positive or negative conclusions. Hence, an erroneous 
diagnosis can result from inadequate knowledge of the instrument’s 
basic operation.

The instruments used by most if not all practitioners, irrespec-
tive of the manufacturer, are fundamentally the same. Aside from 
manufacturer specific software programming, the basic electronic 
components are similar from one instrument to the next. For the 
purposes of this manuscript, the instrument consists of the follow-
ing components: electrodes, preamplifier/amplifier, filters (high/
low), loud speaker, analog-to-digital converter, cathode-ray tube 
(CRT) or video display, and a stimulator (Figure 1). It is to be 
understood that the term CRT is equivalent to the video screen on 
modern instruments. Each of these basic components is described 
from the perspective of how biologic signals are processed and the 
manner in which signals can be distorted leading to an erroneous 
interpretation.

RECORDING ELECTRODES

Recording electrodes can be divided into two basic types: surface 
electrodes and needle electrodes. Each of these electrodes can be 
further subdivided into several different electrodes for specific 
recording situations. The practitioner should be familiar with each 

type of electrode in order to apply the best electrode for individual 
recording purposes.

Three electrodes are used to record a biologic waveform: active, 
reference, and ground. The active electrode is also referred to as E-1 
or G-1 and is located in the vicinity of the electrical generator being 
assessed. A reference electrode (E-2 or G-2) is typically positioned 
in a location of relative electrical silence with respect to the signal 
recorded by the active electrode. In the body there are no places 
of true electrical silence but only regions of relatively more or less 
electrical potential with respect to the signal of interest. A ground 
electrode is placed in proximity to the active electrode essentially to 
serve as a reference “zero” or ground potential and to help suppress 
some of the stimulus artifact.

Surface Electrodes

Surface electrodes, as the name implies, are located on the skin’s 
surface and can record either nerve or muscle action potentials. The 
general advantage of all surface electrodes is that they can easily be 
secured to the patient’s skin with tape or in a self-retaining manner. 
A major disadvantage of surface electrodes is that the skin offers a 
considerable electrical barrier to the biologic signal. Also, an elec-
trode located on the skin is frequently at some distance from the 
biologic generator of interest. This is important because the am-
plitude of a biologic signal diminishes significantly over relatively 
short distances.

The resistance offered by biologic tissues to potentials within the 
body is referred to as impedance and designated by the capital 
letter “Z”. Skin impedance can be reduced by gently abrading the 
stratum corneum with commercially available pumice solutions 
or sandpaper. If sandpaper is used, it should be discarded after 
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each patient to avoid cross-contamination of body fluids. Also, if 
a pumice solution is used, a small amount of the substance should 
be poured onto a piece of paper and transferred to the patient with 
a cotton tip applicator. It is inappropriate to place the applicator 
continually within the main pumice container since cross-contam-
ination between patients can occur. Abrasion of the skin is usually 
only necessary when sensory nerve action potentials (SNAPs) or 
somatosensory evoked potentials (SEPs) are elicited because of their 
relatively small size (a few microvolts or less). Compound muscle 
action potentials (CMAPs) are typically several millivolts in magni-
tude and easily recorded with surface electrodes.

When using surface electrodes, a small amount of electrolyte cream 
should be placed between the electrode and skin.31 Use only enough 
electrolyte to just cover the recording electrode’s surface because 
excess cream can form a conducting pathway between recording 
electrodes as well as between recording and stimulating electrodes. 
The electrolyte serves to decrease the impedance and mediate the 
biologic signals’ transmission from the subcutaneous tissues across 
the skin to be detected by the electrodes’ metal surface. Electrodes 
can be made of any metal provided they are good conductors such 
as stainless steel, tin, gold, platinum, lead, silver, etc.

Disc Electrodes. Disc electrodes are routinely used in EDM and 
consist of several types. A few disc electrodes are essentially flat and 
round; however, most electrodes have a central depression and have 

the appearance of a cup, thus defining the term “cup electrode.” The 
small central depression, or cup, is specifically designed to reduce 
artifactually induced electrode bias potentials from interfering with 
the signal of interest. Specifically, any metal surface will eventually 
develop a potential difference (a few tenths of a volt) between it 
and the skin through the flow of electric charge between the skin 
and metal. Even a slight movement can cause this potential differ-
ence to vary, resulting in a large voltage recorded by the instrument 
and possibly contaminating the desired signal. A small depression 
permits any electrode movement to preferentially occur between 
the skin and electrolyte paste, thereby avoiding the discharge of any 
bias potentials in the recessed electrolyte/metal interface.

Some manufacturers make available two disc electrodes imbedded 
in a plastic bar. Each manufacturer may vary the interelectrode sep-
aration between 2.5 or 3 cm and sometimes even larger distances. 
Interelectrode separation can have profound consequences on the 
configuration of biologic waveforms.

Ring Electrodes. Ring or self-retaining clip electrodes are com-
monly used as active and reference electrodes during the recording 
of antidromically elicited digital SNAPs, but can also be used as 
stimulating or ground electrodes. There is usually a region where 
a portion of the electrode does not contact the skin. The electrode 
should be positioned in order not to affect the desired signal. For 
example, if a median nerve SNAP from one of the first four digits 
is desired, the electrode should be located so that region of no skin 
contact should be positioned posteriorly, where the radial nerve 
innervates the digit’s dorsum. Also, the bare metal of the ring can 
contact adjacent digits leading to noise when the hand muscles 
contract following median or ulnar nerve stimulation. A dry tissue 
or gauze placed around the ring electrodes provides a convenient 
insulation that minimizes electrode movement artifact from inter-
fering with the intended signal. It is also a good practice to rotate 
the ring partially around the digit several times in order to spread 
the electrolyte paste and reduce the skin’s impedance, thereby im-
proving signal detection.

Electrode Separation

Surface electrodes are positioned at specific locations to record bio-
logic signals unique to the activated nerve or muscle. This implies 
that the active electrode is located as close as possible to the biologic 
signal’s source while the reference electrode is at a region of lower 
electrical potential. Implicit in the electrode location is the concept 
of distance and what is considered an optimal interelectrode separa-
tion. The separation between active and reference electrodes is best 
considered separately for SNAP and CMAP recordings.

Sensory Nerve Action Potential Recordings. The location of 
active and reference electrodes is important for both antidromic 
and orthodromic SNAP studies with the same principles applicable 
to both techniques. A SNAP’s amplitude is an important parameter 
used for diagnostic purposes which is directly dependent on the dis-
tance separating the active and reference electrodes. The “optimal” 
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Figure 1   Schematic representation of the electrophysiologic instru-
ment’s component parts. Electrodes in or on the patient (A) detect 
action potentials and transmit them to a differential amplifier (B). The 
differential signal is filtered (C) and then fed to both the loudspeaker (F) 
for aural analysis as well as to the analog-to-digital converter (D) for a 
digital representation of the analog signal. The signal is then ready for 
visual display on the cathode-ray tube (E). Excitation of the peripheral 
nervous system is possible with the stimulator (G). (Reproduced with 
permission: Dumitru D, Walsh NE: Electrophysiologic instrumentation, 
in Dumitru D (ed): Clinical Electrophysiology: Physical Medicine and 
Rehabilitation State of the Art Reviews. Philadelphia, Hanley & Belfus, 
1989;3(4):684-691.)



interelectrode separation for recording SNAPs can be addressed 
from a theoretical and practical standpoint.

The rise time (the time of SNAP onset to the negative spike’s 
maximum amplitude) for a normal SNAP is approximately 0.8 
ms. Assuming a conduction velocity of 50 m/s, the SNAP’s “rise 
time” portion will have a physical expanse along the nerve of 4 cm 
(nerve conduction velocity {NCV} = distance {d} ÷ time; 50 m/s 
= d ÷ 0.8 ms; d = 4 cm). This means that the leading edge of the 
SNAP extends 4 cm along the nerve before its maximal amplitude 
is achieved at any one point on the nerve. As a result, if the active 
and reference electrodes are located within this zone of electrical 
activity (4 cm of interelectrode separation or less) they will record 
similar information which is canceled by the instrument due to 
differential amplification (Figure 2). Cancellation of similar data 
leads to a reduction in the waveform’s amplitude because it is not 
permitted to resolve fully. This “early” potential truncation leads 
to a shortening of the potential’s peak latency. The onset latency 
remains unaffected as the active electrode detects the SNAP’s 
onset prior to any significant information reaching the reference 
electrode. Placing the active and reference electrodes too close can 
result in SNAPs with reduced amplitudes, negative spike durations, 
and shortened peak latencies all giving the false impression of a pos-
sible axonal loss lesion.

Compound Muscle Action Potential Recordings. When record-
ing CMAPs, the above-noted distance of 4 cm is no longer relevant. 
The most important aspect of CMAP interelectrode separation 
is to locate the active electrode on the muscle’s motor point and 

position the reference electrode off the corresponding muscle. A 
good location for the reference electrode is over the muscle’s distal 
tendon near the tendon’s insertion. If the reference electrode is 
positioned 4 cm from the active electrode it can still be on muscle 
tissue, particularly in large muscles. The net effect of locating the 
reference electrode on active muscle tissue is to reduce the CMAP’s 
amplitude because similar electrical data is subtracted through dif-
ferential amplification (see below), possibly yielding a false positive 
result suggesting axonal loss.

