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Preface 

This is the first of two books on Electromyography (EMG), and it focuses on basic 
principles of using and analyzing EMG signals. The second book addresses the 
application of EMG in clinical medicine. 

In this first book, there are 6 sections. The first section on principles and methods 
contains five chapters that cover a wide range of principles and methods, starting with 
a critical review by Fee discussing proposed improvements for the assessment of 
muscle interactions using surface EMG. The purpose of this chapter is to propose a 
mathematical relationship between EMG excitation recorded from muscles in 
opposition to, or in coordination with each other. The chapter by Nishihara describes 
the location of electrodes in surface EMG, including the method and sources of 
variation based on distance from the innervation zone. Kuriki describes the 
relationship between electromyography and force.  This is followed by a chapter by 
Partanan on EMG in myofascial syndrome. The final chapter, entitled “Clinical 
implications of muscle- tendon and- force interplay: surface electromyography 
recordings of m. vastus lateralis in renal failure patients undergoing dialysis and of m. 
gastrocnemius in individuals with Achilles tendon damage”, was contributed by Dr 
Harrison. 

The second section addresses issues of signal processing and has five chapters, starting 
with one by Takada. Chapter One is titled “Nonlinear Analysis for Evaluation of Age-
Related Muscle Performance by Using Surface Electromyography”, which concludes 
that age-related reductions in muscular function can be detected using an algorithm 
developed for the nonlinear analysis of surface electromyography signals. The authors 
examined the femoral rectus muscles of the dominant leg, using several measurement 
parameters, and evaluated changes in these parameters with age. The second chapter 
in this section is by Phinyomark and covers the usefulness of wavelet transform to 
reduce noise in the SEMG signal. The third chapter by Sung covers nonlinear analysis 
of SEMG. The purpose of this chapter is to explore the potential use of nonlinear time 
series analysis as a tool for the clinical diagnosis of low back pain or neuromuscular 
dysfunction, especially low back muscle fatigue. Of particular interest is a comparison 
between methods based on the power spectrum and nonlinear time series analysis of 
EMG signals. A chapter by Al-Mulla and colleagues then describes the development of 
a wearable automated muscle fatigue detection system, based on a classification 
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algorithm developed to identify different fatigue states in SEMG signals collected from 
the biceps brachii muscles. In the final chapter in this section, Daikuya and colleagues 
discuss the importance of the “silent period” of the EMG signal for the evaluation of 
neuro-muscular function in the field of the sports medicine and rehabilitation. The 
silent period is the duration of the inhibitory period of muscle contraction detected on 
surface electromyography, which is due to electrical stimulation at the innervating 
nerve during tonic muscle contraction. 

Section three moves into the area of diagnostics, beginning with a chapter by Turker 
and colleagues that reviews middle and long latency auditory evoked potentials and 
their diagnostic application in fibromyalgia and schizophrenia.  Recording procedures 
and appropriate statistical methods for middle latency auditory evoked potentials 
(MLAEPs) and long latency auditory evoked potentials (LLAEPs) are described. The 
authors place their findings in the context of the current literature and conclude that 
"central mechanisms may be important in the evolution of fibromyalgia. CNS 
dysfunction may be both an etiological factor in the fibromyalgia syndrome and a 
pathophysiological mechanism explaining the clinical symptoms and signs.”  In the 
second chapter of this section, Disselhorst-Klug covers non-invasive diagnosis of 
neuromuscular disorders by high-spatial-resolution-EMG (HSR-EMG), which is 
capable of detecting single motor unit activity in a non-invasive way. The chapter 
provides a clear introduction to the relationship between neuromuscular disorders 
and changes in the structure of single motor units (MUs) and identifies reasons why 
conventional SEMG has a limited spatial resolution and is unable to separate the 
activity of single MUs from simultaneously active adjacent ones. The result is that 
SEMG is mainly useful for obtaining “global” information about muscle activation, 
like time or net-intensity of muscle activation within a recording field. The author 
reviews the evaluation of pathological changes in the HSR-EMG by introducing three 
sets of parameters that allow a quantitative evaluation of the changes in the pattern 
typical for each disorder. In the third chapter, Papez and colleagues present “EMG vs. 
Thermography in severe carpal tunnel syndrome diagnosis of entrapment 
neuropathy”. The authors’ conclusions provide a comparison of the use of 
thermography for CTS with EMG. In the final chapter of the section on diagnostics, 
Naito writes about the functional significance of facilitation between agonist and 
antagonist muscles in humans, using the pronator teres and extensor carpi radialis 
muscles as examples. 

