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Course Description 
This course is designed to highlight the basic principles of electrodiagnostic studies. It is suitable for electrodiagnostic technologists and physicians. The 
first lecture will explain the physiologic basis for the electrical activity of nerve and muscles cells. The various disease processes affecting the peripheral 
neuromuscular system will be reviewed. The second talk will be on the principles of nerve conduction studies. It will describe the proper recording and 
measurement techniques. The relationship between the measurements and the anatomic generators of the signals will be discussed. The last two pre-
sentations will discuss instrumentation and strategies to reduce noise and artifact. The effect of filters on the nerve conduction studies will be presented. 
Together, these presentations will give a review of the nerve conduction studies, and its applications to study the pathophysiology of the peripheral 
nervous system. 

Intended Audience  
This course is intended for Neurologists, Physiatrists, and others who practice neuromuscular, musculoskeletal, and electrodiagnostic medicine with the 
intent to improve the quality of medical care to patients with muscle and nerve disorders.

Learning Objectives  
Upon conclusion of this program, participants should be able to: 
(1) discuss the basic anatomy and physiology of the neuromuscular system.
(2) apply the motor and sensory nerve conduction study techniques to their practice.
(3) identify and avoid technical pitfalls.  

Activity Profile  
This enduring material activity is a reproduction of the printed materials from a course at the AANEM Annual Meeting (October 6-9, 2010). Physician 
participation in this activity consists of reading the manuscript(s) in the book and completing the clinical and CME questions. 

Release Date: January 10, 2011 
Expiration Date: January 10, 2014. Your request to receive AMA PRA Category 1 Credits™ must be submitted on or before the credit expiration date.  
Duration/Completion Time: 2 hours

Accreditation and Designation Statements  
The American Association of Neuromuscular and Electrodiagnostic Medicine (AANEM) is accredited by the Accreditation Council for Continuing 
Medical Education to provide continuing medical education for physicians. 
The AANEM designates this enduring material for a maximum of 2.0 AMA PRA Category 1 Credit(s)™. Physicians should claim only the credit com-
mensurate with the extent of their participation in the activity.
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INTRODUCTION

Nerve conduction studies (NCSs) are performed on almost all pa-
tients referred for electrodiagnostic (EDX) studies. These tests are 
useful to study the continuity, excitability, anatomic course, and size 
(i.e., number of nerve fibers) of the tested nerve. The NCS is also 
useful to localize and characterize the lesion (e.g., axonal, demyeli-
nating, focal, or diffuse), define distribution (e.g., proximal versus 
distal), grade severity, and perhaps make a prognosis.2,3 The useful-
ness of these procedures can be realized only when the procedure 
is performed properly. Also, one must understand the relationship 
between the underlying neural generators and the measurements 
made from their responses.4 This paper will focus on these two 
aspects of the routinely performed NCS. Uncommon NCSs such 
as conduction velocity distribution, silent period measurements, 
etc., will not be discussed. The operator should be able to recognize 
technical artifacts and be able to minimize them. While NCSs are 
performed in many nerves, the median nerve will be used for the 
purpose of illustration.

MOTOR NERVE CONDUCTION STUDY

Although the motor nerve conduction study (MNCS) is a NCS, 
the responses are recorded from a muscle. Therefore, it is impor-
tant to understand the structure of the peripheral neuromuscular 
system. A muscle contains thousands of muscle fibers organized 
in functional entities called “motor units” (MUs). A MU consists 
of all muscle fibers innervated by one motor neuron (See Fig. 1A).  
When the motor neuron depolarizes, an action potential (AP) propa-
gates from the neuron to the periphery along the motor axon. The 

AP propagates through the terminal axon branches and is transmitted 
to all innervated muscle fibers by release of acetylcholine. The muscle 
fiber AP propagates from the endplate to the tendon and activates 
the contractile element in the fiber. Every time the motor neuron 
discharges, all fibers in the MU respond by producing an AP and 
a twitch contraction. The summated electrical activity of all muscle 
fibers in a MU is called the “motor unit action potential” (MUAP)  
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Figure 1 The motor unit (A) and the motor unit action potential (B) are 
shown schematically. In C, the path of motor and sensory nerve fibers from 
the spinal cord to the periphery is shown. Note that the sensory nerve cell 
body lies outside the spinal cord while the motor neuron is inside the spinal 
cord. The sensory fibers make up the dorsal root and motor fibers make 
up the ventral root. Two stimulation sites and four separate locations of 
lesion are indicated. Their corresponding patterns on nerve conduction are 
shown in Table 3. Copyright Nandedkar Productions LLC, 2010.
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(See Fig. 1B). It is usually studied using needle electrodes, but can 
also be registered using surface electrodes (surface recorded motor 
unit potential [SMUP]).

The number of muscle fibers in a MU, called MU size, varies consid-
erably between different muscles and within a muscle. Small muscles 
used for fine movement have small MUs, while muscles producing 
a large force can have several hundred fibers in a MU. Larger MUs 
will create a larger SMUP.

Technique

Three electrodes are necessary for the all nerve conduction recording: 
the active, reference, and the ground. In MNCSs, the active electrode 
is placed over the “motor point” of a muscle innervated by the tested 
nerve. The reference electrode is placed off the muscle but near its 
origin or insertion. In most studies, the reference electrode position is 
slightly distal to the active recording electrode. The ground electrode 
is placed between the active recording electrode and the closest stim-
ulation site. For the median nerve, the active electrode is placed over 
the abductor pollicis brevis muscle. The reference electrode is placed 
over the thumb. The ground electrode is placed on the dorsum of the 
hand (See Fig. 2A).

The study begins by stimulating the nerve distally at a short fixed 
distance (usually 6-8 cm) from the recording site. Some laboratories 
may use an anatomic landmark (e.g., 2 cm proximal to the wrist 
crease) to locate the stimulation site. The cathode (i.e., negative pin) 
of the stimulator is placed over the stimulation site and the anode 

is proximal. At low stimulus intensity, the electrical field under the 
cathode may not be adequate to depolarize any nerve fiber. Hence, 
one observes a small stimulus artifact followed by the baseline. When 
the intensity is increased a few nerve fibers will depolarize and their 
nerve action potentials will propagate to the muscle. The MUs stim-
ulated in this manner will produce a small twitch of the muscle, and 
the recording electrode will register a sum of their SMUPs. When 
the stimulus intensity is increased more nerve fibers will be stimu-
lated. The muscle will show a stronger contraction, and the electrical 
response will be larger (Fig. 2B). This will continue until all nerve 
fibers supplying the muscle are stimulated. Further increase in inten-
sity will not affect the response. Such intensity is called maximal. To 
ensure that all nerve fibers are stimulated, the intensity is increased by 
another 10-20%. The response recorded at this supramaximal level 
is called the “compound muscle action potential” (CMAP) (See Fig. 
2C, top trace).

The CMAP is characterized by two basic measurements: latency (mea-
sured in milliseconds) and amplitude (measured in millivolts) (See Fig. 
2C). The onset of the CMAP occurs when the signal first deviates from 
the baseline (upward or downward). The time from stimulation to this 
point is the “onset latency.” For the distal site, this is also called the 
distal latency (DL). The amplitude is measured as voltage difference 
from onset (or baseline) to the negative (upward) peak. Some labo-
ratories measure the amplitude between the maximum positive and 
negative peaks, i.e., peak-to-peak amplitude. Additional measurements 
are also made of the area and duration of the negative peak.

Next, the nerve is stimulated at a proximal site. As before, the inten-
sity is increased to reach the supramaximal level (See Fig. 2C, bottom 
trace). The CMAP latency at this stimulation site is called “proximal 
latency.” The distance between the cathode positions for the two 
stimulation sites is measured to compute conduction velocity (CV) as:  
velocity (m/s) = distance (mm) / (proximal latency [ms] − distal 
latency [ms])

The procedure can be repeated for more stimulation sites, as neces-
sary.

Anatomic Correlation

When a single motor nerve fiber is stimulated, all muscles of fibers 
(few to > 100 depending upon the muscle) belonging to that MU 
will generate APs. This is a biologic amplifier which yields large am-
plitude signals that are easy to record. Hence, the default display gain 
setting is usually 2-5 mV/div.

The CMAP is usually a biphasic waveform with an initial negative 
(upward) deflection. This indicates that the active electrode is over 
the motor point. An initial positive (downward) deflection occurs if 
the active electrode is off the motor point or from volume conducted 
activity of neighboring muscles. The neighboring muscles may be 
stimulated due to excessive stimulus intensity or via anomalous in-
nervation. Therefore, it is important to observe the muscle twitch 
when recording the CMAP.

2 Motor and Sensory Nerve Conduction: Technique, Measurements and Anatomic Correlation AANEM Course

Figure 2 The recording setup for a median motor nerve conduction study is 
shown in A. The increase in the response amplitude with stimulus intensity is 
shown in B. The compound motor action potential responses from the distal 
and proximal sites are shown in C (top and bottom traces, respectively). 
The measurements are indicated next to the traces. Copyright Nandedkar 
Productions LLC, 2010.

Amp = amplitude, Dist = distance, DL = distal latency, PL = peak latency, 
Vel = velocity
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DL: 3.1 ms
Amp:  6.3 mV

PL: 6.85 ms
Amp: 5.7 mV
Dist: 200 mm
Vel: 53 m/s
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The CMAP latency represents the time of nerve AP propagation 
distal to the stimulation site through the terminal axon branches to 
the neuromuscular junction, plus the time for transmission of the AP 
to muscle fiber, depolarization of muscle fiber, etc. In essence, this is 
not the true time of nerve conduction. The CMAP latency from the 
distal stimulation site alone can not be used to compute CV. However, 
when the location of distal stimulation site is standardized (using fixed 
distance or anatomic landmark), one can compare the DL values. In 
pathology, CV is reduced causing increased distal latency.

The distance between the proximal stimulation site and the active 
recording electrode will vary among different subjects. Computation 
of the CV allows us to account for this variation. It is important to 
understand that the velocity characterizes the nerve segment between 
the stimulation sites and does not reflect conduction in other parts 
of the nerve. Also, the CMAP onset occurs with the arrival of the 
fastest conducting axon AP at the muscle. Therefore, the CV also 
reflects the AP propagation in the fastest axons. It can decrease due 
to demyelination of axons or loss of fast conducting axons.

The CMAP is the sum of SMUP of all stimulated MUs. Its ampli-
tude reflects the number of nerve axons and muscle fibers stimulated. 
Reduced amplitude will occur from reduced excitability of nerve fibers, 
loss of nerve fibers (degeneration following injury, loss of the MU), 
failure of neuromuscular transmission, loss of muscle fibers, loss of 
excitability of muscle fibers, and muscle atrophy. Amplitude also de-
creases due to a phenomenon called “phase cancellation” (See Fig. 3). 
The nerve fiber diameter varies within a nerve. Larger fibers conduct 
the AP faster than the smaller fibers. Therefore, the individual nerve 
fiber APs reach the muscle at different times. As a result, their SMUPs 
are not synchronous, with the positive phase of one SMUP partially 
coinciding with the negative phase of the other SMUP (See Fig. 3B). 

Their sum will cancel these phases of opposite polarity to yield a 
smaller amplitude waveform (phase cancellation). The time difference 
in the arrival of the fastest and the slowest axon AP at a muscle is called 
“temporal dispersion.” The greater the dispersion, the greater is the 
phase cancellation and smaller is the CMAP amplitude. The temporal 
dispersion will be greater when the distance between the stimulation 
and the recording site is longer. Therefore, the CMAP amplitude for 
the proximal site is usually smaller than the CMAP for distal stimula-
tion (see Fig. 2C). Increased dispersion also gives a slightly longer nega-
tive phase duration. The combination of a reduced amplitude with an 
increased duration causes the CMAP area to have less of a decrease.

F WAVE

The MNCS allows one to assess abnormalities distal to the stimula-
tion site. Many nerve lesions are proximal where the nerve is too 
deep to allow stimulation using a surface electrode. Fortunately, the 
stimulated nerve propagates its AP bidirectionally (See Fig. 1C). This 
allows us to record many types of late responses to investigate con-
duction in proximal segment. The F wave is one such late response 
that can be considered as an extension of the MNCS.

Technique

The recording setup for an F wave study is identical to that used 
for distal stimulation in a MNCS, except a longer sweep duration 
(e.g., 50 or 100 ms, instead of 20 ms) is used. The display gain is 
also changed to 200 or 500 µV/div. When the nerve is stimulated at 
supramaximal intensity, the CMAP is observed near the beginning 
of the trace (syou ee Fig. 4). A little later, one observes another low-

1

2

1 + 2 1 + 2

1

2

BA
Figure 3 Phase cancellation is shown schematically. In A, the two poten-
tials are synchronous and yield a high amplitude response. In B, there is 
temporal dispersion. The shaded areas highlight the portions where phase 
cancellation occurred. Note the resulting waveform has lower amplitude 
and longer duration. Copyright Nandedkar Productions LLC, 2010.

Figure 4 F waves from a normal nerve (A) show variable waveform. 
The dotted trace shows no F wave. Recordings from a patient with motor 
neuron disease (B) show higher amplitude F waves. Some responses 
(indicated by *) repeat, indicating that they are single motor unit poten-
tials. They are shown in superimposed mode at the bottom. Copyright 
Nandedkar Productions LLC, 2010.