Needle Electrodes

Four types of needle electrodes are commonly used in EDM:  
(1) monopolar, (2) standard concentric, (3) single fiber, and 
(4) subcutaneous electroencephalographic (Figure 3).2 The main 
purpose of using any form of needle as opposed to surface record-
ing electrodes is to position the electrodes as close as possible to the 
biologic generator, particularly if this generator is located at some 
distance beneath the skin’s surface. The first three needle types 
are used to record the electrical activity arising from muscle tissue 
while the fourth needle electrode is used to record cortical SEPs. Of 
note, the monopolar needle can also be used to stimulate peripheral 
nerves (see stimulators) while the electroencephalographic needle 
may also be used to perform subcutaneous SNAP and CMAP 
recordings. Recording CMAPs is best performed with surface 
electrodes to ensure detecting as much electrical activity from the 
muscle as possible. Needle recorded CMAPs have a very restricted 
recording territory and the ensuing amplitude does not accurately 
reflect the entire muscle’s activity. Also, the CMAP’s onset latency 
varies with different needle locations outside of the motor point 
region. When recording CMAPs, therefore, surface electrodes 
should be used (Figure 4).

When explaining the above needle electrodes to patients prior to 
their use, it may be a good idea to refer to them as a “pin” and not 
as a “needle” to allay any anxiety associated with the term “needle.” 
Stating that a small pin electrode is placed under the skin can be 
of benefit in gaining patient cooperation and enhance the efficient 
collection of data.

Monopolar Needle. The monopolar needle is a solid stainless steel 
shaft 12 to 75 mm in length and 0.3 to 0.5 mm in diameter, mostly 
coated in Teflon® except for the distal 750 µm.7,16 Its recording 
surface is a cone shape with an exposed metal surface approxi-
mating 0.17 mm2. The electrical recording territory approaches 
that of a sphere surrounding the exposed needle tip.32,33 Patients 
tolerate monopolar needle insertion relatively well because the 
Teflon permits easy tissue passage. Separate reference and ground 
electrodes are required on the skin surface with the reference elec-
trode placed in proximity of the needle insertion site.17 A second 
monopolar needle could be used as a reference or when 60-Hz 
interference is a problem.

Prior to the use of disposable monopolar electrodes, there was con-
siderable concern regarding the durability of the Teflon.7 Repeated 
usage eventually leads to Teflon cracking and peeling back from 
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Figure 2   An antidromic median sensory nerve action potential 
(SNAP) is recorded with a separation of 14 cm between the cathode and 
active recording electrode. A series of seven recording montages are 
used with increasing interelectrode separations between the active and 
reference electrodes (A-G). As the interelectrode separation increases, 
so does the peak latency, negative spike duration, rise time, and am-
plitude while the onset latency remains unchanged. The onset latency 
defines a maximal conduction velocity of 50 m/s. As defined in the text, 
an optimal interelectrode separation of 4 cm should maximize the SNAP 
parameters of interest. This is the case with respect to maximum peak 
latency and amplitude. 



the recording surface which increases its surface area. The increased 
area of exposed metal adversely affects motor unit action poten-
tial (MUAP) parameters. Specifically, the MUAP amplitude and 
duration decreases with increasing loss of Teflon. With the devel-
opment of high-quality disposable monopolar needle electrodes, 
concern regarding Teflon peeling has been minimized. Disposable 
electrodes should always be used when there is concern regarding 
transmissible diseases.18 It is imperative not to attempt to resterilize 
disposable needle electrodes. Dispose of them immediately upon 
completion of the examination as they are not manufactured to be 
used repeatedly.

The monopolar needle has rather characteristic MUAP parameters 
compared to the concentric needle electrode.4,8 The spherical re-
cording territory of the monopolar needle and its relatively large 
exposed area permits recording from a comparatively large number 
of single muscle fibers belonging to a single motor unit. The com-
bination of large numbers of muscle fibers belonging to the same 

motor unit and a spherical recording territory result in MUAPs 
with larger amplitudes and more phases than comparably recorded 
MUAPs with a concentric needle. Interestingly, MUAP duration is 
effectively the same whether recorded with monopolar or concen-
tric needle electrodes.15,19,20,26

Standard Concentric Needle. The term “standard” is used when 
describing the type of concentric needle routinely used to distin-
guish it from a concentric bipolar needle (Figure 3). The standard 
concentric (coaxial) needle consists of a stainless steel metal cannula 
with a centrally located platinum or nichrome wire.1 The bipolar 
concentric needle has two centrally located wires serving as the 
active and reference electrodes. In this manuscript, the bipolar 
electrode is not discussed since it is rarely used for clinical purposes, 
and hence, the term concentric needle is understood to refer to the 
standard type of concentric needle.

The metal cannula is 0.3 to 1.0 mm in diameter with a length 
comparable to the monopolar needle.8,25,29 A concentric needle 
electrode’s tip is beveled to 15 to 20 degrees with a central recording 
wire 150 µm by 580 µm with an area of 0.08 mm2. This internal 
wire is the active electrode while the cannula serves as the refer-
ence electrode. A separate ground electrode is required. The lack 
of Teflon and the beveled cutting edge can result in the concen-
tric needle being slightly more painful for patients since it slides 
through skin and other tissues less readily.

The concentric needle’s recording territory is believed to approxi-
mate a hemisphere with the cannula acting to shield the electrical 
activity adjacent to it from the active recording surface.4,5,22 The 
fact that the active (centrally located wire) and reference (cannula) 
are close to each other act to increase the instrument’s common 
mode rejection. This means that the similar activity recorded by 
both the active and reference electrodes are eliminated to a certain 
degree resulting in less noise detection. There continues to be 
some signal recorded because the electrical activity detected by the 
cannula is “averaged out” over its larger recording surface tending 
to decrease its amplitude considerably. As a result, compared to a 
monopolar needle, the same MUAP will have a smaller amplitude 
and fewer phases. As noted above, the duration of MUAPs is the 
same for both monopolar and concentric needle electrodes.

Monopolar Compared to Concentric Needles. There continues to 
be discussion about the advantages and disadvantages of monopolar 
compared to concentric needle recordings. It must be understood 
that one needle is not “better” than the other but simply different. 
The practitioner should become familiar with both types of needle 
recordings and how MUAPs and spontaneous activity appear using 
the different needles. In the final analysis, both needles are compa-
rable and usage depends upon personal preference.

Single-Fiber Electrode. The single-fiber electrode can be consid-
ered a modified concentric needle electrode.35 A metal cannula is 
still used, but the central wire is 25 µm in diameter. The central 
wire exits the cannula about 0.5 cm proximal and opposite the 
beveled tip. The small recording surface permits a very selective 
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Figure 3   Pictorial depiction of the different needle recording 
electrodes available and their uptake areas. (A) Monopolar needle 
electrodes require a separate reference and a ground electrode. (B) 
A standard concentric needle electrode is depicted which uses the 
cannula as a reference but does need a separate surface ground. (C) 
Single-fiber electrode with E-1 as a side port pickup and the cannula 
serves as the reference is shown. Again, a separate ground electrode is 
required. (D) Bipolar concentric needle electrode is described with two 
recording ports close to each other. The cannula is the ground while the 
two central wires are the active and reference electrode. (E) A subcuta-
neous electroencephalogram electrode is depicted. 



recording from one or two single muscle fibers with a hemispherical 
recording territory having a radius approximating 300 to 500 µm.34 
A separate ground electrode is required. 

Subdermal Electroencephalographic Electrode. The subdermal 
electroencephalographic needle is 10 to 20 mm long with a diam-
eter of 0.8 mm and made of stainless steel or a platinum/iridium 
alloy.31 They are primarily used to record evoked potentials but 
can also be employed to record near-nerve sensory or mixed nerve 
action potentials. There is no difference in the surface compared to 
needle-recorded cortical SEPs.11

PREAMPLIFIERS/AMPLIFIERS

The voltages generated by biologic signals are extremely small. 
These small magnitude voltages must be magnified prior to 
analysis. An amplifier is an electronic device with the capability of 
increasing the biologic signals’ voltage many orders of magnitude. 
Essentially all EDM instruments employ a two-stage amplification 
process. The first amplification stage occurs in a device referred to 
as a preamplifier, while the second amplification stage takes place 
within the instrument’s chassis and therein contained amplifiers.

A preamplifier is the small box typically attached to a flexible arm. 
It can be detached from the flexible arm and placed at any conve-
nient location next to the patient. The primary reason to have a 
preamplifier is to improve the signal-to-noise ratio, i.e., preferen-
tially magnify the biologic signal of interest over that of the sur-
rounding noise. The benefit of having a box containing amplifiers 
in the patient’s proximity is to first magnify the signal of interest 
with minimal contamination of environmental noise “picked up” 
by the lead wires acting as antennas. The biologic signal is again 
magnified after being conveyed to the instrument by long lead 
wires accompanied by a relatively lower amplitude environmental 
noise component. The advantage of this two-stage amplification 
process can be demonstrated by discussing a simple example.