The fourth section provides a useful introduction to the use of evoked potentials and 
surface electromyography. The authors show how these combined measures can help 
to evaluate and diagnose disorders of the muscles and motor neurons. There are four 
interesting chapters that give good examples of the use of electromyography (EMG) in 
combination with electrical neuromuscular stimulation (ENS) to clarify the integrity of 
neuromuscular function and neural pathways. This area could be of significant interest 
to readers from multiple disciplines. The first chapter in this section is a general 
review by Zaher. It is followed by a chapter by Yamada describing methods for the 
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extraction and analysis of the single motor unit F-weave from median nervemonopolar 
multichannel surface EMG signals. By increasing the volume of data measured under 
different stimulus conditions, many single MU F-waves could be extracted, and the 
properties of F-waves and MUs could be analyzed successfully. The third chapter is by 
Chung and Grigorian, who describe the use of free run EMG and stimulated (evoked) 
potentials in the operating room for patient monitoring. The chapter provides a clear 
introduction to the use of EMG as a clinical electrodiagnostic tool, including an 
overview of EMG recording techniques in the operating room (OR), and discussion of 
the recording electrodes, EMG signal recording parameters, and a table showing 
muscle group selections and electrode placement. The authors explain the procedures 
used for monitoring EMG and Evoked Potentials for the neuromuscular junction 
(NMJ) including the interpretation of the signal and the use of audio over visual 
display for the surgeon for immediate feedback. The stimulated EMG section of the 
chapter provides the reader with details on monitoring segmental motor nerve root 
function, and an evaluation of the use of lumbosacral, cervical and thoracic pedicle 
screws. There is a brief introduction to somatosensory evoked potentials (SSEPs), 
motor evoked potentials (MEPs), dermatomal somatosensory evoked potentials 
(DSSEPs), and the recording techniques appropriate for each type of evoked potential. 
The authors list additional safety concerns for MEPs. The assessment of spinal nerve 
roots with SSEPs and MEPs is reviewed with the relative benefits of each technique 
summarized with reference to current literature. A final section on anesthesia is 
followed by the conclusion and suggestion that the simultaneous use of evoked 
potential and EMG recording can improve specificity and clinical efficacy of EMG 
during cervical and thoracic spinal procedures. The fourth and final chapter in this 
section is contributed by Farzan and colleagues. It covers both the use of EMG and 
MEPs for assessing neurological pathways in experiments using Transcranial magnetic 
stimulation (TMS) and the extension of these methods in combination with concurrent 
electroencephalography (TMS-EMG-EEG) to evaluate cortico-cortical connectivity 
between different areas of the motor cortex, such as the left and right motor cortices in 
the study of functional asymmetry. The authors discuss their innovative work using 
these methods to study cortical inhibition and modulation in non-motor areas in 
different disease states, such as schizophrenia and depression. 

The fifth section of this first volume covers the use of EMG in combination with other 
technologies. The first chapter in this section is by Cao and deals with Muscle Force 
Analysis of the human foot, based on wearable sensors and EMG. Forces were 
estimated through inverse dynamics methods in the “AnyBody Modeling System”, a 
wearable sensor system that was developed to measure rotational angles and centers 
of pressure (COP) in combination with EMG. The third chapter in this section, by 
Guerra, describes effective processing of familiar faces. The authors describe emotional 
processing research, with special emphasis on the contribution of EMG recordings, 
which has consistently shown that highly pleasant pictures are associated with (a) a 
pattern of accelerative changes in heart rate, (b) reduced eye-blink startle responses, (c) 
increases in zygomatic muscle activity, and (d) decreases in corrugator supercilii muscle 
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activity. The inverse pattern is observed with highly arousing unpleasant pictures. The 
fourth chapter in this section is by Terzi, and covers the non invasive monitoring of the 
interaction between breathing and swallowing using EMG and other additional 
methods for capturing respiratory events. 