CMAP = compound muscle action potential

CMAP                                 F Wave
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amplitude response with variable amplitude, latency, and shape. This 
is the F wave. In some stimuli, the F wave may not occur (See Fig. 
4A, dotted trace). Because of this variation, the nerve is stimulated 
several (often 10 to 20) times to register a few F waves.

Each F wave is characterized mainly by its onset latency, called F 
latency. As in the MNCS, the first deviation of the signal is used 
for latency determination. Due to the variable nature of the F wave, 
most laboratories use the shortest F latency for interpretation (shown 
by the arrow in Fig. 4). Modern systems can provide additional 
statistics such as maximum and mean values, dispersion (obtained 
as maximum − minimum F latency), etc. One can also measure the 
amplitude of each F wave and compute the aforementioned statis-
tics. Some laboratories use the difference between the F latency and 
CMAP (or M) latency for analysis. This is called the “F–M” latency. 
Using the distance between the stimulation site and the nerve root, 
the F velocity can be computed as: 

F velocity = 2 × distance / (min F latency − M latency − 1)

Finally, the persistence of the F wave is the percentage of stimuli that 
produced F wave.

Anatomic Correlation

When the nerve is stimulated, its APs propagate bidirectionally  
(see Fig. 1C).  The volley towards the muscle produces the CMAP. 
The volley traveling in the opposite direction reaches the spinal cord. 
The arrival of AP at the motor neuron can cause it to depolarize. 
However, the probability of such excitation is very low. Only a few 
neurons will depolarize sufficiently to generate a nerve AP that prop-
agates back to the muscle. The sum of their SMUPs is the F wave.

With each stimulation, different motor neurons may depolarize. Due 
to differences in their axonal CV and size of these MUs, the F wave 
will vary from one discharge to another. When none of the neurons 
depolarize, no F wave is seen (see Fig. 4A, dotted trace). When the 
number of MUs is reduced, the F wave may represent a single SMUP. 
This is readily identified from the repeater F wave that has the same 
waveform and latency on many recordings (see Fig. 4B).

The F wave latency represents AP propagation from the stimulation 
site to the motor neuron and back to the muscle (see Fig. 1C). It 
will be prolonged if there is a conduction defect anywhere along the 
nerve, distal or proximal to the stimulation site. By subtracting the 
M latency from the F latency, the time of the AP propagation in the 
distal segment is removed. This will allow one to study conduction 
abnormalities in the proximal segment only. This forms the basis for 
the F–M latency analysis. This latency difference represents the AP 
propagation from the stimulation site to the root and back. It is esti-
mated that roughly 1 ms is required to depolarize the motor neuron. 
This forms the basis for the formula for the F wave velocity.

The difference in F latency on successive stimuli reflects the differ-
ence in propagation velocity of nerve fibers. The minimum F wave 
latency (and also the F velocity) reflects the propagation in the fastest 

conducting axons. The minimum F latency is easy to measure. The 
mean F latency should be a more sensitive measurement to study 
reduced CV. However, this is not practical when the time available 
for the conduction study is limited.

The F amplitude will decrease if the MU size is reduced. 
Hyperexcitability of the motor neuron (e.g., in spasticity) will cause 
more motor neurons to generate F waves. Hence, the F amplitude 
will increase. The waveform will also become more complex. The 
same change in amplitude and shape will occur when the MUs are 
larger due to reinnervation.

The persistence of F waves will reduce when the number of MUs 
is reduced. Reduced excitability of motor neurons will also prevent 
motor neurons from generating F waves. Conduction block will 
also prevent AP propagation and reduce the number of F waves. In 
contrast, hyperexcitability of motor neurons will cause more MUs 
to participate in the F wave. This will increase the amplitude and 
persistence of the F waves.

SENSORY NERVE CONDUCTION STUDY

In principle, the sensory nerve conduction study (SNCS) is very 
similar to a MNCS. The nerve is stimulated at supramaximal in-
tensity to record the “sensory nerve action potential” (SNAP). The 
amplitude and latency of the response are used for analysis. However, 
there are many important practical differences between the MNCS 
and the SNCS.

Technique

When a nerve is stimulated, the AP propagates bidirectionally. The 
SNAP can be recorded proximal or distal to the stimulation site. As 
an example, the median nerve may be stimulated at the wrist and 
the SNAP recorded from the index finger (see Fig. 5A). The AP 
conduction in this instance is opposite of the natural SNAP propa-
gation. This is called an “antidromic” recording. If the digit II was 
stimulated to record a response at the wrist, it will be an “orthodro-
mic” approach. Either method for SNCSs can be used because both 
techniques have their benefits and limitations.

Sometimes, the conduction study will record responses from motor 
and sensory nerve fibers, e.g., ulnar nerve stimulation at wrist with 
the recording electrode over the elbow. This is called a “mixed NCS” 
and the response should be called “nerve action potential” (NAP). 
For simplicity, this response will be referred to as SNAP.

In MNCSs, the recording electrodes are placed over the muscle 
which acts like a biologic amplifier. In SNCSs, the response is re-
corded directly from the nerve. Due to the smaller number of axons 
in a nerve (compared to the number of muscle fibers in a muscle) the 
SNAP has a much smaller amplitude, often 1 to 100 µV. Therefore, 
noise and artifacts can be significant problems, especially in abnor-
mal nerves with small SNAPs. Fortunately, the SNAP is timelocked 
to the stimulation while the noise occurs randomly (see Fig. 5B). By 

4 Motor and Sensory Nerve Conduction: Technique, Measurements and Anatomic Correlation AANEM Course
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averaging several sweeps, the noise level is reduced to obtain a good 
SNAP for measurements (See Fig. 5C). It is important to recognize 
that a single large amplitude surface electromyography (EMG) spike 
can appear like a SNAP after averaging 8 or 10 responses. It is impor-
tant to make sure that the resulting averaged waveform is observed 
in each individual response used to compute the average. Alternately, 
two independent averages should be performed to demonstrate re-
producibility of the small SNAP. The noise and interference can be 
reduced using many simple procedures that are common to all EDX 
studies. They are summarized later.

Because of poor signal-to-noise ratio and high stimulus artifacts, the 
negative peak latency is generally preferred for analysis. Some labora-
tories also identify the onset latency of the SNAP. Using the distance 
between the cathode and active recording electrode, the CV can be 
computed as: 

velocity (m/s) = distance (mm) / onset latency (ms)

Anatomic Correlation

The SNAP is a sum of APs of all nerve fibers in the tested nerve. 
The SNAP onset indicates the AP arrival at the recording site. Note 
that this recording setup does not involve any neuromuscular junc-
tions or slow-conducting terminal axon branches. Therefore, the 
onset latency is also the time of the AP propagation between the 
stimulating and recording sites. Hence, a single stimulation site can 
be used to compute the CV as described before. One can also study 
conduction velocity for segments defined by two stimulation sites 
using the formula for motor nerve conduction velocity (MNCV). As 
in MNCSs, the onset latency and conduction velocity reflect conduc-
tion in the fastest axons.

The peak latency is measured from a summated response of fast and 
slow conducting axons. Theoretically, this may be a more sensitive way 
to detect abnormality than the onset latency. Peak latency is usually not 
used to compute CV using a single SNAP. Peak latency can be used to 
compute velocity between two different stimulation sites. In pathology, 
peak latency will be increased due to reduced CV.

The SNAP amplitude reflects the number of nerve fibers. It will 
be reduced due to the loss of axons and the reduced excitability of 
axons. The amplitude also decreases due to temporal dispersion. A 
single SMUP has a duration of several milliseconds (see the F waves). 
Hence a few milliseconds of temporal dispersion will still allow the 
SMUPs to summate in a CMAP. But, a single nerve fiber AP has a 
very short duration waveform (< 2 ms). Therefore, even 1 ms disper-
sion will not allow the APs to summate constructively (See Fig. 3B). 
As a result, phase cancellation causes significant amplitude reduction 
even in normal sensory nerves. This explains the low amplitude 
SNAP when the distance between the stimulation and recording sites 
is increased. Therefore, many laboratories limit the conduction study 
to only the distal site (i.e., short distance) and do not use proximal 
stimulation sites for the study.

STRATEGIES TO REDUCE NOISE AND ARTIFACTS

Simple procedures can significantly reduce the noise and interference 
in EDX studies. Here are some strategies that the author has used:

Clean the skin surface at the recording site. Use electrolytic gel •	
to apply the electrodes. The good contact between the electrode 
and skin, i.e., low impedance of recording electrodes, will reduce 
the background noise.
Use incandescent lights instead of florescent lights. The latter •	
give far more electromagnetic interference.
Unplug all the unused electrical equipment in the room as •	
power cords emit electromagnetic fields. Use short power cords 
and avoid use of extension cords.
Plug the instrument directly in a wall outlet. If possible, use a •	
dedicated electrical circuit for the EMG room. Make sure that 
the electrical outlet is properly grounded. This is not only neces-
sary to reduce the noise, but also for patient safety.

These strategies can be used in any EDX study. In NCSs, the stimu-
lator produces an electrical field that depolarizes the nerve. It also 
spreads to the recording electrode through skin, body tissue, etc. 
The intensity of this field is different at the active and recording 
electrodes. This difference is amplified by the EMG system and seen 
as the “stimulus artifact.” Many strategies can be used to reduce this 
artifact:

Clean the skin surface between the stimulating and recording •	
sites and remove any moisture (e.g., sweat). This reduces the 
spread of stimulus currents to the electrodes.
Place the ground electrode between the stimulating and record-•	
ing sites.
Clean the stimulation site to remove any dirt, oil, or lotions. Use •	
electrolytic gel to obtain a good contact, i.e., low impedance, 
between the skin and stimulator. This will require less stimulus 
intensity and hence less artifact.

Figure 5 The stimulation and recording setup for an antidromic median 
sensory nerve conduction is shown in A. The response on successive 
stimuli are timelocked on screen (B), but the noise is random. Average 
response (C) shows significantly reduced noise. Copyright Nandedkar 
Productions LLC, 2010.
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Stimulation

20 µV/div, 1 ms/div

A B
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Place the cathode securely over the stimulation site and rotate •	
the anode using the cathode as a pivot. Search for a position that 
emits the least artifact.
Keep the stimulator cables away from the recording electrode •	
leads.

CONDUCTION STUDIES IN NERVE PATHOLOGY

The beauty of nerve conduction is that one can stimulate and record 
a nerve response from several sites to localize and characterize the 
lesion. Two strategies can be used to demonstrate abnormalities. The 
first approach is to compare the patient NCS results with data ob-
tained from the same nerve in healthy subjects (see Fig. 6A). This re-
quires standardization of all recording parameters, e.g., filter settings, 
temperature, size and type of recording electrode, placement and 
separation of active and reference electrodes, distance between stimu-
lation and recording electrodes, etc. The reference values may also 
depend on the patient’s age and height. CV tends to decrease with 
age and height.6 SNAP amplitude will be smaller in subjects with 
thick digits.1 Many investigators have defined “regression equations” 
to account for such demographic variables. Others have defined 
reference values for different age groups. However, most laboratories 
use a single set of reference values (See Tables 1 and 2) and make 
allowances for mild abnormalities. As example, a minimum median 
nerve F latency of 34 ms may be interpreted as normal because the 
patient is over 6 ft tall.

The limits shown in Tables 1 and 2 are the typical values that the 
author has noted in many different laboratories. They do not rep-
resent data from one single institution. In general, different labora-
tories are in concordance regarding the normal limits of latency and 
velocity but not for amplitude. Hence, one should be careful in using 

absolute limits of amplitude (See Tables 1 and 2). Side-to-side com-
parisons can help confirm pathology when amplitude is borderline 
normal or reduced on the affected side.

The second method to detect abnormality compares the latency 
(or velocity) of two nerves in the tested area. As an example, ring 
electrodes are used to record SNAPs over the ring finger (see Fig. 
6B). The median and ulnar nerves are stimulated individually using 
a distance of 14 cm between stimulating and recording electrodes. In 
normal hands, the peak latency of these two SNAPs should be very 
similar. But a significant difference (> 0.7 ms) will suggest pathol-
ogy in the nerve with a longer latency (Fig. 6B). The “cumulative 
sensory index” (CSI) adds such a latency difference from different 
comparisons of median, ulnar, and radial sensory nerves.5 Similar 
comparisons can be performed in MNCSs. In fact, a side-to-side 
comparison of CMAP amplitude is highly recommended for more 
challenging conduction studies.

Focal lesions (e.g., carpal tunnel syndrome) are best recognized using 
a short distance between the successive stimulation sites, or between 
stimulation and recording sites. In contrast, diffused lesions are better 
identified using long segments (e.g., F waves). The latency values 
also are more reproducible for long segment studies due to smaller 
percentile error in distance measurements.

Regardless of the method of analysis, the changes in latency and 
amplitude reflect the underlying pathophysiology. Table 3 lists the 
expected findings for different types of pathologies occurring at dif-
ferent sites (see Fig. 1D). The tabulation assumed a mild to moderate 
disease. Severe pathology will give abnormal findings for many mea-
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Figure 6 Two strategies of identifying nerve conduction abnormality 
are illustrated. In A, the absolute latency value is increased for wrist 
stimulation. In B, the latency difference between two different nerves is 
increased. These recordings are from a patient with carpal tunnel syn-
drome. The pattern of nerve conduction study abnormalities (see Table 3) 
corresponds to demyelination at site 1 in Figure 1C. Copyright Nandedkar 
Productions LLC, 2010.