Suppose that a biologic signal of interest has a magnitude of 10 µV 
while the patient’s intrinsic biologic noise occurring simultaneously 
with the signal approximates 2 µV (Figure 5). This signal will be 
recorded with two electrophysiologic instruments: one with and 
the other without a preamplifier. The wires conveying the signal to 
the main instrument chassis must be very long to convey the signal 
from the patient and, therefore, act as an antenna to record an en-
vironmental noise of approximately 10 µV for example. Both the 
signal (10 µV) and summated biologic plus environmental noise 
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Figure 5   (A) A biologic signal (EB) and biologic noise (ENB) of 10 
µV and 2 µV, respectively, are amplified after a set of long lead wires 
add an additional 10 µV of environmental wire nose (EWN) to be ampli-
fied. Amplifying the biologic signal and total noise 100 times results in 
a signal-to-noise ratio (S/N) of 0.83. (B-I). The biologic signal and noise 
are directly amplified 100 times through the use of short lead wires con-
nected to a “preamplifier” located in close proximity to the patient. (B-II). 
This amplified biologic signal and noise are then transmitted through 
long lead wires, which pick up 10 µV of environmental noise, to a set 
of amplifiers within the instrument. The added environmental noise plus 
the previously amplified biologic signal and noise are all amplified 100 
times. Adding a preamplifier to the system described in A resulted in 
improved S/N of 4.76.

Figure 4   The type of electrode used (surface vs needle) to record a 
waveform can have significant effects on the compound muscle action 
potential (CMAP). (A) A surface electrode is used to record a CMAP from 
the abductor pollicis brevis following median nerve stimulation at the 
wrist. (B) Placing a bare one-half inch needle electrode subcutaneously 
under the surface electrode location used in A results in a waveform 
with a difference onset latency and waveform morphology. (C) Locating 
a monopolar needle within the muscle at the same location as that 
used for the surface electrode in A results in a unique waveform quite 
different from either the surface or subcutaneous electrode recordings. 
(D) Positioning the monopolar needle deeper into the tissue results in a 
larger amplitude potential than that recorded in (C).
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(10 µV + 2 µV) are amplified. For this discussion, the amplifier 
magnifies both the signal and noise 100 times yielding a signal-to-
noise ratio (signal amplitude divided by noise amplitude) of 0.83 
({10 µV}x[100] ÷ {10 µV + 2 µV}x[100] = 0.83). This means that 
at the end of amplification, the signal of interest is only 83% of 
noise’s amplitude. In other words, the biologic signal of interest is 
17% smaller than the recorded noise and likely not observed.

If a preamplifier is added, the situation is dramatically improved. 
The small box containing a set of amplifiers is placed close to the 
patient and short electrode lead wires record a relatively small 
amount of environmental noise. Amplifiers within the preamplifier 
box magnify the biologic signal and associated noise 100 times, for 
example. The net result is that the biologic signal of interest and 
noise exit the preamplifier with magnitudes of 1000 µV and 200 
µV, respectively. The above-noted long wires conveying the signal 
from the preamplifier to the instrument’s main amplifiers within 
the chassis add the 10 µV of noise to the amplified biologic noise 
for a total noise to be amplified of 210 µV (200 µV + 10 µV). 
Again, both noise and desired signal are amplified 100 times in 
the second amplification stage with a biologic signal amplitude of 
100,000 µV and a total noise magnitude of 21,000 µV. In this case, 
the biologic signal’s relative amplitude compared to noise is 4.76 
times larger (100,000 µV ÷ 21,000 µV = 4.76). In other words, the 
additional of a preamplifier to the instrument has improved the 
magnitude of the observed biologic signal 5.73 times that of the 
recorded noise compared to an instrument without a preamplifier 
(4.76 ÷ 0.83 = 5.73). The biologic signal is now considerably larger 
than the recorded noise and more easily observed.

Amplification

The amplification of biologic signals can be expressed in two dif-
ferent but related ways known as gain or sensitivity. Gain is defined 
as the ratio of the amplifier’s output signal to its input signal. For 
example, if a 1 µV signal input emerges from an amplifier as 1 mV, 
the gain is 1000 {Gain = Output ÷ Input; 0.001 V ÷ 0.000001 V = 
1,000}. Because gain is a ratio of output to input voltage, no units 
are expressed. Sensitivity, unlike gain, is a ratio of the input voltage 
to the size of a CRT deflection. As a result, an amplifier with a 
setting of 1 µV/div implies that for every 1 µV of signal, it gener-
ates a CRT deflection of 1 division. A signal of 5 µV will produce a 
waveform on the CRT with an amplitude of 5 divisions.

It is important to understand that the gain or sensitivity has im-
portant consequences with respect to measuring sensory and in 
particular CMAP parameters. As the gain or sensitivity is increased, 
initial waveform deflections from the CRT’s baseline are visually 
detected earlier in time. This is because smaller aspects of the wave-
form’s initiation are magnified, and hence, more readily seen. The 
net result is to shorten the potential’s onset latency. For example, an 
amplifier with a sensitivity of 500 µV/div compared to 10,000 µV/
div records the same waveforms with onset latencies of 3.4 ms and 
3.8 ms, respectively (Figure 6). Both latencies are of equal validity. 
The normal reference values, however, are quite different for the 
same population when the two sensitivities are used.

This implies that the practitioner must reproduce the parameters 
under which the reference values were developed if those refer-
ence values are to be used. It is equally valid to develop one’s own 
reference values with a different amplifier sensitivity provided that 
sensitivity is used for all patients.

Input Impedance

Amplifiers and electrodes have an inherent impedance to current 
flow. The biologic signal can be considered the current source of 
interest while the electrode and amplifier in combination form a 
simple series circuit that obeys Ohm’s law. Ohm’s law states that 
the detected voltage (E) of a source generating a current flow (I) is 
equal to the current multiplied by the resistance (R), or in biologic 
systems, the impedance (Z): E = IR or E + IZ.30,36,39 The biologic 
signal must first be recorded by the electrode which means a certain 
amount of the voltage is lost or dropped across the electrode because 
of its intrinsic impedance. In other words, the current flowing from 
the patient into the electrode has to lose a portion of its associated 
voltage prior to reaching the amplifier.

The electrode and amplifier constitute a voltage divider as they form 
a series circuit. This means that the voltage not lost at the electrode 
remains to be amplified and hence displayed to the practitioner. 
The practitioner should prefer to have as little signal voltage lost at 

Figure 6   Effect of amplification on compound muscle action potential 
onset latency. A sequential reduction in amplifier amplification results in 
a prolongation of the potential’s onset latency. (Reproduced with per-
mission: Dumitru D, Walsh NE. Practical Instrumentation and Common 
Sources of Error. Am J Phys Med Rehabil 1988;67:55-65.)
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the electrode as possible, resulting in as much voltage as possible 
reaching the amplifier. This allows the signal to be presented accu-
rately on the CRT. Because the amplifier and electrode are the only 
two components sharing the biologic signal’s voltage, as long as the 
amplifier’s impedance is significantly larger than that of the elec-
trode, only a small portion is divided or lost at the electrode. This 
important concept can be expressed through simple mathematical 
terms by arranging and applying Ohm’s law several times.

As noted above, the biologic signal’s voltage (Etotal) loses a portion 
of its voltage across the electrode (Eelec) with the remaining voltage 
left to be amplified (Eamp) and subsequently observed. This means 
that the biologic signal can be represented as the sum of that voltage 
lost at each of the instrument’s components:

Etotal = Eelec + Eamp

Because the current is the same across each component in a series 
circuit each of the above component voltage drops can be expressed 
according to Ohm’s law:

Eelec = IZelec

Eamp = IZamp

These equivalent component terms can be substituted into the 
above voltage equation:

Etotal = IZelec + IZamp 

or

Etotal = I(Zelec + Zamp)

To determine what amount of voltage remains at the amplifier, we 
can substitute the rearranged Ohm’s law equation for the amplifier 
subcomponent into the above equation (I = Eamp/Zamp):

Eamp(Zelec + Zamp)
Etotal = ________________________________

Zamp

The above equation can now be solved for that portion of the 
biologic signal’s total voltage detected, and hence, amplified by the 
amplifier:

Etotal Zamp
Eamp = ________________________________

(Zelec + Zamp)

This final equation is merely a mathematical expression of the 
concept that the voltage presented to the amplifier depends upon 
the impedance of the amplifier and electrode. According to the 
above equation, if the amplifier’s impedance is considerably greater 
than that of the electrodes, most of the biologic signal’s voltage will 

remain for the amplifier. In other words, if the impedance of the 
electrode (Zelec) is comparatively insignificant, it can essentially be 
ignored, and the equation simplifies to:

Etotal Zamp
Eamp = ________________________________; or

Zamp

Eamp = Etotal

It can now be appreciated that the amplifier’s impedance, also 
known as input impedance, must be much greater that the elec-
trode’s impedance. When this is the case, the voltage associated 
with the biologic signal of interest loses an insignificant portion to 
the electrode permitting the amplifier to magnify most, if not all, 
of the signal for its clinical analysis. If the electrode’s impedance 
increases, then less of the signal remains for the amplifier, and 
waveform distortion occurs. Should an electrode’s impedance be 
relatively high, it is possible for a small amplitude potential to be 
recorded giving the false impression of axonal loss. Dirty electrodes 
can, therefore, result in false positive studies suggesting pathology.