The sixth and final section discusses new frontiers in research and technology, 
beginning with a chapter by Wehner that reviews man to machine applications in 
electromyography. Wehner describes how EMG is a detailed art, and can easily lead to 
erroneous conclusions if not practiced carefully. With new applications, particularly 
where EMG is employed as a means for humans to control electromechanical systems, 
care must be taken to ensure that these systems are developed with robust safety 
systems, and improper assumptions about EMG do not cause harm, injury, or even 
death.  The second chapter by Panek describes water surface electromyography. In this 
chapter, significant attention is paid to the methodology and the issue of correct 
placement and fixing of electrodes in all neuro-physiological methods. In general, the 
approach to recording an EMG signal in a water environment is no different from the 
common methodology of surface EMG, but there are certain specifics that are 
important. Currently, great attention is paid in the literature to the issue of the 
different effects of water and dry environments on the nature of the EMG recording 
itself. The third chapter by Navallas is on scanning electromyography. The main 
objective of scanning EMG is to record the electrical activity of a motor unit from 
different locations along a scanning corridor as the needle electrode passes through 
the motor unit territory. A very important aspect is that, although a single recording is 
made at each location, all recordings must be synchronized in relation to the firing of 
the motor unit, equivalent to simultaneously recording from all the sites. The fourth 
chapter is by Okkesim and covers EMG measures in people undergoing orthodontic 
treatment. EMG signals were used to measure and evaluate changes in jaw muscles 
(anterior temporalis and masseter), in  children with Class II malocclusion who received 
Twin-Block appliances. Power spectral density (PSD) methods were used to evaluate 
changes in muscle activity following 6 months of treatment. Finally, Fiorucci discusses 
new measurement techniques for surface EMG signals of resting eye position in the 
ophthalmological field. The author reviews the importance of signal detection during 
rest, and challenges inherent in filtering noise from the signal without removing the 
signal of interest. The authors describe a new type of measurement equipment and 
various precautions taken during signal processing. The authors conclude with import 
discussions about the potential of SEMG to be used as a tool to evaluate the effects of 
the graduation of eyeglasses and contact lenses on the eye muscles. The study 
provides an interesting conclusion to this first volume and provides a bridge to the 
second volume on clinical applications of electromyography.  

 
Mark Schwartz, Director  

Learn From the Best Program  
Biofeedback Foundation of Europe 
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A Critical Review and Proposed Improvement  
in the Assessment of Muscle Interactions  

Using Surface EMG 
James W. Fee, Jr. and Freeman Miller 

Alfred I. DuPont Hospital for Children 
USA 

1. Introduction 
The purpose of this chapter is to propose a mathematical relationship between EMG 
excitation recorded from muscles in opposition to, or in coordination with each other. The 
concept of correlating co-activation between muscles with EMG parameters is not new. 
Cowan et al. (1998) investigated the use of the Pearson Product-Moment correlation 
coefficient to quantify muscle co-activation using electromyography. They concluded that 
this method shows promise for describing side differences in diplegics and for assessing the 
effects of physical therapy and other interventions. Careful reading of this work shows that 
only "select" intervals of the EMG data were compared. These intervals were selected on the 
basis of "burst activity" of one muscle. This selection is done by hand and for large quantities 
of data, typical of a gait laboratory, would be labor intensive. In our laboratory the authors 
have found the Pearson Product-Moment unable to distinguish between two noisy signals 
from inactive muscles and two that are fully active. Using insights from the literature 
review, presented below, this chapter will propose an alternative, continuous function for 
describing muscle interaction over any and all portions of a gait cycle. 