Site Latency 
(ms)

Amplitude 
(mV)

Velocity 
(m/s)

Wrist 5.1 10.8

Elbow 8.8 10.3 62

A

Wrist

Elbow

Median

Ulnar

Nerve Latency 
(ms)

Difference 
(ms)

Median 5.65 2.1

Ulnar 3.55

B

5 mV/div, 2 ms/div                                                                                     5 µV/div, 2 ms/div

Table 1 Suggested reference values for motor nerve conduction 
studies and F wave studies

Nerve Motor Nerv Conduction Studies F wave 
study

Distance 
(cm)

Distal 
latency (ms)

Amplitude 
(mV)

Velocity 
(m/s)

Latency 
(ms)

Median 7 4.4 4 49 32
Ulnar 7 3.6 5 49 32
Peroneal 8 6 2 39 56
Tibial 8 6 3 39 56

Table 2 Suggested reference values for antidromic sensory nerve 
conduction studies

Nerve Segment Distance 
(cm)

Peak 
latency 

(ms)

Peak 
amplitude 

(µV)
Median Wrist—index/long finger 14 3.6 15
Ulnar Wrist—small finger 11 3.1 10
Radial Forearm—wrist 10 2.9 15
Sural Calf—lateral malleolus 14 4.4 5
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surements indicated as normal in Table 3. The following important 
observation can be made:

Amplitude change in MNCS helps to recognize a conduction •	
block.
A focal demyelinating lesion affects SNAP amplitude more than •	
the CMAP amplitude (Fig. 6).
NCSs differentiate a root lesion from a distal lesion (e.g., at the •	
plexus).
F waves are useful to study proximal demyelinating lesions.•	
One cannot distinguish between the nerve pathologies (conduc-•	
tion block versus degeneration) in the very acute phase. After 
a few weeks, these disease processes have distinct patterns of 
abnormality.
In primary muscle disease or in neuromuscular junction dis-•	
eases, a NCS is useful to rule out a neuropathy.

The F wave test appears to be very sensitive, but that sensitivity may 
be realized only if a very large number of F waves are recorded. This 
is not practical, and, hence, the F wave study has limited diagnostic 
value. However, it can serve as a good check for consistency of the 
conduction studies. As an example, stimulation distal to conduc-
tion block gives a CMAP with normal latency and amplitude. 
Stimulation proximal to the site of conduction block will give a 
much smaller CMAP. The CV may be slightly reduced if all the fast 
conducting axons are blocked. In this situation, the expected result 
is that the F wave latency increases and persistence is reduced. This 
is a consistency check!

Pathology Location MNCS SNCS F wave EMG
Dist Lat Dist Ampl Prox Ampl Velocity Latency Ampl Latency Ampl Persist SA MUP Recr

Normal - N N N N N N N N N N N N
Focal demyelination 1 ↑ N N N ↑ ↓ ↑ N N N N N

2 N N N ↓ N N ↑ N N N N N
3, 4 N N N N N N ↑ N N N N N

Diffused demyelination - ↑ N/↓ ↓ ↓ ↑ ↓ ↑ N N N N N
Conduction block 1 N ↓ ↓ N N ↓ N N ↓ N N ↓

2 N N ↓ N N N N N ↓ N N ↓
3, 4 N N N N N N N N ↓ N N ↓

Nerve degeneration 
(immediate)

1 N ↓ ↓ N N ↓ N N ↓ N N ↓

2 N N ↓ N N N N N ↓ N N ↓
3, 4 N N N N N N N N ↓ N N ↓

Nerve degeneration (> 
3 weeks)

1, 2, 3 N ↓ ↓ N N ↓ N N ↓ ↑ N/↑ ↓

4 N ↓ ↓ N N ↓ N N ↓ ↑ N ↓
MU loss without 
reinnervation

- N ↓ ↓ N N N N N ↓ ↑ N ↓

MU loss with 
reinnervation

- N N N N N N N ↑ ↓ N ↑ ↓

Neuron 
hypoexcitability

- N N N N N N N N ↓ N N IR

Neuron 
hyperexcitability

- N N N N N N N ↑ ↑ N ED IR

Central weakness - N N N N N N N N N N N IR
NMJ–Presynaptic (at 
rest)

- N ↓ ↓ N N N N ↓ N N Unstb N

NMJ–Postsynaptic - N N N N N N N N N N Unstb N
Myopathy - N N N N N N N N N N ↓ ↑

Table 3 The primary abnormalities due to nerve lesions of different types and at different sites indicated in Figure 1B. 
If the lesion is severe, many measurements shown as normal (indicated as N) may also become abnormal. 

Ampl: amplitude, Dist: distal, ED: extra discharge, EMG: electromyography; IR: irregular, Lat: latency, MNCS: motor nerve conduction study; MUP: motor unit potentials, persist: 
persistance, Prox: proximal, Recr: recruitment pattern, SA: spontaneous activity, SNCS: sensory nerve conduction study; Unstb: unstable, ↑: increased, ↓: reduced
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INTRODUCTION

The fundamental principles of nerve and muscle physiology is an 
important aspect of electrodiagnostic (EDX) medicine and should 
be appreciated by all persons attempting to elicit sensory nerve 
action potentials (SNAPs) and compound muscle action potentials 
(CMAPs) during routine nerve conduction studies (NCSs). Although 
the SNAPs and CMAPs are in actuality the summated responses of 
thousands of individual nerves and and hundreds of muscle fibers, 
respectively, the waveforms detected are nevertheless composed of 
individual cellular action potentials. It is, therefore, important to ap-
preciate how action potentials are formed on a cellular level and the 
manner in which pathology can alter their configurations.

RESTING MEMBRANE POTENTIAL

To fully appreciate an action potential, the first step is to understand 
the resting membrane potential. Initially consider a cell membrane that 
separates an intracellular compartment from the extracellular space 
(See Fig. 1A). This membrane is particularly special in that one of its 
interesting properties is to permit some ions (positively or negatively 
charged atoms or molecules) to pass through the membrane while 
precluding the passage of other ions. This particular property is referred 
to as “selectively permeable.” Therefore, picture a cell with this type of 
membrane. Into this cell some large negatively charged (anions) pro-
teins are deposited. Outside of the cell there is a fluid medium contain-
ing positive ions such as sodium (Na+), potassium (K+) and a negative 
ion such as chloride (Cl−). Now, the intracellular negative protein ions 
will electrostatically attract any and all positive extracellular ions near 
the outside of the cell. If the membrane has little pores in it that have 
the ability to selectively allow some ions in but not others, an interest-
ing situation will occur. Indeed, the selectively permeable membrane 
has just such properties and lets in the positive potassium ions and the 
negative chloride ions. There is a large concentration of both potas-

sium and chloride ions in the extracellular fluid and they rush into a 
region with a lower concentration of these ions (from outside to inside 
the cell). The high concentration of the potassium outside plus the 
negatively charged proteins inside exert two strong forces that compell 
potassium to enter the cell. Some negative chloride ions will also 
enter the cell because their concentration is so much greater than that 
inside the cell. Of note, there are no pores at this point for the positive 
sodium ions, so they cannot enter the cell.

The potassium keeps entering the cell until its concentration inside the 
cell is greater than that outside the cell. The positive potassium ions 
that have entered the cell have neutralized some of the negative protein 
charges, but not all of them. Also, some negative chloride ions have 
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Figure 1 The electrical state of a nerve or muscle fiber at (a) rest, and 
during an action potential is shown (b-e). The corresponding intracel-
lular voltage levels are shown in the plot in the lower left. Copyright 
Nandedkar Productions LLC, 2010.



entered the cell because there is so much on the outside even though 
the negative protein ions are trying to stop them from entering. The 
net result is that at some point no more potassium can enter because 
the concentration is just too high inside the cell even though there is 
still some negative charge on the intracellular proteins trying to pull 
them in. A balance is reached when any new potassium ion that enters 
the cell is exchanged for a potassium ion exiting the cell. This balance is 
referred to as a “dynamic equilibrium.” The voltage at this point across 
the cell membrane would be about 80-90 mV with a net negative 
charge inside the cell compared to the outside of the cell, referred to 
as a “resting membrane potential” of −90 mV. Therefore, a cell in the 
resting state is 90 mV more negative inside compared to the outside of 
the cell (See Fig. 1A). Another way to say this is that the concentration 
gradient of the ions is equal to the electrical gradient of the charges. 
That is, there is still a net negative charge of the protein ions inside 
the cell attracting more positive potassium ions to the inside of the 
cell (electrical gradient), but this electrical attraction is balanced by the 
higher intracellular concentration of potassium repelling additional 
potassium ions to from entering (concentration gradient).

ACTION POTENTIAL GENERATION

All of the cells in the body generally behave as described above. That 
is, all living cells in the body possess a resting membrane potential. 
However, there are several types of unique cells that, in addition to a 
resting membrane potential, also possess the ability to generate a rever-
sal of this −90 mV resting membrane potential and generate a transient 
propagating reversal of the resting membrane potential. These special 
cells are referred to as “excitable tissues.” Some of the cells are heart 
muscle, smooth muscle, skeletal muscle, and nerve cells. This paper is 
primarily concerned with nerve and muscle tissues.

Returning to the above described cell that has achieved a resting mem-
brane potential of −90 mV, suppose there were additional ion pores or 
channels in the membrane that are present but closed that will permit 
only positive sodium ions to pass through the membrane. Additionally, 
these sodium specific channels are closed when the cell is in its resting 
state, i.e., −90 mV inside the cell. Further, these sodium channels are 
special in that they contain a protein voltage sensor that will cause the 
channel to open if it senses a sufficient enough change in the transmem-
brane potential. However, these channels are very special and will open 
permitting sodium ions to pass if the inside of the cell approaches −65 
mV inside compared to outside. Several types of energy injected in close 
proximity to the nerve or muscle tissue can cause the inside of the cell 
to become less negative, approaching or becoming even less negative 
than −65 mV. Specifically, mechanical, electrical, magnetic, or chemical 
stimuli can produce a less negative voltage inside the cell.

If a significantly negative charge is placed about the exterior of the 
cell, e.g., a cathode from an electrical stimulator (See Fig. 1B), and a 
large amount of negative charge is pumped into the tissue, a number 
of interesting changes will occur. If enough negative charge is depos-
ited on the outside of a nerve, for example, the inside of the cell will 
be relatively positive. So, even though the inside of the cell is still −90 
mV, if the outside of the cell is made equal to −200 mV for example, 
then the outside of the cell is −110 mV more negative or the inside of 
the cell, and the inside of the cell is “relatively” positive. As far as the 

sodium channel sensor is concerned, the inside of the cell has gone 
from −90 mV to a relatively more positive value. The shift in the 
transmembrane potential now causes the sodium sensor to undergo 
a conformational change and open.

When the sodium sensor opens, the high concentration of sodium ions 
on the cell’s exterior will now serve to push the sodium ions into the cell 
and the intracellularly located negative protein ions will pull the positive 
sodium ions into the cell: the sodium ions are flowing down both their 
electrical and concentration gradients. This inrush of positive sodium 
ions serves to depolarize the membrane (See Fig. 1C). These sodium 
channels are also special in another way. The can only remain open for a 
few tenths of a millisecond and then they close. Their closure precludes 
further inrushing of sodium ions. So, what happens to the sodium ions 
that entered the cell? They move away from their entry point and neu-
tralize some of the adjacent negatively charged protein ions (See Fig. 1D). 
If enough sodium ions have rushed in and neutralized enough negative 
protein ions in the adjacent region, this portion of the membrane will 
now be less negative. If it is less negative enough to approach −65 mV, 
then the process will reoccur in the neighboring region of membrane. 
That is, the sodium channels next to the original region of depolarization 
will now sense the transmembrane voltage change and undergo a confor-
mational change, opening and permitting sodium ions to rush in. These 
inrushing sodium ions will repeat the process noted above. This repeti-
tive process of one region of membrane depolarizing the next is referred 
to as “action potential propagation,” or, more commonly, “continuous 
action potential propagation” (See Fig. 1E). This type of action potential 
propagation is found in muscle tissue and unmyelinated neural tissue.

Of course, if something were not done to reset the membrane the 
nerve or muscle would remain in a state of depolarization. Therefore, 
after the sodium channels close and preclude any further entrance of 
sodium ions, another set of potassium ions, which are sensitive to the 
transmembrane voltage change similar to the sodium channels, now 
open. They allow some of the potassium ions to flow out of the cell 
because they can go down their concentration gradient (higher inside 
compared to outside) and there is less electrical pull on them from the 
negative protein ions because some of the entering positive sodium 
ions neutralized this nagativity, permitting a more free flow of the posi-
tive potassium ions out of the cell (See Fig. 1D). The special potassium 
channels remain open for some time until the inside of the cell is once 
again restored to −90 mV. This process of resetting the cell in prepara-
tion for another action potential is referred to as “repolarization.”

Of note, a small amount of some positive sodium ions leak into the 
cell in the resting state. If this process went unchecked it would even-
tually depolarize the cell spontaneously. To preclude this from hap-
pening, there is a small protein in the cell membrane that uses energy 
to transfer the sodium ions that leaked into the cell and transport 
them outside. Additionally, this same mechanism also brings in some 
potassium to keep things balanced. This mechanism is referred to as 
the “sodium–potassium adenosine triphosphate (ATP)-ase pump.”