Differential Amplification

All commercially available electrophysiologic instruments use two 
amplifiers; one amplifier is for the signal detected by the active elec-
trode and the other for the reference electrode’s signal.14,24 These 
amplifiers are manufactured with the same specifications; however, 
it is impossible for them to be identical. The amplifier connected 
to the active electrode is also known as the “positive” amplifier and 
simply magnifies the signal by the desired amount. The amplifier 
connected to the reference electrode (“negative” or inverting ampli-
fier) not only magnifies the detected signal by the same amount 
as the positive amplifier but also inverts the signal. These two 
signals are then electronically summated with the net result being 
displayed on the CRT.

If similar signals are detected by each electrode and the inverting 
amplifier reverses the signal’s polarity, like signals are eliminated 
(Figure 7). The combination of two similar amplifiers in which 
both amplify the signal but one inverts it is known as differential 
amplification because it is the difference between the signal re-
corded by each electrode that is amplified. The difference-mode 
signal (signal present at one but not both electrodes) is what is 
actually amplified while the common-mode signal (similar signals 
recorded at both electrodes) is canceled.

As noted above, it is impossible to build identical amplifiers. Also, 
no two electrodes are identical. These small amplifier and electrode 
impedance differences result in a good (but less than perfect) han-
dling of similar signals. The ability of an instrument to amplify 
a signal present at one electrode relative to the other (difference-
mode signal) compared to its ability to eliminate the same signal 
when present at both electrodes (common-mode signal) is known 
as its common mode rejection ratio (Figure 7). This value should 
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be greater than 10,000:1 and is a rough guide to the amplifier’s 
quality.

Filters

Filters can be thought of as devices which have the ability to extract 
portions of any signal detected by the two recording electrodes. 
These recording electrodes are nonselective and present to the am-
plifier not only the desired biologic signal, but any environmental 
as well as undesired biologic signals. The signal of interest, there-
fore, is “contaminated” with undesirable signals. For the purpose 
of this manuscript, noise is defined as unwanted signals arising 
within the instrument whereas interference is considered to consist 
of unwanted signals arising outside the instrument. The main 
purpose of filters is to reduce the noise or interference contained in 
the signal with minimal distortion of the desired signal. All signals 
can be thought of as consisting of relative amounts of various high 
and low frequencies. As a result, filters can be divided into high- 
and low-frequency filters. The manner in which filters function 
may be understood by first considering the concept of component 
frequencies.

Component Frequencies

All signals, including biologic waveforms, can be conceptualized as 
composed of multiple time varying sinusoidal waveforms with dif-

ferent amplitudes, phases, and frequencies summated together. The 
observed waveform, therefore, is a net result of the summations 
and cancellations of multiple waveforms producing a composite 
or summated potential. This concept can be demonstrated by con-
sidering a series of five waveforms with different frequencies and 
amplitudes (Figure 8). Summating all five waveforms produces a 
composite waveform that resembles a square wave. This net square 
wave potential bears absolutely no resemblance to any of the five 
component waveforms, yet is the result of all of them added to-
gether. Similarly, altering each component waveform slightly can 
result in a potential that begins to resemble a biologically recorded 
potential.

A filter has the ability to extract these individual component wave-
forms from the signal detected at the two recording electrodes. 
Filters are powerful and important devices because they can pro-
foundly affect a waveform’s appearance by altering the signal’s com-
ponent frequency content. Understanding the effects filters have on 
biologic waveforms is important to avoid false positive or negative 
results and hence erroneous diagnoses.

Low-Frequency Filters

All commercially available instruments have adjustable low-fre-
quency filters. An equivalent term for a low-frequency filter is 
a high-pass filter because the filter restricts low frequencies but 

Figure 8   (A) A square wave and five component sine waves which 
when added together result in the square wave. (B) A more “biologic” 
appearing potential and its component sine waves is shown. The 
frequency, phase shift, and relative amplitude are described below 
each component waveform. (Reproduced with permission: Dumitru D: 
Instrumentation. In: Electrodiagnostic Medicine, 1st Edition. Hanley & 
Belfus. 1995. pp 79-91.)

Figure 7   The results of differential amplification is depicted. (A) 
A signal is connected to both amplifiers in a common mode (same 
signal to each amplifier) manner. The gain is one. (B) In the difference 
mode montage the gain is 10,000. The common mode rejection ratio 
(CMRR) is 10,000 to 1. (Reproduced with permission: Dumitru D, Walsh 
NE: Electrophysiologic instrumentation, in Dumitru D (ed): Clinical 
Electrophysiology: Physical Medicine and Rehabilitation State of the Art 
Reviews. Philadelphia, Hanley & Belfus, 1989;3(4):684-691.)
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permits high frequencies to pass through unaltered. For the pur-
poses of this discussion, low frequencies are arbitrarily defined as 
those frequencies between 0 Hz and 500 Hz.

The best manner in which to appreciate the effects a low-frequency 
filter has on biologic signals is to evoke a SNAP or CMAP wave-
form multiple times and alter the low-frequency filter but keep 
the high-frequency filter constant. As the low-frequency filter is 
elevated from 1 to 300 Hz for both the SNAP and CMAP, the 
following changes occur: (1) shortening of the peak latency, (2) 
reduction in the negative spike duration, (3) decrease in amplitude, 
(4) creation of an additional phase, and (5) no alteration in onset 
latency (Figures 9 and 10).6,12,28 Elevating the low-frequency filter 
can also alter MUAP parameters. Specifically, increasing the low-
frequency filter from 2 Hz to 500 Hz results in a shortening of the 
MUAP’s duration and a decrease in its amplitude (Figure 11).

The above-described waveform changes can be understood by again 
considering the concept of component frequencies. When the low-
frequency filter is sequentially elevated, an increasing amount of 
low frequencies are extracted from the signal. It stands to reason 
that if data is removed from the waveform, the amplitude should 
decrease. Also, the waveform has a comparatively increased content 
of high frequencies since the low frequencies have been removed. 
Higher frequencies occur more rapidly in time than lower frequen-
cies, thereby acting to shift the entire potential so it occurs “sooner” 
in time (i.e., has a shorter latency). The comparatively higher 
frequency content similarly shortens the negative spike duration. 
A reduction in the waveform’s low-frequency content implies that 
the remaining higher frequencies become more manifest, demon-
strating more phases per unit time than a signal dominated by low 
frequencies, hence the addition of a third phase to the SNAP and 
CMAP. Finally, the SNAP and CMAP onset latency is not affected 
because it rapidly rises from the baseline and is dominated by high 
frequencies as opposed to low frequencies.

Figure 9   Recording an antidromic median nerve sensory nerve 
action potential (SNAP) with different low-frequency filters reveals a 
number of interesting waveform alterations (A-D). As low-frequency filter 
is elevated from 1 Hz to 300 Hz the SNAP’s onset latency is unaffected; 
however, the amplitude, peak latency, and negative spike duration all 
decrease. Note that the potential recorded at a low-frequency filter of 
300 Hz appears triphasic. 

Figure 10   A compound muscle action potential recorded with differ-
ent low-frequency filter settings results in waveform distortion similar to 
that documented for a sensory nerve action potential. 

Figure 11   Elevating the low-frequency filter from 2 Hz to 500 Hz can 
have profound effects on an motor unit action potential’s duration and 
amplitude. 
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High-Frequency Filters

A high-frequency or low-pass filter is defined to affect frequen-
cies between 500 Hz and 20,000 Hz. As for low-frequency filter 
waveform alterations, high-frequency filters can also distort the 
potential of interest. Removing high-frequency components from 
a waveform with a significant high-frequency content tends to:  
(1) delay the onset latency, (2) prolong the peak latency, (3) de-
crease the amplitude, and (4) increase the negative spike duration 
(Figure 12). Similarly, lowering the high-frequency filter can also 
affect MUAP parameters (Figure 13).

Extracting an increasing amount of component high frequencies 
from a potential results in less data contained in the waveform, 
which tends to reduce its amplitude. This ensuing waveform is 
predominated by low frequencies which take longer to occur in 
time than high frequencies, thereby prolonging the entire potential 
including the onset and peak latencies. These same factors result in 
a comparatively longer negative spike duration.

Suggested Filter Parameters

A universal consensus on optimal filter setting for any type of EDM 
study does not exist. The main goal for high- and low-filter cutoffs 
is to include all of the desired signal’s component frequencies and 
eliminate all of the undesired signals. It is impossible to reach this 
goal, and all investigators compromise to different degrees (Table). 
Prior to using any reference data, all of the parameters under which 
the reference data was collected (amplifier sensitivity, high/low-
frequency filter setting, etc.) must be exactly reproduced.