2. Background 
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al.(2006) traces this history from Francesco Redi’s documentation of electrical activity in a 
muscle in 1666, to its present use as a controlling mechanism for modern human computer 
interaction. Most of the mathematical analysis applied to EMG signals concerns itself with the 
relationship between various parameters of the signal and the forces generated in the muscle. 
In its simplest form, an isometric contraction results in electrical activity in the muscle. De 
Luca (1997) states that while a simple equation describing this relationship would be extremely 
useful, such a simple relationship does not exist. In spite of this, numerous researchers have 
applied a countless variety of methods to the extraction of force from EMG signals. 
Christensen et. al. (1986) compared the number of zero crossings with force production and 
found a linear relationship up to 50% of a maximum voluntary contraction. At low levels of 
maximum contraction the number of spikes was found to increase with increasing force 
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(Haas, 1926). At higher force levels, the mean rectified value of the signal was found to 
exhibit linearity with force (Fuglsang-Frederiksen, 1981). Other investigators turned to the 
frequency domain and demonstrated an inverse relationship between force and frequency 
(Ronager et al,  1989). At the same time it has been shown that mean power frequency 
increases with increasing force (Li & Sakamoto, 1996). A study in 1999 showed that the 
median frequency increases with force up to a point equal to 50% of the maximum 
contraction (Bernardi M, et al. 1999). In a review article on surface EMG and muscle force, 
Disselhorst-Klug, et al. (2009) conclude that muscle force can be estimated from EMG 
signals in geometrically well-defined situations during isometric contractions. 
When limb motion and coordination are involved the relationship between (dynamic) EMG 
and force takes on greater dimensions of complexity. There are three basic types of data 
utilization involved in the study of dynamic EMG. Most common is the interest in the 
presence or absence of the particular muscle’s activity during a portion of some movement, 
for example a gait cycle. A second interest is in the envelope shape of the EMG waveform 
over an entire movement. Lastly, there is the interest in relating the force generated by a 
muscle to itself (at some other part of the movement) or to some other muscle (Rechtien, et 
al. 1999). In order for the EMG representation of forces to be related to one another, each 
must be normalized to some standard value. 
Burden (2002) gives an extensive review of research, performed over the last two and a half 
decades, on normalization methods. The author identifies eight methods of normalization. Of 
these eight, two are of the most interest: first, a method whereby an EMG signal is divided by 
the maximum of itself (Peak Task, PT), and a second (Mean Task, MT) whereby an EMG signal 
is divided by the mean of itself. The author reports that, with respect to other more complex 
methods, both the PT and the MT methods reduced inter-individual variability, and improves 
the sensitivity of surface electromyography as a diagnostic gait analysis tool. The use of these 
methods also increases the effect size and hence the power of statistical comparisons between 
groups in relation to the output from other methods. The drawbacks of these methods are, first 
in the case of PT, the selected maxima could easily be an artifact in the recording of the signal. 
In the second method, normalizing to the mean of the signal could easily result in the existence 
of normalized EMG points in excess of 100%. If these points are attenuated to 1.00 as is often 
the case, the normalized task EMGs may not reveal the proportion of an individual’s muscle 
activation capacity required to perform a specific task. 
To compare EMG patterns between muscles groups, it is necessary to use a time-
normalization technique so that a point-by-point comparison of EMG activity is possible. 
Carollo JJ & Matthews (2002) suggest that this can be done by breaking the EMG pattern up 
into individual stride cycles, which are considered the period between successive heel-
strikes in the same leg. The individual EMG stride patterns are then time normalized, 
expressed as a percentage of total cycle. In a review paper on muscle coordination, (Hug, 
2011) finds fault with this method because of the variability of the point of toe-off (between 
58 and 63% of the gait cycle). To correct this, Sadeghi et al. (2000) and Decker et al. (2007) 
use “curve registration” or “Procrustes analysis” methods, respectively. Curve registration 
relies on finding the peak points in the joint power curves and aligning gait cycles 
accordingly. The Procrustes method describes curve shape and shape change in a 
mathematical and statistical framework, independent of time and size factors. Thus the 
method normalizes both time and stride magnitude at the same time. 
Hodges & Bui (1996) state that, in order to allow comparisons between muscles, 
experimental conditions and subjects or subject groups, accuracy of onset determination is 
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crucial. Onset is most often recognized as the point where the EMG values cross and remain 
above a pre-chosen threshold value. The choice of this threshold value varies among 
researchers. Some place it at two standard deviations above the noise level (Micera et al. 
1998). Lidierth (1986) added to this method by specifying that the threshold value be 
exceeded, and remain so, for a specific time constant. Others use a percentage of the peak 
EMG, and report that this percentage varies from 15 to 25% of the maximum signal (Staude, 
2001). More sophisticated methods evaluate statistical properties of the measured EMG 
signal before and after a possible change in excitation level (Staude & Wolf, 1999). 
De Luca (1997) suggests that, at least in the case of the threshold method, off time be found 
as the opposite of on time, that is when the amplitude falls below the same percentage of 
maximal contraction. He further suggests that when comparing on and off times of two 
muscles, that a 10ms window of error is the best that can be expected.  
Having extracted a measure of force from the EMG signal by whatever means, and 
knowing when a muscle is active or inactive, attention turns toward the comparison of 
activity in two or more groups of muscles. The most elementary technique for the 
examination of two coordinating muscles groups is the visual inspection of the raw EMG 
signal together with appropriate graphics of the joint angles. Conclusions drawn from 
such observations are subjective at best, thus a more quantitative method is needed 
(Kleissen et al. 1998). 
De Luca (1997) defines two parameters that are commonly used to represent the EMG 
signal: the average rectified value and the root mean square value:  