NEURAL ANATOMY

There are two fundamental types of neural tissue with respect to ana-
tomic composition: unmyelinated nerve and myelinated nerve tissues. 
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In an unmeylinated nerve there is usually a supporting cell that enve-
lopes multiple nerves. Conduction in these fibers is continuous as noted 
above. Most EDX medicine techniques cannot assess the functioning 
of this type of neural tissue. The second type of neural tissue (See Fig. 
2A) is a long axon enveloped for a length of about 1 mm by a Schwann 
cell that has wrapped itself multiple times around the nerve forming a 
thick layer like that of insulation on a wire. There is a very small gap 
after which another Schwann cell has wrapped itself around the nerve. 
This segmented wrapping of the nerve extends from the anterior horn 
cell down to the muscle the nerve eventually innervated or, if a sensory 
nerve, all the way to the end organ. The small gaps are called “Nodes of 
Ranvier.” At these nodes the nerve is exposed to the extracellular space 
and there is a high concentration of the sodium and potassium channels 
discussed earlier. Therefore, when an action potential occurs at one of 
these nodes, it is propagated to by jumping to the next node. Instead of 
depolarizing each adjacent segment of nerve (continuous conduction), 
the action potential is excited from one node to the next, i.e., skipping 
along the nerve in 1 mm increments. This type of conduction is referred 
to as “salutatory conduction.” The advantage of salutatory conduction is 
that it is significantly faster than continuous conduction.

The myelinated nerves in our bodies are surrounded by supporting 
connective tissues (See Fig. 2B). Immediately adjacent to the indi-
vidual nerve fiber is the “endoneurium.” Groups of nerve fibers are 
then surrounded by more connective tissue forming fascicles referred 
to as the “epineurium.” Tying all the fascicles of a nerve together is an 
outer investing connective tissue layer called the “perineurium.”

NEUROMUSCULAR JUNCTION

Those nerves destined to innervate muscle tissue have a particularly 
fascinating termination (See Fig. 2C). In particular, the terminal 
portion of the nerve forms a rather bulbous end that is no longer 
covered by the enveloping Schwann cells, i.e., it is unmyelinated. The 
nerve divides into several footpads that lie in a depression within the 
muscle membrane’s surface. There is a small gap between these foot-
pads and the muscle membrane called the “synaptic cleft.” Within 
the terminal nerves footpads are small vesicles filled with a neu-
rotransmitter called acetylcholine (ACh). The synaptic cleft contains 
an enzyme called acetylcholinesterase (AChE) which has the property 
to cleave the ACh into its constituent molecules.

When an action potential descends along the axon and reaches the 
terminal nerve portion it causes calcium channels to open in the termi-
nal nerve. The extracellular calcium flows into the nerve terminal and 
binds with special molecules holding onto the vesicles containing the 
ACh acting to push them to the terminal nerve membrane. As these 
vesicles encounter the terminal nerve membrane they fuse with the 
membrane thereby releasing their contents of ACh into the synaptic 
cleft. A portion of these molecules are joined with the AChE. These 
ACh molecules are broken down and recycled to the terminal nerve. 
That portion of ACh not broken down fuses with protein receptors in 
the adjacent muscle membrane. These receptors are referred to as ACh 
receptors. When two molecules of ACh fuse with a single receptor, this 
receptor undergoes a conformation change and opens. This receptor 
opening causes a hole in the membrane permitting ion flow. A large 
amount of extracellular positive sodium ions flow into the muscle cell 

resulting a transmembrane reversal of potential as described earlier. In 
other words, this region of muscle membrane is depolarized. If this 
depolarization is sufficiently large, it will result in a propagating action 
potential out onto the muscle fiber.

MUSCLE FIBER ANATOMY AND PHYSIOLOGY

The muscle membrane is somewhat similar to unmeylinated nerve 
from an electrical perspective; sodium, potassium, and chloride 
channels are present and initially act to create and maintain a resting 
membrane potential. Additionally, muscle tissue has the ability, as 
noted previously, to respond to a transmembrane voltage shift of 
sufficient magnitude to induce and sustain a propagating action 
potential. This action potential is continuous and not salutatory.

PATHOPHYSIOLOGY OF NERVE TISSUE

Neural Injury Classification

There are two basic types of neural injury classification that are both 
based primarily on histologic neural assessment and not necessar-
ily electrically based. These classifications derive from two surgeons: 
Seddon and Sunderland. These classifications are the result of direct 
observation of the nerve under a microscope. Although these classifica-
tions do not pertain directly to EDX medicine with respect to deriving 
data to define these injuries, they are nevertheless instructive to gain an 
understanding of the types of nerve injuries likely to be encountered.

The Seddon classification is straightforward and consists of three neural 
injury types: 1) neurapraxia, 2) axonotmesis, and 3) neurotmesis. 
Neurapraxia is the only one that can be defined electrophysiologically. 
This is a temporary blockade of neural conduction frequently referred 
to as “conduction block” (see Fig. 3B). There are many ways to induce 
conduction block but perhaps the most familiar is when someone's  
foot falls asleep. In essence, we have induced a transient blockade of 

Node of 
Ranvier

Myelin

Axon

A

Muscle 
fiber

Myelinated axon

Footpad

Synaptic 
cleft

Junctional fold

Synaptic 
vescicles

Ach 
receptorsEndonureum

Epineurium Fascicle

Perineurium

B C

Ion 
channels

Figure 2 The structure of a myelinated nerve fiber is shown schematically: 
(A) Node of Ranvier and salutatory conduction, (B) the cross section shows 
nerve fibers in fascicles and their surrounding tissues, and (C) the neuromus-
cular junction. Copyright Nandedkar Productions LLC, 2010.



afferent (sensory) and efferent (motor) conduction secondary to isch-
emia. When we uncross our legs the blood flow is restored to the nerve 
about the fibular head and neural conduction resumes. The second 
type, axonotmesis, of injury is not easily reversible and results when the 
axon is no longer in continuity but the supporting connective tissue 
structures are still intact (See Fig. 3D). This type of injury may occur 
in a mild traction injury whereby the axon, but not the surrounding 
connective tissue, is disrupted. This lesion type has a relatively good 
prognosis since the nerve hopefully can regrow down the intact neural 
tube. The third type of injury, neurotmesis, occurs when not only the 
axon has been disrupted but so too the supporting connective tissues 
(See Fig. 3E). This may occur with significant trauma from severe trac-
tion or laceration. Prognosis is very guarded in this case since the nerve 
no longer has an intact pathway through which it can regrow.

Sunderland’s classification is more complex and consists of five types. 
Type I is essentially the same as Seddon’s neurapraxia, i.e., a transient 
conduction block. Type II is also similar to Seddon’s axonotmesis, 
i.e., axonal disruption only. Type III is defined as a combination of 
axonal and endoneurial disruption. Type IV is Type III plus epineur-
ial damage. Finally, Type V is a combination of Type IV with the ad-
dition of perineurial disruption. These are very fine distinctions that 
must be made under the microscope. The value of this classification 
lies in its ability to define a prognosis. Simply put, the more disrup-
tion in the supporting connective tissues, the less likely for neural 
repair and, hence, a worse prognosis.

CLINICAL ASPECTS OF NEURAL INJURY

Conduction Block

In a patient who has sustained a lesion producing conduction block, 
one of several types of neural insults may have occurred. In particular, 
we have already discussed an ischemic type of lesion producing a tran-
sient blockade of neural conduction. In this type of lesion, there is no 
demyelination present and recovery will occur when the blood flow 
is restored. Of course, if this cessation of blood flow lasts too long, 

the nerve will die with an end result similar to axonotmesis. A second 
type of pathology resulting in conduction block may result from acute 
or chronic compression. Compression may result in damage to the 
myelin sheath of the nerve (this is the insulation produced by the 
Schwann cells noted above) (See Fig. 3B). In order to repair the nerve, 
the myelin must be removed. Damaged myelin and removal of myelin 
results in action potential failure as the action potential can no longer 
bridge the unmyelinated region of nerve. This results in conduction 
block. Repair of this segment of nerve occurs by the Schwann cells 
undergoing mitosis, covering the unmyelinated region, and producing 
myelin to once again insulate the nerve. When the myelin is restored, 
action potential conduction can be resumed and conduction block 
is no longer present. Although the nerve is once again myelinated, 
there are now an increased number of internodes resulting from the 
proliferation of Schwann cells (See Fig. 3C). Each of these internodes 
must now be depolarized across this segment. Because there are more 
internodes compared to a normal nerve and each internode requires a 
finite time for depolarization, the conduction across this remyelinated 
segment may not return to normal. 

Axonal Loss

If the axon has been disrupted at a particular location, it disinti-
grates distal to the injury site (See Fig. 3D). Therefore, the nerve 
must regrow from the lesion site all the way to the end organ. As 
noted above, if the endoneurial tube is disrupted, the prognosis for 
recovery is guarded. The longer the distance between the lesion site 
and end organ also suggests a relatively worse prognosis.

Electrophysiologic Consequences

A number of changes electrophysiologically can be observed as they 
relate to the a lesions explored here. In conduction block, stimu-
lating above the presumptive lesion site will result in a reduced 
or absent amplitude (depending upon lesion severity) as recorded 
distal to the lesion site. Stimulating below the lesion site but re-
cording from the same location noted above will result in a normal 
response. If the lesion producing conduction block induced signifi-
cant demyelination, then the repair process requires remyelination. 
Conduction slowing may be observed across the lesion site once 
repair has occurred.

If axonal loss has occurred, a different set of findings are produced. 
Stimulating above and below the presumptive lesion site will result 
in a reduction in response amplitude. If a sufficient number of 
fast conduction fibers have been lost, a reduction in conduction 
velocity can be seen. If a motor axona is damaged, needle electro-
myography (EMG) may reveal any or all of the following: mem-
brane instability, recruitment abnormalities, and motor unit action 
potential (MUAP) configuration changes

NEUROMUSCULAR JUNCTION PATHOPHYSIOLOGY

A convenient way to classify pathology affecting neuromuscular 
injury relates to the anatomic location of the lesion as it relates to 

Figure 3 Nerve pathology is illustrated schematically. The conduction 
block in B is indicated by X. Copyright Nandedkar Productions LLC, 2010.
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the synaptic space. A lesion may be located at the terminal nerve and 
is referred to as a “presynaptic disorder.” If the pathology affects the 
space between the nerve and muscle regions it is known as a “synaptic 
space” lesion. A problem with the ACh receptors on the muscle fibers 
is known as a “postsynaptic disorder.”

Presynaptic Disorders

The most frequently discussed presynaptic disorder affects the release of 
the ACh molecules and is referred to as “Lambert-Eaton syndrome.” This 
disease is based in an autoimmune disorder adversely affecting the calcium 
channels in the terminal nerve. In Lambert-Eaton syndrome, when an 
action potential invades the terminal nerve the calcium channels do not 
function properly and an insufficient amount of calcium enters the nerve 
terminal. As a result, there is not enough calcium to help the ACh vesicles 
fuse with the membrane. Therefore, a reduction in the total amount of 
ACh released results in fewer molecules available to fuse with the ACh 
receptors in the muscle tissue. This in turn results in failure of action po-
tential generation and subsequent weakness in those muscles affected. The 
reduced action potential generation can be observed electrophysiologically 
by a reduced CMAP. A brief muscle contraction is usually sufficient to 
pump enough calcium frequently to generate a CMAP approaching 
normal and the patient may note an improvement in strength. Within a 
relatively short time, however, the CMAP returns to its very low amplitude 
accompanied by a reduction in patient strength.

Synaptic Space Disorders

Disorders affecting the synaptic space primarily adversely affect the 
enzyme responsible for breaking down ACh, i.e., AChE. These dis-
orders may be congenital or acquired. Practitioners are more likely 
to encounter acquired disorders particularly resulting from organo-
phosphate poisoning. These are compounds that have a high affinity 
for the AChE molecule and bind with it very tightly. This means that 
when ACh normally is released, there is an insufficient amount of the 
enzyme to reduce its total amount of ACh. The postsynaptic recep-
tors are flooded with too much ACh which causes prolonged muscle 
fiber depolarization. If the muscle fiber is in a constant state of de-
polarization, then it cannot recover to contract again. This results in 
weakness and even death if the respiratory muscles are affected.

Postsynaptic Disorders

The neuromuscular junction most likely to be detected in practice 
is that of “myasthenia gravis” which involves a reduced number of 
ACh receptors in the muscle fiber endplate zone. This disorder results 
from an autoimmune disease which attacks the ACh receptors. Even 
though a normal number of ACh molecules are released with each 
nerve depolarization, a reduction of ACh receptors causes failure of 
action potential generation because a sufficient amount of sodium 
ions cannot enter the muscle fiber thereby precluding action poten-
tial generation. Of course, this results in a reduction in the CMAP as 
well as patient weakness.

PATHOLOGY OF MUSCLE TISSUE

Muscle tissue can show characteristic histologic and correlative elec-
trophysiologic findings depending upon whether the disorder affects 
nerve or muscle tissue. There are characteristic findings from an 
electrophysiologic standpoint in muscle if the muscle has been den-
ervated due to axonal loss or affected by a disease intrinsic to muscle, 
such as a primary myopathic disorder (i.e., a myopathy).