Sound

The energy contained within a biologic signal can be appreci-
ated aurally. The acoustic interpretation of normal and abnormal 
biologic signals is an intrinsic part of needle electromyographic 
examination. Frequently, normal and abnormal needle electromyo-
graphic potentials can be appreciated aurally before they are visually 
detected. As a result of the importance for this aspect of the EDM 
examination, the instrument must have the ability to reproduce 
and present acoustically the complete frequency content of the 
investigated waveform. A quality loudspeaker with good fidelity 
should be included in the instrument. 

Averaging

Some biologic signals such as somatosensory, brainstem auditory, 
and visual evoked potentials as well as pathologic SNAPs may be 
rather small and lost in the environmental interference and instru-
ment baseline noise.2,9 In order to properly evaluate these poten-
tials, the signal’s amplitude compared to the enveloping noise’s 
amplitude must be improved. This goal can be accomplished by 
using an averager.

Most if not all commercially available instruments use essentially 
the same principles with respect to averaging. The desired signal 
is surrounded by a time window specified by the practitioner. For 
example, a response occurring at the same time following a stimu-
lus can be extracted from the surrounding noise by taking advan-
tage of the fact that the desired waveform occurs at essentially the 
same time after each stimulation while the noise occurs randomly. 

Figure 12   A median nerve antidromic sensory nerve action potential 
(SNAP) can be recorded with a constant low-frequency filter of 1 Hz and 
a variable high-frequency filter from 10,000 Hz to 500 Hz (A-E). As the 
high-frequency filter is serially reduced, the SNAP’s amplitude declines, 
and while the onset and peak latencies increase. The negative spike 
duration increases only slightly. 

Figure 13   A reduction in the high-frequency filter from 10,000 Hz to 
500 Hz reduced an motor unit action potential’s amplitude and increases 
its duration. 
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The instrument places the signal and the time surrounding it into 
digital memory storage. The second response with an identical time 
frame is gathered and added point-for-point with the first response. 
Because the noise occurs randomly, the peaks and troughs of noise 
cancel somewhat while the desired response summates. The sum-
mated result is divided by two since two traces were added and the 
final waveform is displayed. If three traces or more were evoked, 
then the number of collected traces are all summated and divided 
by the number of gathered responses to generate an averaged re-
sponse. The number of averages required to optimize a waveform 
is variable and dependent upon the size of the noise compared to 
the signal of interest.

The process of increasing the desired waveform’s amplitude com-
pared to the surrounding noise is referred to as improving the 
signal-to-noise ratio (S/N ratio). The process of improving the S/N 
ratio is known to occur through a square root of the number of 
averages performed. The S/N ratio can be expressed mathematically 
as the signal of interest amplitude (S) multiplied by the square root 
of the number of averages (n) with this quantity divided by the 
amplitude of the surrounding noise (A):

S(√n)
S/N = ____________________

A

This equation can be related to clinical practice by assuming that a 
desired signal has an amplitude of 2 µV while the noise amplitude 
is 4 µV. If a single stimulus is delivered, the S/N ratio is 0.5 (S/N = 
{2 x √1} ÷ 4 = 0.5). This means that the signal is one half the noise 
magnitude and likely not easily observed. Performing four averages 
generates an S/N of 1.0. In this case, the desired signal and noise 
are of equal magnitude with difficulty in detection still present. If 
16 averages are obtained, an S/N of 2 results. In each case, the S/N 

improved by a factor of the square root of the number of averages 
compared to the previous result. 

CATHODE-RAY TUBE (VIDEO SCREEN) DISPLAY

The CRT, or video screen, is an electronic device that generates 
electrons and directs them to a phosphorescent screen. This screen 
glows momentarily when the electrons contained in the phosphor 
material are excited by the electron beam. Magnetic deflection 
plates permit the electron beam to be directed at any portion of 
the screen. The electrophysiologic instrument directs the electron 
beam to begin at the top of the CRT and then sweep across along 
a straight line until one edge of the CRT is reached. The electron 
beam then quickly returns to the original portion of the CRT, only 
displaced slightly inferiorly. This process of rastering repeats until 
the entire screen has been covered. In effect, the process repeats so 
rapidly that by the time the phosphorescence begins to decline, the 
trace has reached each spot again replenishing the screen. 

STIMULATORS

A stimulator is composed of a cathode and anode which produce 
neural depolarization. The cathode is the stimulator’s negative pole 
and attracts positive ions or cations while the anode is the positive 
pole and attracts negative ions (anions). Current flow is defined 
to originate at the anode and terminate at the cathode equating 
to the direction of positive ion flow. Neural stimulation occurs 
when the cathode is located over the nerve of interest and enough 
current is generated to reach the nerve’s threshold value. Once an 
action potential is induced, it travels both proximal and distal from 
the site of excitation. In EDM evaluations, supramaximal currents 
are employed and defined as a current or voltage intensity 10% to 
20% above that sufficient to generate a maximal motor or sensory 
response.

Stimulators manufactured today are said to be isolated. An isolated 
stimulator means that there is no physical contact between the 
instrument and the stimulator’s current generating circuit (Figure 
14). The current-generating circuit within the stimulator produces 
a current or voltage pulse in the stimulator by means of a trans-
former. This type of circuitry helps minimize stimulation artifact 
and aids in patient safety.

Anodal Block

The anode is also of interest. Previous clinical neurophysiologic 
teaching assumed that the nerve is hyperpolarized beneath the 
anode, thereby precluding either action potential generation at 
this site or neural propagation past the anode, thus creating anodal 
block. This concept of anodal block appears to be valid with animal 
preparations using special current generators; however, anodal 
block has not been demonstrated to occur during the routine EDM 
evaluation within tolerable current limits.10 In fact, given sufficient 

Table 1   SUGGESTED FILTER PARAMETERS

Examination / Low Frequency (Hz) / High Frequency (Hz)
NCV (motor) / 2-10 / 10,000
NCV (sensory) / 2-10 / 2000-10,000
EMG (qualitative) / 20-30 / 10,000
EMG (quantitative) / 2-5 / 10,000
SFEMG / 500-1000 / 10,000-20,000
SEP 1-10 500-,3000

NCV=nerve conduction velocity; EMG=needle electromyography;  SFEMG=single 
fiber electromyography; SEP=somatosensory evoked potential. 

Note: Use as little as possible so as not to distort the desired potentials 
recorded.



current, the anode can actually cause the nerve to depolarize and 
generate a propagating action potential. The potential delay which 
occurs when the cathode and anode stimulation sites are reversed is 
entirely accounted for by the increased distance between the active 
electrode and cathode, and not as a result of anodal block.10

Stimulator Types

Two basic types of stimulators can be used for neural conduction 
assessment: (1) constant current, and (2) constant voltage. A con-
stant current stimulator delivers the desired amount of current with 
each stimulation even though the skin resistance may change.13 The 
same amount of current is delivered because the voltage with each 
stimulation changes in exactly the amount necessary to deliver the 
same current despite any alteration in resistance. This concept can 
be understood by considering Ohm’s law: E = IZ. If the imped-
ance (Z) of the skin changes for example, then the driving voltage 
(E) must change accordingly to keep the current (I) constant. 
Suppose the skin impedance doubled. In order for the stimulator 
to deliver the same amount of current as it did prior to the im-
pedance change, the voltage emanating from the stimulator must 
also double. Similarly, if the impedance declined, then so does the 
voltage driving the current into the body. On the other hand, a 
constant voltage stimulator means that the same amount of voltage 

is delivered with each stimulation even if the impedance changes. 
In this case, the current must vary inversely with the impedance. 
If the impedance increases, then the current must decrease for the 
same voltage.

A variation on the stimulator type is surface versus needle. Although 
the most commonly used stimulator in clinical practice is a surface 
cathode and anode, it is certainly valid to use a needle cathode and 
anode.3,27,38,40 The best type of needle cathode to use is a monopolar 
needle with a pulse duration of 0.05 ms unless H-reflex studies are 
performed, in which case a duration of 1000 ms is used. No neural 
injury should occur with a near-nerve cathode location because the 
current density is insufficient to create temperatures detrimental to 
neural tissues.27 A needle cathode can be used with either a needle 
or surface anode. The main purpose of using a needle cathode is to 
position the cathode beneath the skin’s high impedance and in close 
proximity to the nerve, thereby requiring less current to depolarize 
the nerve. This results in less voltage used, reduced discomfort due 
to neural activation, and less stimulus artifact. Also, a more exact 
location of neural depolarization can be assured by reducing the 
amount of current. The disadvantages include needle phobia and 
possible traumatic neural insult.