  2RMS 1 /= n x i   

Here x is a sample point with the sum taken over sample size n. 
For comparison purposes Fukuda et al.(2010) state that the RMS value is prefered because it 
is a parameter that better reflects the levels of muscle activity at rest and during contraction, 
and for this reason, it is one of the most widely used in scientific studies. A slightly more 
complex method of analysis was reviewed by Fuglsang-Frederiksen (2000). When 
comparing the activation of different muscles, he found that the turns/amplitude analysis 
method was more useful than other methods. Turns analysis consists of counting the 
number of positive and negative potential changes exceeding 100υv ("turns") and their 
amplitudes. The turns ratio is computed by dividing the mean amplitude (of the turns) by 
the number of turns. The method was used by Garcia et al.(1980) as a quantitative 
assessment of the degree of involvement of antagonist muscles.  
In a variation on the turns counting method, Jeleń & Sławińska (1996) compared the 
activation of two muscles using a spike counting method. This method counts the number of 
times the EMG signal crosses a "noise level" threshold. These authors showed that this count 
is in good agreement with muscle activity. 
Area under the EMG curve has been used successfully to compare co-contraction. In a 
unique normalization scheme, reported by Poon & Hui-Chan (2009), EMG co-contraction 
ratios were calculated as ratios of the antagonist EMG area to the total agonist-plus-
antagonist EMG areas. The authors claim this technique allowed the comparison of data 
obtained on different days for within- or between-subjects. 
Work presented in the next section will demonstrate that the method to be outlined in this 
chapter is quite similar to Poon's (Poon & Hui-Chan, 2009). However a simple mathematical 
construct reveals that the author's ratio is not unique: 
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    A / A  a B / B  b     

Let: B = 2 * A    and  b = 2 * a 
If "A" in the above equation is antagonist EMG area and "a" is agonist area, it is possible to 
conceive of another muscle group such that antagonist area "B" is twice that of "A" and 
agonist muscle "b" is twice the area of "a". The calculation for both muscles groups will 
produce the same co-contraction ratio, however a clinician, observing the muscle group's 
behavior, would find the two levels of co-contraction to be quite different. The authors of 
this chapter will assert that it is not possible to represent the co-activation of two muscles by 
a single parameter. One must consider the activation of both relative to the normalized 
value and the ratio of each to the other. 
The next level of sophistication in the analysis of EMG data is the examination of the frequency 
content of the signal. Several parameters are obtained from the power spectrum (the Fourier 
transformation of the EMG signal). The mean frequency is defined as the mathematical mean 
of the spectrum curve, the total power is the integral under the spectrum curve, and the 
median frequency is defined as the parameter that divides the total power area into two equal 
parts. Finally the peak power is the maximum value of the total power spectrum curve. 
The most commonly used parameter in the frequency domain is the median frequency. 
Hermens et al.(1992) report that this parameter deviates from its normal value in a number 
of neuromuscular disorders, therefore the parameter is often used in clinical settings. In a 
comparative study this parameter, like the turns ratio and the spike count, would be 
calculated for each muscle group and then compared using a statistic such as the ANOVA 
or a paired t-test (Lam, 2005). A slight variation on this is the mean power frequency which 
is found by dividing the summed product of the frequency and power by the summed 
power. Feltham et al. (2010) used this parameter to demonstrate differences in co-
contraction levels between the right and left sides in children with spastic hemiparetic 
cerebral palsy and both arms of typically developing children. In the case of the other two 
variables peak power has been shown to be related to muscle fiber conduction velocity and 
total power to muscle force (Li & Sakamoto, 1996; Farina et al. 2004).  
Among the newest methods of EMG analysis are those involving wavelet analysis, which 
examines both the frequency and time domain combined. A wavelet transform is a Fourier 
transform performed on a particular section of an EMG signal. Further, the time width (or 
window) of the “section” can be dependent on the frequency content of that section. That is, 
the window is narrowed for high frequencies and widened for low frequencies. Karlsson et 
al.(2009) define this as a mathematical microscope in which different parts of the signal can 
be observed by adjusting the focus. When testing children with cerebral palsy, Prosser et 
al.(2010) point out that wavelet analysis eliminates the need for amplitude normalizations. 
This is beneficial because many of these subjects cannot make a maximal contraction. 
In a paper presented at the IEEE conference on Engineering in Medicine and Biology 
Dantas, et al.(2010) compared Fourier analysis with wavelet transform analysis. They point 
out that Fourier analysis assumes signal stationarity, which is unlikely during dynamic 
contractions. Wavelet based methods of signal analysis do not assume stationarity and may 
be more appropriate for joint time-frequency domain analysis. 
The nature of the Fourier analysis is that it transforms the signal into a series of sine-cosine 
functions and is therefore especially well adapted for analyzing periodic signals. Herein lies 
its major drawback, EMG signals are not only non-stationary, but non-periodic, “fractal” 
and seemingly chaotic. Borg (2000) points out, that instead of decomposing and 
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reconstructing a signal in terms of the sines and cosines functions, wavelet analysis allows 
the use of an array of waveforms such as: saw tooth functions, rectangle waves (Walsh 
functions), or finite time pulses. In a paper published last year, Bentelas (2010) demonstrated 
how the Continuous Wavelet Transform (CWT) is mathematically similar to surface EMG 
signals with noise and is therefore the favorite candidate for analyzing these signals.  
The wavelet transform method has been applied with increasing success. In a paper on the 
ergonomics of driving,  Moshou et al. (2000) clearly demonstrate the ability to remove noise 
from the EMG signal. As a result, small coordinated muscle activity of the shoulder can be 
observed, that would otherwise have been hidden in the noise. The use of this method to 
investigate dynamic muscle dysfunction in children with cerebral palsy has lead to clear 
distinctions between this population and the normally developing group (Wakeling et al. 
2007). Lauer et al. (2007) expanded on this and were able to show differences in levels of co-
contraction between the less and more involved side. 