Consequences of Axonal Loss

If there is a direct lesion adversely affecting an axon, such as to induce 
axonal loss, the muscle is then said to be denervated (See Fig. 4C). 
Within several days to weeks the muscle fibers no longer innervated 
will begin to atrophy and spontaneously depolarize. Inserting a 
needle electrode into this tissue will reveal spontaneous electrical activ-
ity that is not under voluntary control referred to as “positive sharp 
waves” and “fibrillation potentials.” If the lesion is incomplete, those 
remaining intact nerve fibers will send out collateral sprouts (small 
nerve fibers within the muscle tissue) in an attempt to reinnervate the 
previously denervated muscle fibers. If they are successful, a number 
of electrical consequences will ensue.

If previously denervated muscle fibers are newly reinnervated by an 
intact nerve then more muscle fibers will be attached to the intact 
anterior horn cell compared to the situation prior to reinnervation. 
When this anterior horn cell depolarizes and subsequently causes all 
of its innervated muscle fibers to depolarize, a large number of fibers 
will fire. This increase in fibers will produce more electrical current 
and, hence, a larger MUAP (See Fig. 4C). Also, the collateral sprouts, 
as well as the original terminal nerve fibers, most likely will not be 
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Figure 4 The cross section of two normal motor units (MUs) with over-
lapping territories (large circles) is shown at the center. In normal motor 
units (B), the muscle fibers are scattered randomly. In myopathy (A), note 
the variability of fiber diameter and loss of muscle fibers. In the bottom 
schematic (C), the MU to right was lost. Its denervated fibers are shown 
with dotted lines. Some of its fibers are reinnervated by the surviving 
MU. This reinnervated MU has more fibers than the normal MU and also 
shows groups of fibers in the territory. The expected MU potential wave-
forms in these conditions are shown on the right. Copyright Nandedkar 
Productions LLC, 2010.
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conducting electrical activity, resulting in less temporal summation 
of the newly innervated fibers with the original ones belonging to 
this motor unit. Therefore, a reduction in temporal summation of 
electrical activity will lead to an increase in temporal dispersion of 
summated electrical activity, producing a polyphasic motor unit 
action potential. For this reason more electrical activity recorded per 
motor unit can result in MUAPs with longer durations compared 
to normal. The end result of denervation with reinnervation can be 
motor units that are larger, longer, and more polyphasic. If enough 
motor units are lost because of the denervation process, recruitment 
of motor units (temporal and spatial summation of additional motor 
units with an increase in force production) may be observed.

Consequences of Primary Muscle Disease

A disorder intrinsic to muscle, such as polymyositis, can produce a 
number of characteristic histologic and electrophysiologic findings. 
Intrinsic muscle disease can result in muscle fiber degeneration, regen-
eration, small fibers, hypertrophy, split fibers, and segmental necrosis 
(See Fig. 4A). As a result, a portion of the muscle may become sepa-
rated from the endplate zone (i.e., its nerve supply) and effectively be 
rendered denervated. As with axonal loss lesions, denervated fibers will 
begin fibrillation and both positive sharp waves and fibrillation poten-
tials may be detected in some myopathies. The smaller single muscle 
fibers will generate smaller action potential amplitudes such that when 
summated per motor unit, the MUAPs also will be smaller. Because 
the amplitude of the waveform is smaller overall, it is more difficult to 
detect the MUAPs onset and termination thereby creating the effect of 
smaller duration as well as smaller amplitude MUAPs. Since the fibers 
are different sizes (fiber size variation is frequently seen in myopathies) 
their conduction velocities also vary which will in turn results in a 
reduction in the temporal summation of action potential arrival at the 
recording electrode. The net result can be an increase in polyphasic 
MUAPs. As each motor unit contains less than healthy muscle fibers, 
they cannot produce an adequate amount of force. This results in 
patient weakness and the motor units recruited too early.

SUMMARY

It is important to understand both the normal and abnormal func-
tioning of nerve and muscle tissue. This permits the practitioner 
hopefully to avoid a cookbook approach to patient diagnosis and a 
more focused and flexible examination. Because the EDX medicine 
examination is a dynamic assessment and needs to be flexible as more 
data is acquired, the practitioner must be well versed in disease physi-
ology and pathophysiology to be equally flexible and up to the task of 
altering the assessment as mandated by the acquired data.
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INTRODUCTION

There are a multitude of pitfalls relevant to the performance of nerve 
conduction studies. This discussion is limited to only two: inter-
electrode separation and filters. These two pitfalls are particularly 
misunderstood among novice as well as seasoned practitioners. This 
discussion will clarify and hopefully simplify both of these issues with 
the goal of helping practitioners avoid errors in clinical practice due 
to interelectrode separation and filter effects.

INTERELECTRODE SEPARATION

Electrodes

Three electrodes must be utilized to record routine motor and 
sensory responses: active (E1), reference (E2), and ground. The so-
called active electrode purposefully is located over the presumptive 
tissue of interest, e.g., peripheral sensory nerve or motor point of 
a limb muscle. The reference electrode usually is positioned nearby 
while the ground electrode is located best between the stimulating 
cathode and active recording electrode, thereby helping suppress 
some of the stimulus artifact and set the instrument’s zero potential 
level. The obvious question arises: How close or how far should the 
reference electrode be located? To properly answer this question we 
need to briefly review the concept of differential amplification.

Differential Amplification

Recall that the typical electrodiagnostic (EDX) instrument has 
two amplifiers (See Fig. 1). One simply magnifies the signal input 

without substantively changing the signal and is referred to as the 
“noninverting amplifier.” The information detected by the active 
electrode is fed into the noninverting amplifier to amplify this signal. 
The second amplifier receives its input from the reference electrode 
and performs two functions on this signal. First, it inverts the signal 
with respect to its polarity (turns it upside down) thereby earning its 
designation as the “inverting amplifier,” and then amplifies the signal 
to the desired amount and to the same degree as the noninverting 
amplifier. The signals detected by the active and reference electrodes 
are first amplified (one is inverted and the other not) and then sum-
mated electronically. Therefore, any signals that are common to both 
electrodes (common mode signals) are subtracted out while those 

Electrodiagnostic Medicine 
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Figure 1 The differential amplifier is shown schematically. The common 
mode noise is cancelled by the amplifier to give a flat baseline. Copyright 
Nandedkar Productions LLC, 2010.
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that are different (different mode signals) are amplified and subse-
quently displayed for observation and analysis.

How does this help the practitioner observe the signal of interest 
while eliminating those signals designated as “noise?” We are com-
pletely enveloped in a sea of large and small electrical signals perme-
ating our environment (e.g., radio, television, microwave, and cell 
phone signals). However, the signal of interest in the patient is quite 
small and comparatively insignificant in magnitude. So, how does 
the practitioner see the biologic signal of interest while ridding the 
environment of noise. This is where the two electrodes connected to 
the inverting and noninverting amplifiers come into play.

Large environmental noises can be removed. For the sake of simplic-
ity, assume that there is a single relatively large environmental signal 
originating from a local television station that has a magnitude of 
1000 mV. This signal penetrates the office and is recorded by both 
the active and reference electrodes located on the patient’s 3rd digit 
so as to record an antidromic median sensory nerve action potential 
(SNAP). Assume also that the amplifiers are set to a gain of 100, 
i.e., they will amplify any signal they record 100 times. Therefore, 
the active electrode detects the television signal, records it as 1000 
mV and then amplifies it 100 times for a net signal of 100,000 mV. 
Similarly, the reference electrode also detects this same signal but 
inverts it so that it is now −1000 mV and then amplifies it 100 times 
so the final signal it records is −100,000 mV. These two signals then 
are summated electronically (100,000 mV + [−100,000 mV]) as 
100,000 mV − 100,000 mV resulting in a net zero recorded voltage 
from the television stations. The process of differential amplification 
has completely eliminated the unwanted signal (See Fig. 1).

Sensory Nerve Action Potential

The biologic signal of interest is quite small and on the order of 
microvolts. The active and reference electrodes are located on the 3rd 
digit some distance apart and have eliminated the unwanted noise. It 
is essential to determine how far apart to place these two electrodes. 
Certainly, they should not be placed immediately next to each other 
or they would both record the same signal. If the same signal is re-
corded by the active and reference electrodes they are eliminated as a 
common mode signal. So, how far apart should we place them?

The answer to this question is rather simple when stated generally: The 
two electrodes should be  close enough to eliminate the common signals 
and far enough to not interfere with the biologic signal (See Fig. 2B).  
We gain insight into the biologic signal of interest by considering 
what we want to know about the signal. We want to obtain an ac-
curate reading of latency and amplitude. The latency tells us if there 
is any slowing of conduction, suggesting either demyelination and/or 
axonal loss. The amplitude needs to be accurate because we utilize it 
to define the total number of axons activated thus inferring whether 
there is axonal loss. Both of these parameters can be adequately ad-
dressed by conceptualizing a traveling action potential. It takes a 
finite time for an action potential to reach it maximum depolariza-
tion. For sensory nerves this takes about 0.8 ms; from no potential 
to maximum potential at any one location will require roughly 0.8 
ms. The distance the traveling wavefront moves in 0.8 ms needs to 

be determined. Assuming an average conduction velocity of roughly 
50 M/s, the equation NCV = D/T (NCV: nerve conduction velocity; 
D: distance; and T: time) yields 40 mm or 4.0 cm (50 M/s = D/0.8 
ms; D = 4.0 cm). This means that the traveling action potential’s 
initial wavefront will be 4.0 cm in front of this same action potential’s 
maximum amplitude. The action potential extends along the nerve 
and has a spatial distribution of 4.0 cm from it onset to its maximum 
peak. So, if we place the two electrodes 4.0 cm apart, they will record 
some of the information of interest (time to maximum amplitude) 
as a common signal and subtract it out. The closer the electrodes are 
placed (less than 4.0 cm), the more of the signal will be eliminated 
and hence the smaller it will appear. This exercise demonstrates that, 
if at all possible, the active and reference electrodes should be located 
about 4.0 cm apart when recording SNAPs, if we want to record 
latencies and amplitudes that accurately reflect the total number of 
axons present and have normal conduction (See Fig. 2B).

However, in some cases it is not always possible to follow this rule 
(e.g., for the 5th digit or in those persons with small hands/short 
fingers). The most important rule to follow is to reproduce the 
conditions under which the data was initially collected for whatever 
reference data used. For example, there are many studies using a bar 
electrode with an interelectrode separation of 2.5 cm. If you plan to 
use that data for determining whether a patient is normal, then you 
must use this type of bar electrode.

Figure 2 Effect of reference electrode position. (A) Compound muscle 
action potential (CMAP) recordings with reference electrode placed off 
the muscle, and on muscle are shown (top and middle trace). These 
waveforms are also superimposed to highlight their difference. The 
measurements are shown in the table below. (B) The sensory nerve 
action potential was recorded using 4 cm and 2 cm distance between 
the active and reference electrodes. Copyright Nandedkar Productions 
LLC, 2010.

Amp = amplitude, Lat = latency, Ref = reference
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Compound Muscle Action Potential

The previous discussion applies for any set of recording electrodes 
located linearly along a sensory nerve. However, when considering 
compound muscle action potentials (CMAPs), that is not wholly 
applicable. We are no longer considering a linear segment of nerve, 
but rather a muscle with a motor point and two tendinous termina-
tions. Of particular importance is the muscle’s motor point (region 
of endplates usually approximating the muscle’s midportion). The 
motor point is that region of muscle which first becomes electrically 
active because of action potential initiation. Hence, this is where the 
summated action potentials of all the muscle fibers form an electri-
cal negative sink. The action potential then propagate longitudinally 
along the muscle fibers to reach the tendinous insertions. Our goal 
is to record an initial negative deflection to best define the onset of 
muscle fiber depolarization. This is usually accomplished by locating 
the active electrode over the muscle’s midbelly, thereby ensuring an 
initial negative deflection for the CMAP. The question then becomes: 
Where do we locate the reference electrode?

Unlike a nerve segment, the issue of 4.0 cm is no longer relevant. 
We do not have a wavefront of depolarization traveling unidirection-
ally, but rather a centrally initiated region of depolarization travel-
ing bidirectionally and simultaneously toward the two ends of the 
muscle. The two most important issues for electrode positioning 
are 1) the active electrode located over the muscle’s motor point, 
and 2) the reference electrode located off the motor point as well as 
active muscle tissue, but not so far away as to enhance the common 
signal. The first condition is rather straightforward while the second 
requires a bit of explanation. It is obvious that we do not want the 
reference electrode positioned on active muscle tissue as this would 
serve to subtract from the same muscle electrical activity recorded 
by the active electrode. So, what are the conditional requirements 
for the reference electrode location? The reference electrode should 
be off the active muscle tissue but relatively close to the active elec-
trode so as to eliminate the signals recorded from the environment 
common to both electrodes (See Fig. 2B). This condition simply can 
be met by locating the reference electrode just off the muscle under 
investigation in close proximity to the muscle’s origin or insertion. 
The reference electrode then will not record any of the muscle’s depo-
larization but will detect any unwanted distant environmental noise 
at essentially the same time and position as the active electrode. In 
other words, the active and reference electrodes are far enough away 
with respect to the muscle’s electrical activity to not detect the same 
information, but virtually on top of each other when viewed from 
the perspective of a television station’s signal 30 or 40 miles away. 
Both electrodes record the same distant information and eliminate it 
as a common signal. Therefore, the 4.0 cm rule does not apply when 
investigating CMAPs.