Stimulus Artifact

One of the more annoying technical problems during the EDM 
examination is the generation of stimulus artifact which interferes 
with the desired response. In some cases, the stimulus artifact can 
be of sufficient magnitude to obliterate the waveform under inves-
tigation precluding analysis. In order to minimize stimulus artifact 
the following should be performed: (1) remove any perspiration 
between the cathode and active electrode, (2) use only a small 
amount of electrolyte paste, (3) locate the ground electrode next to 
the active (E-1 or G-1) electrode, (4) deliver only enough stimulus 
to just achieve a supramaximal response, (5) reduce skin impedance 
at all recording and stimulating sites,9,23,37 and (6) rotate the anode 
about the cathode in small increments until the stimulus artifact 
no longer interferes with the waveform.21 Another effective way 
to reduce stimulus artifact is to touch the patient without a gloved 
hand in the proximity of the stimulating electrodes (Figure 15). 
Although the reason this technique works is not clearly defined, 
by touching the patient the electrical volume of the patient may 
be effectively increased. It may be that the shock artifact is reduced 
because a portion of the voltage generated as stimulus artifact 
is “diluted out” since it is now shared between the patient and 
investigator. This method of stimulus artifact suppression can be 
surprisingly effective.

Some investigators recommend elevating the low-frequency filter 
as the stimulus artifact contains a significant amount of low 
frequencies.36 Although this approach may diminish the arti-
fact, it concomitantly affects the waveform. Rotating the anode 
about the cathode is a good way to reduce stimulus artifact 
after all of the above recommendations have been implemented 
(Figure 16). Finally, to avoid the above complications, the use of 
a needle cathode can be successful in minimizing stimulus arti-
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Figure 14   The instrument’s stimulator is said to be “isolated” 
because there is an absence of physical contact between the instrument 
and the stimulator’s current generating circuit contacting the patient 
(anode/cathode). This is accomplished through the use of a transformer 
(isolated circuitry). A magnetic field is generated in the circuit connected 
to the instrument which then causes electrons to flow in that portion 
of the stimulator connected to the anode/cathode thereby inducing a 
current flow without any physical contact between the two circuits, i.e., 
isolating the patient from the instrument. This prevents the possibility of 
the instrument inadvertently causing potentially dangerous current flows 
from the 60-Hz power supply to the patient.



fact when a large surface anode is positioned opposite the needle 
cathode.

Interference

A common form of interference arises from poorly relaxed muscles 
in the form of surface recorded MUAPs. Turning up the volume 
control on the speaker during a nerve conduction study can confirm 
the presence of inadequate relaxation, and appropriate measures 
can be taken to relax the patient. Also, a loose surface electrode can 
shift during the examination and generate an electrical potential 
capable of interfering with the waveform of interest. Performing a 
needle electromyographic examination about the chest region can 
result in a relatively large, regularly recurring potential. This is the 
electrocardiogram and should be ignored. If a patient has a pace-
maker, a second type of regularly recurring potential in the form of 
a sharply delineated spike potential can be observed.

Perhaps the most commonly observed types of electrical interfer-
ence arise from environmental sources in the form of 60-Hz inter-
ference. A 60-Hz signal can be recognized by noting that the time 
of recurrence is regular at intervals of 16.7 ms (60 cycles/1000 ms 

= 1 cycle/16.7 ms). If a regularly occurring potential every 16.7 ms 
abruptly occurs during the course of the examination, a dislodged 
electrode or broken electrode lead should be suspected. If this type 
of interference is noted at the beginning of the examination, similar 
problems should be suspected. Also, if two different types of re-
cording electrodes are used or one of the electrodes is covered with 
foreign material, common mode rejection is compromised resulting 
in the appearance of 60-Hz interference. The electrodes should be 
of the same material and meticulously cleaned after each use to 
avoid this interference. Fluorescent lighting can also be a strong 
source of a characteristic type of 60-Hz interference (Figure 17). 
This type of interference can usually be eliminated by turning off 
the fluorescent lights and using daylight from windows if available, 
or a small incandescent light bulb from a table lamp. It is possible 
to purchase fluorescent lights with low noise condensers which can 
eliminate some of the noise problem.

Interference can be suppressed by using a dedicated circuit and 
earth spike for the ground. A dedicated circuit is a wall plug origi-
nating from the power lines with no other associated wall plugs. 
In this way, the instrument does not share the power line with any 
other instruments or electrical equipment. This same wall plug uses 
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Figure 15   (A) An antidromic median sensory nerve action potential 
from the third digit is attempted by stimulating the median nerve at the 
wrist. Note that it is difficult to define the response secondary to a rather 
large stimulus artifact. (B) The stimulus artifact is significantly minimized 
following placement of the investigator’s hand on the patient in proximity 
of the stimulator.

Figure 16   An antidromic median sensory nerve action potential 
(SNAP) is recorded with the cathode (Ca) located 7 cm from the active 
recording electrode (Ac) with the reference electrode (R) located 4 cm 
distal to the active electrode. The anode (An1) is 2.5 cm proximal to the 
cathode. Trace A reveals the SNAP with an ill-defined onset latency, 
as it is clearly affected by the stimulus artifact. Rotating the anode 
about the cathode in 0.5 cm increments (An2-An4) eventually results 
in suppression of that portion of the stimulus artifact interfering with the 
SNAP’s onset permitting measurement of this parameter (Trace B-D). 
(Reproduced with permission: Dumitru D: Electrodiagnostic Medicine 
Pitfalls. In: Electrodiagnostic Medicine, 2nd Edition. Hanley & Belfus. 
2002. pp 546-570.) 
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a wire that connects to a metal spike driven into the ground creat-
ing an isolated or dedicated ground. The combination of these two 
electrical factors can help reduce most environmental interference. 
Some investigators recommend the use of a “Faraday box” where 
the room is encased in a copper wire mesh. A Faraday box can be 
quite effective in electrically shielding a room. Unfortunately, this 
type of arrangement can be expensive and defeated if a dedicated 
circuit is not used.

A 60-Hz notch filter can be used to suppress 60-Hz interference. 
This practice can result in waveform distortion secondary to filter 
effects and should not be routinely employed.

It is possible to diminish 60-Hz interference during the needle 
electromyographic examination if the examiner touches the patient, 
moves in close proximity to the patient, and places the preamplifier 
between the patient and examiner (Figure 18). The reason for this 
effect is unclear but can be quite effective and can obviate the need 
for a 60-Hz notch filter. Touching the patient can also diminish 
stimulation artifact during the nerve conduction portion of the 
EDM consultation.

SAFETY CONSIDERATIONS

It is the practitioner’s responsibility to ensure the electrophysiologic 
instrument is properly maintained to manufacturer’s standards.24 
This requires periodic electrical safety checks to evaluate leakage 
current. All electrodes and power cords must also be scrupulously 
maintained. One of the major concerns regarding electrical safety is 
the prevention of dangerous leakage current flows from the instru-
ment into the patient. It is a good idea to prevent the patient from 
coming into contact with metal objects or other electrical devices 
during the examination. A functioning ground plug must be used 
to assist in preventing stray current flows from reaching the patient. 
The maximal amount of leakage current acceptable is 100 µA or 
less from the instrument’s chassis to ground and 50 µA or less from 
the input leads to ground. Current frequencies of concern range 
from 0 to 1000 Hz because the heart is susceptible to depolariza-
tion at these frequencies. Less than 10 µA of leakage is tolerable 
when electrically sensitive patients are examined (e.g., patients with 
arterial lines or intravenous catheters). Patients with pacemakers 
can tolerate peripheral nerve stimulation, but all stimulation should 
be performed away from the thorax. The skin must be thoroughly 

Figure 17   Examples of common forms of interference observed on 
a cathode ray tube screen. (A) Fluorescent light during an electromyo-
graphic examination. (B) Pure fluorescent light interference revealing 
details of its usual alternating spike appearance. (C) Combination of 
fluorescent light and 60-Hz interference. (D) Almost pure 60 cycle inter-
ference. (E) Same trace as that in D except a 60-Hz notch filter has been 
introduced into the recording system. (Reproduced with permission: 
Dumitru D: Instrumentation. In: Electrodiagnostic Medicine, 1st Edition. 
Hanley & Belfus. 1995. pp 79-91.)

Figure 18   (A) Typical 60-Hz interference noted during a needle elec-
tromyographic examination. (B) Touching the patient in the vicinity of 
the needle insertion site but maintaining an arm’s distance reduces the 
60-Hz interference somewhat. (C) Moving in close to the patient while 
maintaining skin contact further suppresses the 60-Hz interference.
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dried in all possible electrically sensitive patients and must not 
contact other metal objects such as side rails.

Whenever operating the instrument, it is good practice to have 
the electrical outlet checked periodically. An isolated earth spike 
and dedicated circuit help to diminish electrical interference. The 
instrument should be turned on prior to attaching any electrodes 
to the patient and turned off only after the patient has been discon-
nected from the instrument to avoid power surges into patients. 
Extension cords should not be used as they encourage leakage 
currents. An electrical device attached to the patient (e.g., ventila-
tor) should share the same ground circuit as the electrophysiologic 
instrument. Only one ground electrode should be attached to the 
patient. Following these simple suggestions and ensuring routine 
electrical maintenance result in the delivery of electrically safe 
EDM evaluations.

Whenever a needle electrode is used about the supraclavicular 
region, thorax, or abdominal area, care must be exercised with 
respect to underlying structures. A detailed knowledge of anatomy 
is required to insert a needle electrode into any body region, par-
ticularly those overlying hollow viscera. Examining patients with a 
needle electrode in the thorax can result in a pneumothorax if the 
needle electrode is inserted too deeply without concern for lung 
tissue. Also, examining the abdominal muscles can result in punc-
ture of the peritoneal cavity.
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INTRODUCTION

All of the pitfalls relevant to the electrodiagnostic medicine (EDM) 
consultation are too numerous to cover in this presentation. 
However, it is important to discuss a number of the more common 
pitfalls that may be encountered during the routine EDM consul-
tation.

STIMULUS ARTIFACT

Perhaps one of the most commonly encountered and frustrating 
pitfalls is that of stimulus artifact. Stimulus artifact becomes a 
problem when the instrument’s amplifier is overwhelmed by the 
input stimulus during nerve conduction studies (NCSs) such that 
the desired response is adversely affected. Specifically, the desired 
response may be completely obliterated and hidden within the arti-
fact, or a significant portion of the response is distorted such that its 
amplitude or latency cannot be accurately determined. Fortunately, 
there are a number of interventions that can reduce stimulus arti-
fact sufficiently so as to obtain a meaningful response.

Perspiration/Skin Moisture

One of the most common causes of stimulus artifact is skin mois-
ture either from perspiration or the patient having just washed 
their hands. It is important to recall that electricity prefers the path 
of least resistance. For example, if one is applying the stimulating 
electrodes at the wrist and the hand is wet, a significant portion of 
the delivered electrical current will travel across the skin because 
the moisture is a good current conductor. Hence, a large amount 

of current will reach the recording electrodes prior to the physi-
ologic response, and is thus distorted. Removing the skin’s moisture 
circumferentially (electricity will travel any path—even on the back 
of the limb) will result in most of the current traversing the skin’s 
barrier into the subcutaneous tissues as opposed to across the skin’s 
surface. The simple act of removing perspiration can significantly 
reduce stimulus artifact.

In addition to perspiration, it is also important to remove various 
skin lotions and conditioners. The patient may have applied a skin 
conditioner (or makeup in the case of facial studies). These serve as 
excellent electrical conductors. Therefore, even if perspiration is not 
grossly observed, it is still wise to thoroughly clean the limb or face 
in the chance that it may significantly affect the stimulus artifact.

Electrolyte Cream

Excessive use of electrolyte cream can mimic the conducting effects 
of perspiration. Only a small amount of electrolyte cream should 
be applied to the recording and stimulating electrodes. If multiple 
stimuli are delivered and there has been movement of the stimulat-
ing probes, the electrolyte cream may have formed a bridge between 
the stimulating probes. If this is the case, significant current can 
flow between the two probes directly across the skin with little 
entering the body. This will require higher stimulus intensities and 
durations that can become quite painful.

Ground Electrode

It is a good practice to place the ground electrode in the vicinity of 
the recording electrodes between the recording electrodes and the 
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stimulating probes. This will serve to dampen the stimulus artifact 
somewhat and can facilitate more easily obtainable responses.

Current Intensity

A supramaximal current should be used for all neural stimulation. 
However, increasing the current above this amount can result in 
excessive stimulus artifact. It is certainly possible to continue to 
introduce current into the body after the response has been maxi-
mized. This practice can result in too much current for the instru-
ment’s amplifiers to handle, thereby resulting in excessive stimulus 
artifact.

Impedance

The impedance or resistance between the recording electrodes and 
skin can be quite high. This is because the skin acts as an electri-
cal insulator trying to reduce any current form entering the body. 
Because of skin resistance, electrolyte cream is used to facilitate 
the detection of electrical responses from underlying nerve and 
muscle by surface recording electrodes. As noted above, only a 
small amount of electrolyte cream should be used. In some cir-
cumstances, the skin’s stratum corneum is so thick that additional 
measures are required. For example, in the instance of somatosen-
sory evoked potentials, the electrical potentials are so small that 
large numbers of averages are necessary. However, regardless of how 
many averages are performed, if the skin resistance is too great no 
response will be detected. It is typically necessary to gently abrade 
the skin’s stratum corneum with an abrasive pumice to reduce the 
skin’s impedance.

Anodal Rotation

If the above interventional strategies fail to reduce stimulus artifact, 
one can try rotating the anode about the cathode.1 The stimula-
tor’s cathode is maintained over the optimal location for neural 
stimulation, but the anode is slowly rotated off the nerve in several 
millimeter increments with a stimulation applied between each 
incremental anodal change (Figure 1). This maneuver has the effect 
of realigning the voltage generated by the anode and cathode at 
the recording electrodes such that the voltage associated with the 
stimulus artifact is eliminated as a common mode signal through 
differential amplification.

Physical Contact

Occasionally it may be of great help in attempting to reduce stimu-
lus artifact to make physical contact with the patient. If the con-
sultant places one of their hands on the patient near the stimulus 
site between the stimulating and recording electrodes, a significant 
reduction in stimulus artifact can occasionally be observed. The 
exact reason for this effect is unclear, but it may have something to 
do with diffusing the stimulus artifact over a large volume conduc-
tor, i.e., two bodies instead of one.

Needle Cathode

The obvious reason for a large stimulus artifact is because of the 
amount of current injected into the patient. Using a needle cathode 
bypasses the skin’s impedance and hence less current is required. A 
reduction in the total amount of current results in a decline in the 
stimulus artifact’s magnitude.

Insufficient Current Delivery

If a submaximal response is delivered to a nerve, then all of the 
nerve’s axons will fail to be excited. As a result, the ensuing com-
pound muscle action potential (CMAP) will also be comparatively 
reduced in magnitude. This situation is likely to occur at sites 
where a previously subcutaneous nerve travels deeper in the body 
or proceeds between several muscle layers. A good example of this 
situation is the ulnar nerve at the wrist compared to the elbow 
region. At the wrist, the ulnar nerve is usually rather superficial and 
a relatively small amount of current is required to supramaximally 
activate the nerve. However, attempting to excite the ulnar nerve 
several centimeters distal to the ulnar groove at the elbow may 
result in a smaller response (Figure 2). At this location, the ulnar 
nerve is not very superficial and using the same “supramaximal” 
current as that employed at the wrist can now result in a much 
smaller amplitude CMAP. One may erroneously conclude that 
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Figure 1    An antidromic median sensory nerve action potential 
(SNAP) is recorded with the cathode (Ca) located 7 cm from the active 
recording electrode (Ac) with the reference electrode located 4 cm dis-
tally. The anode (An1) is 2.5 cm proximal to the cathode. Trace A reveals 
a SNAP with an ill-defined onset latency since it is clearly interfered with 
by the stimulus artifact. Rotating the anode about the cathode in 5 mm 
increments (An2-An4) results in stimulus artifact suppression (Traces 
B-D). (From: Dumitru and colleagues. Electrodiagnostic medicine, 2nd 
edition. Philadelphia: Hanley & Belfus; 2002. Reprinted with permis-
sion).



there is a conduction block between the wrist and elbow when in 
fact a submaximal stimulus has been delivered at the below-elbow 
location. Increasing the stimulus intensity and/or duration will 
restore the previously small response to one that is more similar to 
the wrist CMAP.

Inadvertent Nerve/Muscle Stimulation

It is important to recall that neither the body nor the electrodes 
“know” what response the physician wishes to record. The elec-
trodes will record electrical activity from any electrically activated 
tissue while the cathode will activate any nerve and muscle tissue 
within its immediate vicinity. A good example of these effects is 
attempting to records a response from a facial muscle while activat-
ing the facial nerve (Figure 3, line A). A common CMAP resulting 
from a facial muscle, particularly the orbicularis oculi, typically 
initiates with an initial positive deflection and may display several 
peaks. It may be necessary to relocate the recording electrode to 
better define a biphasic initially negative CMAP.

Recording from the nasalis muscle usually results in a biphasic, 
initially negative CMAP. If the facial nerve is activated just anterior 
to the ear (over the parotid gland) an apparently good response 
may be documented (Figure 3, line B). However, locating the 
stimulating cathode directly over the masseter muscle produces a 
similar looking response even though the recording electrode con-
tinues to be positioned quite some distance away over the nasalis 
muscle (Figure 3, line C). Stimulating the facial nerve posterior 
to the mandible’s neck also results in a good response from the 
nasalis muscle that is somewhat smaller than one obtained with 
stimulation anterior to the ear (Figure 3, line D). It can be seen 
that stimulating the facial nerve anterior to the ear results in both 
activation of the facial nerve with an ensuing nasalis CMAP as 
well as direct masseter muscle activation with its CMAP volume 
conducted over to the nasalis recording electrode. Stimulating the 
facial nerve posterior to the mandible precludes masseter muscle 
activation resulting in a pure facial muscle study. This is significant 
pitfall because one of the crucial studies in facial nerve prognosis is 
side-to-side CMAP amplitude comparisons. If the masseter muscle 
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Figure 2    (A) The ulnar nerve is activated at the wrist with a su-
pramaximal current when recording from the abductor digit minimi. (B) 
Applying the same current intensity at the below elbow location as that 
applied at the wrist results in a rather small response. (C) Increasing 
the current intensity restores the compound muscle action potential to 
an amplitude comparable to that obtained at the wrist. (From: Dumitru 
and colleagues. Electrodiagnostic medicine, 2nd edition. Philadelphia: 
Hanley & Belfus; 2002. Reprinted with permission).