Why not just locate a reference electrode on the big toe for all studies 
and just forget about the rest? This does not work because the further 
apart the active and reference electrodes are, the greater the likelihood 
that the distant signal will no longer appear identical to both elec-
trodes. As long as the active and reference electrodes are within a few 
centimeters, they read the environmental noise as virtually identical 
and eliminate it as a common signal. However, the further apart these 
two electrodes are set, nearby electrical signals begin to look different 
and are therefore amplified instead of eliminated. It is good practice 

to consider these factors when setting the distance between the active 
and reference electrodes.

FILTERS

Waveform Subcomponents

Before discussing filters, it is first necessary to conceptualize biologic 
waveforms. All biologic waveforms consist of multiple subcomponent 
waveforms of high and low frequencies. The waveform we detect on the 
instrument is comprised of multiple waveforms with different frequen-
cies all summating together to yield the noted waveform. If we were able 
to subtract out some of the subcomponent waveforms of a particular 
frequency, the ensuing waveform would be comprised of the remain-
ing waveforms and take on their predominant characteristics. If it were 
possible to take a typical biologic waveform consisting of high and low 
frequency waveforms and the high frequency stuff was removed, just 
the low frequency stuff would be left and the residual or new waveform 
would resemble  a waveform dominated by low frequencies.

Filters

A filter is an electrical device that can extract from a waveform a range 
of frequencies that we can define. There are two types of filters: a “low 
frequency filter” and a “high frequency filter.” A low frequency filter is 
also called as a “high pass filter” because it extracts from the waveform 
of interest the low frequencies and permits the high frequencies to pass. 
Similarly, a high frequency filter is also known as a “low pass filter” 
because it can extract the high frequencies from a waveform but allows 
the low frequencies to pass through. It is possible to set the values for 
the high and low frequency filters as needed to create a bandwidth 
of frequencies between the high and low frequency cutoffs. For our 
purposes we can define low frequencies as those between 0 and 500 
Hz, and high frequencies ranging between 500 Hz and 20,000 Hz. 
Therefore, we can set the low frequency filter at 10 Hz and the high 
frequency filter at 10,000 Hz, creating a signal with a possible fre-
quency content between these two values and removing from the raw 
signal all frequencies below 10 Hz and above 10,000 Hz.

Filter Effects on Biologic Waveforms

The effects filters have on biologic signals can best be understood 
by considering what happens to a waveform when each of the filters 
are altered in turn. Elevate the low frequency filter while keeping 
the high frequency filter unchanged and observe what happens to 
the waveform. Or, lower the high frequency filter while keeping the 
low frequency filter unchanged and observe what effects this type of 
alteration has on the waveform.

Elevating the Low Frequency Filter

Begin with a bandwidth of 10 Hz to 10,000 Hz and consider a 
SNAP. For the discussion here, assume that the waveform is biphasic 
initially negative with an amplitude of 61 µV, onset latency of 2.8 



ms, peak latency of 3.7 ms, and an onset to positive peak duration 
of 2.1 ms (See Fig. 3B, top trace). Elevate the low frequency filter 
from 10 Hz to 100 Hz and then 500 Hz (See Fig. 3B, middle trace) 
while keeping the high frequency filter unchanged for the two low 
frequency filter settings. What will happen to the waveform param-
eters as the low frequency filter is elevated from 10 Hz to first 100 
Hz and then to 500 Hz?

First, recall that elevating the low frequency filter will remove those 
frequencies below the value chosen. So, elevating the low frequency 
filter from 10 Hz to 100 Hz will take away those subcomponent 
waveforms with frequencies less than 100 Hz. If we take something 
away from the waveform, will it get bigger or smaller? It will get 
smaller; elevating the low frequency filter will cause the waveform 
to reduce in amplitude. We took out the low frequencies, or “slow 
stuff.” All we have left is “fast stuff.” Does fast stuff happen sooner 
or later in time? It happens sooner. Therefore, the peak latency 
must occur sooner compared to the waveform before having its low 
frequencies (slow stuff ) removed. So, the peak latency shortens. 
Since there is relatively more fast stuff now present, the waveform 
will be reduced in total duration because fast stuff will cause the 
waveform to happen sooner (shorter peak latency) and, therefore, 
finish sooner. There is no change in the onset latency because this is 
where the waveform has an immediate departure from baseline over 
an extremely short timeframe and that means it consists primarily of 
fast stuff. We did not take out fast stuff but only slow stuff, there-
fore, the onset latency does not change. The net result of elevating 
the low frequency filter on a SNAP is 1) no change in onset latency,  
2) a shortened peak latency, 3) a reduced waveform amplitude, and 
4) a shortened duration. This same explanation holds for all biologic 
waveforms and from all electrophysiologic tests including needle 
electromyograms (EMGs), NCVs (motor [See Fig. 3A] and sensory), 

somatosensory evoked potentials (SEPs), etc. Finally, elevating the 
low frequency from 100 Hz to 500 Hz will produce the same effects 
as the first frequency alteration, just more so.

Lowering the High Frequency Filter

The same principles can be applied to the SNAP. Keep the low fre-
quency filter at 10 Hz when lowering the high frequency filter from 
10,000 Hz to 500 Hz (Fig. 4). The high frequency subcomponents 
are now removed from the waveform while leaving the low frequen-
cies alone. Lowering the high frequency from 10,000 Hz to 500 Hz 
will result in the extraction of some of the waveform content. If we 
remove something can the waveform possibly get bigger? No, the 
amplitude must decline. We took out fast stuff, so we are left with 
slow stuff. Does slow stuff happen sooner or later in time? Because 
it is slow stuff, it will take longer in time to happen. Therefore, the 
onset latency is primarily fast stuff. Because these portions have been 
removed from the waveform, the onset will take longer to manifest 
and this time is entirely dependent on where we set the high fre-
quency cut-off. Next, the peak latency must lengthen as the wave-
form is now dominated by slow stuff, which takes longer to happen. 
Also, the total potential duration will increase as it will take longer to 
start as well as finish. The net result of lowering the high frequency 
filter is for the waveform to have: 1) a longer onset latency, 2) a lower 
amplitude, 3) a longer peak latency, and 4) a longer total potential 
duration (See Fig. 4). These changes will manifest regardless of the 
type of waveform recorded. Of course, how noticeable the changes 
will be depends entirely on the frequency content of the waveform. 
If the waveform under investigation is comprised of a lot of low 
frequencies then elevating the low frequency will have a significant 
effect, while lowering the high frequency filter will not. Similarly, if 

Figure 4 Effect of decreasing high frequency setting on (A) the compound 
muscle action potential (CMAP) and (B) the sensory nerve action potential 
(SNAP). The filter settings are indicated above each signal. The traces are 
also superimposed to highlight the difference in measurements shown in the 
table. The change in duration (between markers 1 and 3) is easily recog-
nized. Copyright Nandedkar Productions LLC, 2010.

Amp = amplitude, Lat = latency

Figure 3 Effect of increasing low frequency setting on (A) the compound 
muscle action potential (CMAP) and (B) the sensory nerve action po-
tential (SNAP). The filter settings are indicated above each signal. The 
traces are also superimposed to highlight the difference in measurements 
shown in the table. The change in duration (between markers 1 and 3) is 
easily recognized. Copyright Nandedkar Productions LLC, 2010.

Amp = amplitude, Lat = latency
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the waveform has a considerable high frequency content but little in 
the way of low frequencies, then lowering the high frequency filter 
will have a significant effect on the waveform’s parameters while el-
evating the low frequency filter will have little to no effect.

CONCLUSION

Two of the most misunderstood aspects of EDX medicine can lead 
to erroneous conclusions. If the electrodes are too close together, a 
reduction in waveform magnitude will occur, possibly leading to an 
erroneous diagnosis of axonal loss when the only operational issue 
is operator error. Similarly, using an inappropriate filter setting can 
result in waveforms with similarly reduced waveforms, not through 
axonal loss but once again operator error.

Suppose we are attempting to record a SNAP from a patient and 
place our electrodes 2.0 cm apart (See Fig. 2B). We have learned 
that a small amplitude will result because of differential amplifica-
tion eliminating part of the desired signal as a common mode signal. 
The onset latency will be unaffected but the peak latency will be 
somewhat shortened because the maximal peak amplitude was not 
permitted to develop, i.e., it was terminated too quickly by differ-
ential amplification. The resulting waveform has essentially normal 
latencies but a reduced amplitude. This can lead one to think that 
a preferential axonal neuropathy is present with little in the way of 
demyelination since we have a small amplitude but normal latency 
(normal conduction velocity) response. Similarly, if we place both the 
active and reference electrodes on the abductor pollicis brevis muscle, 

for example, we will record a normal latency response with a reduced 
amplitude CMAP (See Fig. 2A). This may lead us to conclude that 
a demyelinating process is not present, but the reduced amplitude 
combined with a normal distal motor latency may cause us to create 
a differential diagnosis including axonal neuropathy with little demy-
elination, neuromuscular junction disorder, or a primary myopathic 
disorder. Again, this type of operator error can lead to considerable 
confusion when there is no pathology present in the patient.

Inappropriate filter settings can lead to equally confusing circum-
stances. If the low frequency filter is set too high or the high fre-
quency filter is set too low, a waveform with a reduced amplitude 
will be recorded. Once again, a possible axonal loss process will be 
considered when the primary problem originates with the operator 
not setting the instrument’s filters properly. Incorrectly set filters can 
manifest in all aspects of the EDX medicine evaluation including 
nerve conduction studies (motor and sensory), needle EMG, SEP 
evaluation, single fiber EMG, as well as sympathetic nervous system 
studies. It is crucial to have a good understanding of the practical 
consequences of filter settings on the documentation of electrophysi-
ologic signals.
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INTRODUCTION

The instrumentation used by the electrodiagnostic (EDX) clinical 
professional represents both a critical recording pathway as well as 
a potentially challenging field of study. While an electrical engineer 
may look on instrumentation with fascination and wonder, not 
every professional who comes to the EDX field brings either a robust 
knowledge of electrical concepts and instrumentation or an inherent 
inclination toward it. As a result, many professionals find significant 
opportunity for improving their clinical technique, simply by greater 
understanding and mastery of key instrumentation concepts.

GOALS

Clearly, EDX instrumentation is a topic that can be explored at great 
depth, far beyond the scope of such a discussion as this. Traditional 
instrumentation discussions would include detailed descriptions of 
analog-to-digital conversion, sampling rates with associated nyquist 
criteria, and filter settings, among others. To limit the discussion for 
the space allotted, the goal here is to focus on three pertinent facets 
of instrumentation in as much depth as practical to gain a clear and 
memorable learning moment for the reader. These topics are targeted 
because each one can greatly impact success in EDX recordings. 
Further, these topics are frequently the focus of questions asked to 
the author by clinicians. They include enhancing signal-to-noise ratio 
(SNR), understanding the relevance of the isolated ground electrode, 
and managing stimulus artifact. 

PRELIMINARY CONCEPTS

It is important to start with an understanding of how tiny the 
physiologic signals we aim to record are, compared to competing 
electrical activity that may constitute unwanted noise to the record-
ing instrumentation. Physiologic signals of interest, such as sensory 
evoked potentials (SEPs), which may be in the millivolt range at the 
tissue generating source, can be in the low microvolt range at the skin 
surface due to volume conduction losses through tissue. Other physi-
ologic signals not of interest to the pertinent EDX task at hand, such 
as electrocardiogram (EKG) may be as high as 3 mV or more at the 
skin. The clinical setting in which the EDX recordings are performed 
often have many sources of nonphysiologic, unwanted electrical 
signals. The 60 H wall voltage is 338 V, peak to peak (or 120 V root 
mean squared [RMS]). In the operating room, the electrosurgical 
unit can create up to 1000 V in the bipolar mode and up to 10,000 
V in the unipolar mode. If we equate 1 µV to 1 inch in length, we 
see that a tiny SEP in the range of 10 µV would roughly equate to 
a sheet of paper, the EKG to the height of a 21 story building, the 
wall voltage to the distance between Miami, Florida, and Anchorage, 
Alaska, and the unipolar electrosurgical unit to 63% of the distance 
between the surface of the Earth and the Moon (See Fig. 1). The 
mental image of trying to find a piece of paper on the 21 story build-
ing, or between Miami and Anchorage, or between the surface of the 
Earth and 63% of the way to the Moon highlights the challenge of 
the simple task of recording an evoked potential (EP). It is only a 
simple task because of very capable instrumentation.

Electrodiagnostic 
Instrumentation: Understand 

and Manage It

Brett L. Netherton, MS, CNIM
Technical Director 
ROCWorks, LLC

Prosperity, South Carolina



22 Electrodiagnostic Instrumentation: Understand and Manage It AANEM Course

To facilitate the discussion, let us use the example of our most basic 
nerve conduction recording circuit (See Fig. 2), consisting of the 
signal source generator, in this case the median nerve, the two re-
cording electrodes, and the amplifier. The electrodes have two physi-
cal connections on each end of the electrodes, one at the amplifier 
headbox, and one at the tissue. A closer look at the dissected amplifier 
and electrodes (See Fig. 3a) reveals that there are actually many con-
nections along this most basic circuit. In the example shown, there 
is a solder connection between the stainless steel wire ring electrode 
and the stranded copper leadwire. There is a mechanical crimp con-
nection between the copper leadwire and the brass of the touchproof 
connector. There is a mechanical friction connection between the 
brass safety connector and the gold plated brass pin of the amplifier 
box. At each location where dissimilar metals are in contact, some 
degree of static junction voltage is established which acts electrically 
much like a capacitor. At the contact between the electrode and 
tissue, an electrochemical half cell voltage is established, which also 

acts electrically much like a capacitor. Figure 3b maps the approxi-
mate electrical equivalent circuit, which is shown in Figure 3c.