Figure 3   (A) Stimulation of the facial nerve may commonly result in 
a biphasic initially positive compound muscle action potential (CMAP). 
The electrodes may need to be repositioned however, this may not 
always result in an initially negative biphasic CMAP. (B) Stimulating the 
facial nerve anterior to the ear while recording from the nasalis appears 
to yield an acceptable response. (C) Direct activation of the masseter 
muscle while recording over the nasalis again reveals a rather good re-
sponse however it is volume conducted from the muscle itself and does 
not represent a pure nasalis CMAP. (D) Activating the facial nerve near 
the stylomastoid foramen yields a nasalis muscle CMAP devoid of con-
tamination from the masseter muscle. (From Dumitru and colleagues. 
Electrodiagnostic medicine, 2nd edition. Philadelphia: Hanley & Belfus; 
2002. Reprinted with permission).



is activated it will yield a good “facial” nerve response even though 
the nasalis muscle or any other facial muscle for that matter may 
be completely denervated. A false good prognosis will be obtained 
suggesting the patient will have a good recovery when in fact they 
may not. 

Temperature

A reduction in temperature below 32°C in the upper and 30°C in 
the lower limbs can adversely affect NCS parameters. The NCS 
parameters typically affected include response amplitude, duration, 
latency, and conduction velocity. In general, a reduced limb tem-
perature results in slowing of neural conduction with a prolonga-
tion of all latencies and an increase in response duration. The effect 
on response magnitude is a bit more complex.

In order to better appreciate the effects of a reduction in tempera-
ture on response amplitude, it is necessary to distinguish between 
focal and generalized colling.3 Consider a sensory nerve action 
potential (SNAP) obtained from the superficial radial nerve fol-
lowing antidromic stimulation (Figure 4). Assuming that only that 
portion of the limb is cooled beneath the electrodes, an increase in 
amplitude above that of baseline can be expected. This is because 
the reduced temperature results in the nerve’s sodium channels 
closing more slowly, thereby allowing current to flow for a longer 
time and to build up a large magnitude response. The end result is 
a larger SNAP compared to baseline (Figure 4, line B). However, 
if the entire nerve is cooled over the stimulated segment, all of 
the nerve fibers will conduct more slowly with each nerve fiber 
being affected differently. The increase in asynchronous arrival of 
action potentials at the recording electrode increases the temporal 
dispersion, permitting greater phase cancellation than if only a 
focal segment of nerve had been cooled. Therefore, the increase in 
magnitude described above is offset by an increase in phase cancel-
lation, effectively resulting in a normal magnitude response (Figure 
4, line C). This response is delayed and temporally dispersed for all 
of the above noted reasons.

Another important effect of temperature is related to neuromuscu-
lar junction disorders. A reduction in temperature tends to dimin-
ish and at time repair a decrement present on repetitive stimulation 
at a higher temperature. For example, suppose a patient with a 
neuromuscular junction defect demonstrates a 15% decrement 
at a temperature of 36°C (Figure 5, line A). Cooling the patient’s 
limb down to 30°C results in not only a larger CMAP compared 
to the cool limb, but also repairs the decrement into the normal 
range (Figure 5, line B). The exact mechanism for this effect is 
unclear but may be related to sodium channel receptors staying 
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Figure 4   (A) A normal sensory nerve action potential (SNAP) is 
obtained from the radial nerve at a temperature of 33°C. (B) Focally 
cooling the skin beneath the recording electrode only results in a SNAP 
that is larger in magnitude as well as temporally delayed and increased 
in duration. (C) Cooling the entire nerve segments results in a decline 
in SNP amplitude with a further prolongation in latency. (From: Dumitru 
and colleagues. Electrodiagnostic medicine, 2nd edition. Philadelphia: 
Hanley & Belfus; 2002. Reprinted with permission).

Figure 5    (A) A 15% decrement is noted for a recording from a hand 
intrinsic muscle in a patient with myasthenia gravis who has a hand 
temperature of 36°C. (B) Cooling the hand to 30°C results in a repair 
of the decrement. (From: Denys EH. AAEM Minimonograph #14: The 
influence of temperature in clinical neurophysiology. Rochester, MN: 
American Association of Electrodiagnostic Medicine; 1991. Reprinted 
with permission.)



open longer as noted above (acetylcholine receptors), a reduction in 
the effectiveness of acetylcholinesterase, and other less well defined 
physiologic mechanisms.

End-plate Spikes

In this author’s opinion, one of the most common pitfalls associ-
ated with the needle EMG examination is that of confusing end-
plate spikes with fibrillation potentials and positive sharp waves. 
This may seem to be a rather odd statement at first, however, 
there is a less than full appreciation of the varied configurations 
end-plate spikes may display.2 This may be the most likely reason 
for some studies finding such a high prevalence of so-called fibril-
lation potentials and positive sharp waves in the foot intrinisic and 
paraspinal muscles.1 

The end-plate spike is a suprathreshold and, therefore, a propa-
gated single muscle fiber discharge. It is usually provoked by a 
needle EMG electrode positioned in close proximity to the muscle’s 
end-plate region and mechanically impinges on the terminal nerve 
fiber/neuromuscular junction complex. Since the needle electrode 
is essentially in the same location as the initiated electrical activ-
ity, a biphasic initially negative waveform is recorded. That is, the 
needle electrode is coincident with the action potential’s negative 
sink (initial negative onset) and then records the action potential’s 
terminal positive repolarization phase. It is ingrained in the major-
ity of EMG physicians that end-plate spikes are biphasic initially 
negative.

The above statements are certainly accurate, however, they are only 
a portion of the explanation with respect to the full spectrum of 
end-plate spike configurations. Suppose that the needle recording 
electrode is angled such that its shaft is in contact with the termi-
nal nerve fiber but its recording surface is a few millimeters distal 
to the neuromuscular junction. In this case the action potential’s 
initiation site is no longer coincident with the electrode’s recording 
surface. As a result, the action potential initiates away from, but 
propagates toward, the electrode. In this instance a triphasic end-
plate spike is recorded as it propagates toward, reaches, and then 
propagates away from the electrode (Figure 6). Since this triphasic 
end-plate spike is a single muscle fiber discharge, it will display a 
configuration identical to that of a fibrillation potential.

Additionally, suppose the above situation is operational, however, 
the electrode’s recording surface now compresses the muscle fiber 
such that action potential blockade occurs at the recording site. 
In this instance, the action potential once again initiates away 
from the recording electrode. As it approaches the electrode site, 
an initial positive deflection occurs. However, since the electrode 
is blocking action potential propagation, the action potential ap-

proaches, reaches, but does not pass beyond the electrode. In this 
instance the single muscle fiber configuration is that of a positive 
sharp wave (Figure 7).

It is the author’s contention that these atypical end-plate spike 
waveforms are encountered routinely and can be easily mistaken 
for fibrillation potentials and positive sharp waves.1 The most likely 
place to detect end-plate spikes with various configurations are in 
the small muscles of the hands/feet and the paraspinal region. This 
is because the end-plate region is a greater percentage of the muscle 
fiber length compared to longer limb muscles, and it can be diffi-
cult to avoid the end-plate region in comparatively smaller muscles. 
Additionally, it is not possible to accurately define the recording 
electrode’s location in the deep paraspinal muscles with respect to 
the end-plate region.

The best manner in which to differentiate fibrillation potentials, 
positive sharp waves, and true end-plate spikes irrespective of 
configuration is by the rate and rhythm of potential discharge. 
End-plate spikes fire irregularly and more rapidly than fibrillation 
potentials and positive sharp waves. Although it is true that fibril-
lation potentials may fire irregularly, the needle electrode should 
be repositioned away from the muscle’s midportion if at all pos-
sible prior to concluding that an abnormal membrane instability 
is present.
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Figure 6 Typical triphasic end-plate spikes recorded form the extensor 
digitorum brevis endplate region are depicted. Note the irregular firing 
rate but distinct similarity with fibrillation potentials. (From: Dumitru 
and colleagues. Electrodiagnostic medicine, 2nd edition. Philadelphia: 
Hanley & Belfus; 2002. Reprinted with permission).
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Figure 7   A needle electrode is purposefully positioned in the end-
plate region of the extensor digitorum brevis muscle. Typical biphasic 
initially negative end-plate spikes are shown in traces 1, 2, and 3. Also, 
note the triphasic end-plate spike in trace 3. Finally, traces 1, 2 and 4 
clearly depict end-plate spikes with a configuration similar to positive 
sharp waves. Note the irregular firing rate of all of these waveforms. 
(From: Dumitru and colleagues. Electrodiagnostic medicine, 2nd edition. 
Philadelphia: Hanley & Belfus; 2002. Reprinted with permission).
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