 ENHANCING THE SIGNAL-TO-NOISE RATIO

As pointed out, the signal generator of our circuit is the evoked re-
sponse on the nerve. We desire this signal to be replicated perfectly 
onto the inputs of the amplifier. Because the physiologic signals we 
seek to record are small and the unwanted signals, or noise signals, we 
seek to reject are large, the SNR value needs to be as large as possible. 
The approximate equation for averaged evoked responses where the 
signal is repeatable and the noise is unsynchronized with the stimulus 
is the inverse of the square root of the number of averages.

 SNR

Therefore, one way to increase the SNR value is to perform mul-
tiple stimulations and average the signal as many times as possible. 
However, in the case of nerve conduction studies (NCSs), we desire 
to record the signal accurately on the first stimulus without any av-
eraging, so we need other ways to increase the signal-to-noise ratio. 
Balancing all electrode impedances, minimizing all electrode imped-
ances, and bringing the recording electrode leadwires together via 
twisting or braiding represent the best opportunity. Why?

For the sake of the discussion, let us assume the nerve generates an 
EP of 10 mV at the skin. This voltage will be divided throughout the 
circuit that includes the tissue impedance, the electrode impedances, 
and the amplifier input impedance. Modern EDX systems typically 
have amplifier input impedances over 20 MΩ. Electrodes will typi-
cally have impedances distributed along the length of the electrode for 
a total of 2 to 100 Ω depending on the different conductors used in 
the electrode. Tissue impedance is complex with bone and fat having 

X

10 uV Sensory EP

338 V wall voltage 10000 V Electrosurgical Unit

3 mV EMG

earth
moon

Figure 1 Comparative size of tiny evoked potentials. Assuming 1 μV 
is equivalent to 1 inch in length a 10 μV sensory evoked potential is 
approximately the size of a sheet of paper. Needle electromyography is 
approximately the height of a 21-story building. Wall voltage (118 V root 
mean squared [RMS], 338 V peak to peak) is approximately the distance 
from Miami, Florida, to Anchorage, Alaska. Peak burst voltage of the 
electrosurgical unit is 63% of the distance from the Earth to the Moon. 
Copyright Rocworks, LLC 2010.

Figure 3 Further defined basic recording circuit. A. The amplifier, elec-
trodes and tissue with all electrical connections exposed showing dis-
similar metal connections along the length of each leadwire. B. The map 
of the approximate equivalent circuit overlying the basic recording circuit. 
C. The approximate equivalent electrical recording circuit. Copyright 
Rocworks, LLC 2010.

AMP = amplifier. 

Figure 2 The most basic nerve conduction recording circuit, consisting 
of the signal source (in this case the median nerve), the two recording 
electrodes, and the amplifier. Copyright Rocworks LLC, 2010.
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larger impedances than skin, which in turn, has larger impedance than 
hydrated, ion-loaded tissue such as blood, cerebrospinal fluid, and 
interstitial fluids. Tissue impedance can range from over 0.1M Ω to 
below 1000 Ω.1,2 It is not unreasonable to estimate for purposes of 
this discussion the tissue impedance in the example circuit to be 2000 
Ω. These example impedances have been assigned to the basic circuit 
in Figure 4a, resulting in the voltage distributions in Figure 4b. In this 
instance, because the impedances of the anode and cathode electrode 
are balanced, any voltage buildup on the impedances of the electrodes 
is common to the amplifier inputs and is therefore cancelled due to 
the common mode rejection properties of the amplifier. And 99.98% 
of the EP signal at the skin has been transmitted to the amplifier, a 
very desirable situation. But what happens in reality? Below are two 
examples in which signal-to-noise ratio is decreased.

Example 1: Dissimilar Electrodes with Different Half  
Cell Potentials

Electrochemical half cell potentials between electrode and tissue have 
been reported to vary from 1 to 10 mV.3 Our same basic circuit is 
shown in Figure 5 using two different types of electrodes, such as a 
hydrogel electrode in the same circuit with a gold cup electrode. For 
this example, at the interface of the electrode and tissue, the cathode 
has an electrochemical half cell potential of 1 mv and the anode has 
an electrochemical half cell potential of 10 mV. For the purpose of 
recording the physiologic signal, these half cell potentials represent 
unwanted noise. Because the polarities are the same, the half cell po-
tentials will partially cancel, leaving approximately 8.998 mV noise 
signal to be amplified on the amplifier. Since our physiologic signal at 
the amplifier was 9.998 mV, the signal-to-noise ratio from this source 
of noise alone is down to near 1 and the amplifier sees about as much 
noise signal as physiologic signal. The insult to the recording by the 

noise signal shown here would be much worse if the physiologic 
signal were a SEP in the low microvolt range.

Example 2: Ambient Noise Contamination

The clinical environment is bathed in radiofrequency (RF) energy 
from many sources such as fluorescent lights, servo motors, warmers, 
and pumps, as well as other sources. The electrical fields emitted are 
various and quite complex in their nature. There are two primary ways 
in which this RF energy can be introduced into the recording circuitry 
as unwanted noise including through electromagnetic induction and 
through capacitive coupling. It has been suggested that the capacitive 
coupling component is by far the largest contributor to noise pickup 
in the clinical setting.4 And clearly the recording circuit has capacitance 
throughout the electrode segments including each end at the amplifier 
and the tissue (See Figs. 3b and 3c). This capacitance introduces the 
opportunity for capacitive coupling with nearby noise sources. Several 
figures, photos, and waveforms can help us understand this coupling 
of noise into artifact in the recording circuit.

Noise sources generally dissipate in a nonlinear fashion so it is •	
desirable to keep the recording leadwires as far as possible from 
the sources, as demonstrated in Figure 6 with a fluid warmer as 
the noise source.
All leadwires in proximity to each other can have capacitive •	
coupling between them (See Fig. 7), regardless of whether they 
are stimulating, recording, or ground electrodes. 
The stimulating pulse can be capacitively coupled to the re-•	
cording electrode circuitry. This capacitively coupled field, like 
the electrical noise field from the fluid warmer, dissipates in 
a nonlinear fashion (See Fig. 8). Therefore, there is benefit to 
having as much distance as possible between the stimulating and 
recording electrodes.

A convenient method to minimize the amplification of unwanted 
noise is to bring the recording electrode leadwires as close together as 

Figure 5 Basic recording circuit shown with two different types of electrode 
with different electrochemical half cell potentials at the interface of electrode 
with tissue. Note that the resulting noise at the amplifier is almost equal to 
the physiologic signal at the amplifier, resulting in a poor signal-to-noise 
ratio near 1. Copyright Rocworks, LLC 2010.

AMP = amplifier. 

Figure 4 Typical amplifier input impedance, electrode impedances, and 
tissue impedances applied to basic recording circuit (A) and the result-
ing voltage drops from a 10 mV physiologic signal. Note that the signal 
generator is the nerve, shown here as Gen. Copyright Rocworks, LLC 
2010.

AMP = amplifier
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possible (See Fig. 9). With a loose pair leadwire, one of the leadwires 
is closer to the noise source than the other and therefore picks up 
more of the noise. Since the amplifiers amplify the difference in the 
signals received from the leadwires, the amplifiers amplify this noise 
signal. The ribbon pair leadwires are far closer together but one of 
the leadwires is still closer to the noise source than the other, so while 
there is common noise compared to the loose pair leadwire, there is 
still a small noise amplified. The twisted pair leadwires represent the 
ideal situation. Due to the twist, each of the leadwires alternates being 
the closest to the noise source so that each leadwire picks up the noise 
the same. Since the noise is the same, the amplifier cancels out this 
common noise. Three different leadwire sets are shown in Figure 10 
including the twisted pair on channel 1, the ribbon pair on channel 2, 
and the loose pair on channel 3. The recording when a fluid warmer 
noise source was intermittently turned on and off is shown in Figure 
11 with the expected results. The twisted pair performed better than 
the ribbon pair, which performed better than the loose pair.

In summary, avoiding dissimilar electrodes in recording pairs, mini-
mizing all electrode impedances, creating maximal possible space 
between noise sources (including the stimulating electrodes) and the 
recording electrodes, and bringing the recording pairs close together, 
preferably in a braid or twist, can greatly improve SNR and therefore 
improve physiologic signal recording performance.

RELEVANCE OF THE ISOLATED GROUND ELECTRODE

Traditionally, much attention has been given to the electrode com-
monly referred to as ground when discussing electrical safety and 
managing electrical artifact. The isolated ground electrode offered 



Figure 7 Highlight of the numerous opportunities for capacitive coupling 
between all leadwires connected to the patient, whether stimulating, 
recording, ground, or other. Copyright Rocworks, LLC 2010.





 



Figure 6 Capacitive coupling between electrical noise source and re-
cording leadwires placed at varying distances. Note that the amplitude of 
the capacitively-coupled electrical noise decreases in a nonlinear fashion 
showing the advantage of creating distance from recording leadwires and 
noise sources. Copyright Rocworks, LLC 2010.









Figure 9 Recording leadwires in proximity to electrical noise source. 
A. A loose pair leadwires couple the noise differently with the nearest 
leadwire picking up more of the noise. The difference is presented to 
the amplifier and amplified. B. The ribbon pair presents a smaller noise 
signal to the amplifier. C. The twisted pair presents the same noise signal 
to each input of the amplifier and therefore rejects the noise signal. 
Copyright Rocworks, LLC 2010.




 










Figure 8 Capacitive coupling between stimulating and recording elec-
trodes decreases in a nonlinear fashion showing the advantage of 
creating distance from recording leadwires and stimulating leadwires. 
Copyright Rocworks, LLC 2010.
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on modern EDX equipment is dramatically different than the earth 
ground electrode used on older EDX equipment. 

The term earth ground has historical reference. In early electri-
cal systems, the Earth was actually used as a common reference 
by placing conductors deep into the Earth, which itself is highly 
conductive. Many buildings still have the ground position of the 
electrical wiring system tied to earth ground via water pipes or other 
conductors. Chances are, wherever you find yourself sitting as you 
read this, you can look at a nearby outlet and the ground position 
will be isoelectric, or a direct electrical connection with the actual 
ground (dirt) below the building. 

Using the earth ground as the ground position for the recording 
circuitry had a wonderful advantage. The Earth is capable of absorb-
ing a tremendous amount of electrical charge. For example, consider 
that the massive charges dissipated by lightning strikes are dissipated 
directly into the Earth. Whatever is in between the lightning is fre-
quently damaged, whether it is a tree, a house, or the unfortunate 

person. The tree, the house and the person are not as capable of 
dissipating the lightning’s massive charge and therefore are damaged, 
but the Earth withstands the charge dissipation without the slightest 
damage. So, what advantage did the earth ground bring to the EDX 
recording?

Remember that the patient’s body in the clinical setting is being 
bombarded with electrical noise from many sources and that the 
recording electrodes are experiencing the same electrical noise. By 
physically connecting the ground electrode position to earth ground, 
the ground electrode serves to drain, or dissipate, the charge brought 
by this noise to the Earth, in the same way that the lightning is dis-
sipated into the Earth. The result on the recordings was decreased 
overall noise that had to be rejected by the recording circuit. There 
is another form of electrical artifact that earth ground was excellent 
at dissipating. To the recording electrode circuit, the stimulus pulse 
is simply another artifact, which is commonly referred to as stimulus 
artifact. The evoked response recorded is limited by the conduction 
velocity of the neural pathways involved. But the stimulus artifact is 
not limited by the same velocity restraints and travels on the surface 
of the skin at speeds not far from the speed of light. Before EDX 
equipment stimulators were isolated, the earth ground electrode 
represented an attractive pathway for dissipation. This is similar to 
the eagerness of the static charge buildup on a car in the wintertime 
to discharge to the Earth below through our finger as we touch it 
and get shocked.

But the dangers of patient injury from ground loops and leakage 
current were deemed too great to continue using earth ground 
on equipment connected to patients, so modern EDX equipment 
uses an electrically isolated ground. Electrically, the isolated ground 
is similar to the isolated recording amplifier inputs. The isolated 
ground is electrically isolated from the electrical chassis of the record-
ing equipment as well as the electrical power supplies that innervate 
the equipment, eliminating the risk of injury from ground loops and 
equipment leakage current through the ground electrode. But this 

Figure 11  Recordings from Figure 10 leadwire arrangements when a 
fluid warmer noise source is turned on and off repeatedly near the lead-
wires, verifying the theoretical result from Figure 9. Copyright Rocworks, 
LLC 2010.

Figure 10   Leadwire arrangements including a twisted pair (A) on channel 
1, a ribbon pair (B) on channel 2, and a loose pair (C) on channel 3. 
Copyright Rocworks, LLC 2010.
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safety feature comes at a price to the efficacy of the ground electrode 
for purposes of minimizing electrical artifact. The isolated ground 
position, similar to the recording inputs of the amplifier, is capable of 
carrying or dissipating only a tiny amount of electrical charge. With 
this limited charge carrying capacity, the isolated ground has minimal 
to no value at minimizing artifact, whether from stimulus artifact or 
ambient noise sources.

While the benefit of the modern isolated ground electrode is limited 
compared to the benefits of the earth ground, it still serves the impor-
tant task of giving an electrical reference to the recording amplifiers 
on the patient. Its effective use beyond that is limited.

MANAGING STIMULUS ARTIFACT

What is called stimulus artifact is what is measured at the recording 
electrodes when some of the charge delivered at the EP stimulation site 
makes its way to the recording electrodes, mainly along the surface of 
the skin. We have already discussed that the use of the isolated ground 
electrode has minimal if any reduction of stimulus artifact in our 
recording. Minimizing the capacitance of the stimulating electrodes, 
selection of constant current versus constant voltage stimulation, 
biphasic stimulation, placement of recording electrodes, and physical 
configuration of stimulation electrodes can all affect stimulus artifact.

Capacitance of the Stimulating Electrodes

A pair of stimulating electrodes is shown in Figure 12. For the sake of 
the example, one is a subdermal needle electrode and one is a surface 
electrode. Capacitance of an electrode is closely related to electrode 
surface area. The surface area of the subdermal needle electrode is 
approximately 15 mm2 and the surface electrode is approximately 
300 mm.2 Therefore, the surface electrode will have much more 
capacitance than the subdermal needle. The result is that when a 
stimulus is delivered, the capacitance of the surface electrode will 
build up much more charge than the capacitance of the subdermal 
needle. The charge that develops on the stimulating electrodes is the 
largest source of the charge that is passed to the recording electrodes 
as stimulus artifact.5 Therefore, for stimulation, surface electrodes 
will be much larger contributors to stimulus artifact in the record-
ing circuit than subdermal needle electrodes or other small surface 
area electrodes. Specifically, larger capacitances of the stimulating 
electrodes hold more charge and take longer to dissipate, creating 
larger amplitudes of stimulus artifact with longer duration than lower 
capacitance stimulating electrodes.

Constant Current Stimulus

A constant current stimulator, shown on the left in Figure 13, has high 
output impedance between the stimulating anode and cathode. This 
high output impedance affects stimulus artifact in two ways. First, 
Ohm’s law dictates that the voltage in the circuit divides according to 
the impedances throughout the circuit. The high output impedance of 
the stimulator develops a large voltage, effectively decreasing the am-
plitude of the voltage build up on the impedance at the interface of the 

stimulating electrodes and tissue, thereby decreasing the amplitude of 
the stimulus artifact. Second, the high output impedance decreases the 
likelihood that some part of the stimulus artifact charge can dissipate 
back through the impedance of the stimulator, effectively increasing 
the duration of the stimulus artifact.

Constant Voltage Stimulus

A constant voltage stimulator, shown on the right in Figure 13, has 
low output impedance between the stimulating anode and cathode. 
This low output impedance affects stimulus artifact in two ways. 
First, the low output impedance develops a smaller voltage buildup, 
allowing more voltage and charge to build up on the impedance of 

Figure 12  Two different types of stimulating electrodes. The small 
surface area of the subdermal needle (15 mm2) develops small capaci-
tance at the tissue junction and builds up a small charge upon stimula-
tion. The large surface area of the surface electrode (300 mm2) develops 
large capacitance at the tissue junction and builds up a large charge 
upon stimulation. Copyright Rocworks, LLC 2010.

Figure 13   Equivalent electrical diagrams of a constant current stimula-
tor and a constant voltage stimulator. Copyright Rocworks, LLC 2010.

Equic: equivalent
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the interface of the stimulating electrodes and tissue, thereby increas-
ing the amplitude of the stimulus artifact. Second, the low output 
impedance represents an attractive path for the stimulus artifact 
charge to dissipate through the stimulator, effectively decreasing the 
duration of the stimulus artifact.

Some modern EDX equipment use hybrid stimulators which maxi-
mize the advantages of both constant current and constant voltage 
stimulators by stimulating with constant voltage and then rapidly 
switching to constant current to minimize both the amplitude and 
the duration of stimulus artifact.

Biphasic Stimulation

Monophasic square wave pulse delivery cause the capacitance of 
the stimulating electrodes to fill with charge. This charge buildup 
can be minimized by the use of a biphasic stimulation pulse (See 
Fig. 14). The first phase of the stimulus causes the desired nerve 
action potential as well as the charging of the capacitance of the 
stimulating electrodes. The second, opposite phase of the stimu-
lus pulse actively discharges the unwanted charge buildup on the 
capacitance of the stimulating electrodes. Less charge buildup 
on the capacitance of the stimulating electrodes creates less  
stimulus artifact.

The technique holds the disadvantage that to optimize the effect, it 
may be necessary to tune the amplitudes of the second phase of the 
biphasic stimulus. Also, it is common that higher stimulus ampli-
tudes are required to achieve the nerve action potential, which may 
minimize the benefit of the technique.

Placement of Recording Electrodes

The wave of charge that emanates from the stimulating electrodes 
and is responsible for stimulus artifact in the recording circuit can 
be mapped into equipotential lines. Placing the recording anode 
and cathode on equipotential stimulus artifact lines decreases the 
stimulus artifact picked up by the recording circuit due to common 
mode rejection.6 Unfortunately, placing the anode and cathode on 
equipotential stimulus artifact lines is not always as simple as placing 
the anode and cathode perpendicular to the limb being recorded. 
Due to volume conduction characteristics of all of the tissue of the 
limb, particularly the surface layers, the equipotential stimulus arti-
fact lines may be in complex patterns.7 An example of this is shown 
in Figure 15. However, the technique of placing recording electrodes 
perpendicular to the stimulus often does reduce stimulus artifact 
since the equipotential stimulus artifact lines tend to align perpen-
dicular to the limb.

CONCLUSIONS

The task of recording tiny physiologic signals in the harsh electrical 
environments of the clinical setting is challenging. Understanding 
key instrument concepts can yield improved clinical technique  
and results. 

Three aspects of instrumentation have been discussed. The SNR 
of the recording circuit can be increased by avoiding the use of 
dissimilar electrodes, minimizing and balancing all electrode im-
pedances, creating maximal possible space between noise sources 
(including stimulating electrodes and leadwires) and the recording 
electrodes, and bringing the recording electrode leadwires together 
with braiding, twisting, or other tight bundling methods. Today’s 
modern EDX equipment utilizes an electrically-isolated ground 
electrode with limited value at minimizing electrical artifact but has 
safety advantages over the use of earth ground on EDX equipment 
of the past. And finally, several methods of minimizing stimulus 
artifact were discussed including using small surface area stimulat-
ing electrodes with low capacitance, the judicious use of constant 

Figure 14   Biphasic stimulation pulse. The initial phase used to depolar-
ize the nerve to create the desired action potential and the immediate 
opposite polarity second phase assists in dissipating the charge buildup 
on the capacitance at the electrode/tissue interface, thereby decreasing 
stimulus artifact. Copyright Rocworks, LLC 2010.

Figure 15 Equipotential stimulus artifact lines emanating from the 
stimulus. Note that these lines are not always perpendicular with the 
limb and therefore placing the recording electrodes on equipotential 
lines can be challenging. Copyright Rocworks, LLC 2010.

SA: stimulus artifact



current, constant voltage, or hybrid electrical stimulators, the use 
of biphasic stimulation pulses, and the placement of recording 
electrodes on equipotential stimulus artifact lines.
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GLOSSARY OF TERMS

action potential: the response of a nerve or muscle fiber when the membrane is sufficiently depolarized; it propagates bidirectionally from 
the site of generation

antidromic: when an action potential propagates in the opposite of its natural direction (orthodromic)

biologic amplifier: stimulation of a single motor nerve fiber causing excitation of many muscle fibers

compound muscle action potential: the summated action potentials of all fibers in a muscle

cumulative sensory index: the sum of peak latency difference from three conduction studies (median–ulnar to ring finger, median–ulnar 
to wrist, and median–radial to thumb)

excitable tissues: tissues that generate a transient propagating reversal of the resting membrane potential

conduction block: a temporary blockade of neural conduction

continuous action potential propagation: the repetitive process of one region of membrane depolarizing the next; it occurs in muscle tissue 
and unmyelinated neural tissue

denervated: when a portion of the muscle is separated from the endplate zone (i.e., its nerve supply)

depolarize: to change a cell’s membrane potential, making it more positive, or less negative, i.e., when a sodium sensor opens and sodium 
ions flow down the electrical and concentration gradients, the inrush of positive sodium ions depolarizes the membrane

dynamic equilibrium: a balance whereby any new potassium ion that enters the cell is exchanged for a potassium ion exiting the cell

endoneurium: layer of connective tissue immediately adjacent to the individual nerve fiber

epineurium: layer of connective tissue surrounding groups of nerve fibers forming fascicles

F–M latency: the difference between the F latency and compound motor action potential (or M) latency

fibrillation potential: the action potential of a single muscle fiber occurring spontaneously or after movement of a needle electrode

high frequency filter: also known as a low pass filter, it can extract the high frequencies from a waveform but allows the low frequencies to 
pass through the membrane’s surface

inverting amplifier: an amplifier on an EDX instrument that receives its input from the reference electrode and inverts the signal with respect 
to its polarity (turns it upside down) and also amplifies the signal to the desired amount and to the same degree as the noninverting amplifier

Lambert-Eaton syndrome: a presynaptic disorder that affects the release of the acetylcholine molecules; it is based in an autoimmune dis-
order adversely affecting the calcium channels in the terminal nerve

low frequency filter: also known as a high pass filter, it extracts from the waveform of interest the low frequencies and permits the high 
frequencies to pass

mixed nerve conduction study: a nerve conduction study in which responses are recorded from motor and sensory nerve fibers

motor point: the site over a muscle where its contraction may be elicited by a minimal intensity short duration electric stimulus

motor unit: a group of fibers in a muscle that are innervated by one motor neuron

motor unit potential: the summated electrical activity of all muscle fibers in a motor unit

myasthenia gravis: a postsynaptic disorder that involves a reduction in the number of acetylcholine receptors in the muscle fiber endplate 
zone; it results from an autoimmune disease which attacks the acetylcholine receptors



nerve conduction study: recordings and analysis of electric waveforms elicited in response to electrical, magnetic, or other physiologic stimuli

nodes of Ranvier: these are gaps formed between segmented wrappings of nerve by Schwann cells; they extends from the anterior horn cell 
down to the muscle the nerve eventually innervates or, if it is a sensory nerve, all the way to the end organ

noninverting amplifier: an amplifier on an EDX instrument that receives its input from the active electrode and magnifies the signal input 
without substantively changing the signal

orthodromic: when an action potential propagates in its natural direction (i.e., from digit II to the wrist)

perineurium: a an outer investing connective tissue layer tying all the fascicles of a nerve together

phase cancellation: action potentials from two sources summate such that the amplitude of resulting response is smaller than the sum of 
individual response amplitudes; this occurs when the positive phase of one signal is cancelled by negative phase of the second signal

presynaptic disorder: a disorder due to a lesion located at the terminal nerve

positive sharp wave: a biphasic, postive then negative action potential of a single muscle initiated by needle electrode movement or 
occurs spontaneously

postsynaptic disorder: a disorder due to a problem with the acetylcholine receptors on the muscle fibers

regression equations: equations that describe relationship between different measurements; they are used to describe dependence of electro-
physiologic measurements (e.g., conduction velocity) on various physical (e.g., temperature) and patient demographic data (e.g., height)

reference values: a set of values used to assess measurements from patient studies; reference values are derived from studies in “healthy” 
subjects and analyzing data using suitable statistical principles

repolarization: the process of resetting the ell in preparation for another action potential

resting membrane potential: this occurs when a net negative charge inside the cell is the same compared to the outside of the cell

salutatory conduction: this is the propagation (or, jumping) of action potentials along the nerve from one nodes of Ranvier to the next, 
due to a high concentration of sodium and potassium channels; instead of continuous conduction, the action potential is excited from one 
node to the next

selectively permeable membrane: a property that permit some ions (positively or negatively charged atoms or molecules) to pass through 
the membrane while precluding the passage of other ions

sensory nerve action potential: a sum of sensory nerve fiber action potentials elicited in response to physiologic, electrical, or magnetic 
stimulation to the nerve or dorsal root; the term is also applied to described response from a mixed nerve

sensory nerve conduction study: study of excitation, propagation, anatomic course, and number of sensory nerve fibers by recording the 
nerve response to an electrical or magnetic stimulus

sodium–potassium ATP-ase pump: this small protein in the cell membrane maintains equilibrium and prevents spontaneous cell depolar-
ization by using energy to transfer out any sodium that leaks in and bring in potassium

spontaneous electrical activity: electric activity that is not under voluntary control

stimulus artifact: the amplified difference of the electrical field intensity generated by the stimulator at the active and recording electrodes

synaptic cleft: a small gap between the muscle membrane and unmyelinated depressions within the musc noise: electric activity not related 
to the signal of interest

synaptic space lesion: pathology that affects the space between the nerve and muscle regions

temporal dispersion: the time difference in the arrival of the fastest and the slowest axon action potential at a muscle
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