3. Methodology 
With the above review in mind, the authors propose a method of comparing two EMG signals. 
While most of the illustrations presented will be of raw or stylized raw EMG data, the method 
will be demonstrated to work equally as well on filtered, enveloped data. The method begins 
with a full wave rectification of surface EMGs recorded as gait data. The gait data presented 
here will be from multiple walks; each walk will have been cut into cycles beginning and 
ending either at toe-off or heel-strike and then pieced together end to end (i.e. toe-off to toe-off 
or heel-strike to heel-strike). For simplified illustrative purposes only one cycle will be 
presented, however all mean values will have been calculated over the entire ensemble. 
The method of normalization is a combination of both the “Peak Task” and “Mean Task” 
methods of (Burden, 2002). Figure 1, below, is an illustration of the method. For illustrative 
purposes a stylized EMG signal is presented. The signal consists of two sine waves, of different  
 

 
Fig. 1. Normalization method stylized EMG data constructed  from several sin waves is used 
to demonstrate a method of normalization. 
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amplitude and frequency summed together. The timing of half a “wave” will be considered 
one tenth of a gait cycle. For the normalization process, a set of points are found such that they 
are the upper 1/10 of all samples in the particular gait cycles of interest. The mean of these 
samples (in the illustrative case 80 points are found to have a mean of 7.8 volts) is taken as the 
normalizing value. All points in the ensemble are then divided by this mean. The result of this 
division will be a signal with several points that have a value higher than unity. These will be 
considered artifacts and set to the value one. The signal is then multiplied by 100. After this 
multiplication, all values below 20 are considered to be noise and are set to zero. 
The comparison of two muscle excitations requires the defining of two parameters. The first 
of these parameters will be called the “Excitation Index”. If it can be imagined for a moment 
that, for a tenth of a gait cycle, the EMG were at maximum potential, the signal over that 
time period would be a full ten volts. The normalized value would be 100 over the entire 
time period (tp). The integration of this full excitation would equal the area of a rectangle  
(100 x tp). When two signals are involved, both maximally on for the same time period (tp), 
the total possible area under both signals is (200 x tp). This will be considered the 
“standard” Excitation. The excitation index will be defined as the sum of the integration of 
the two EMG signals over a tenth of a gait cycle divided by that tenth's “standard”. It should 
be noted here, that tp is not a constant and is likely to vary over each gait cycle, as a result a 
“Standard Excitation” must be calculated for each tenth cycle. 
The second parameter to be defined will be called the co-activation ratio. This ratio will be 
defined simply as the smaller of the two integrated EMG signals divided by the larger. The 
result will always be a number between zero and one. An illustration of the calculation of 
the two parameters is presented in figure 2. In this case the second EMG signal is  
 

 
Note: 
#1 Area under the rectangle equals the total area of a 1/10 gait cycle. Twice this area is the maximum 
integral of the combined EMG signals (The Standard Excitation (SE)). 
#2 Bar Height = The ratio of the sum of the integral of both EMG signals / SE.  
#3 Point Value = Ratio of the two "stylized" EMG signals in "B" above. 

Fig. 2. Stylized assessment method 
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represented as a full wave rectified sine wave whose frequency was set to the combined 
frequency of the first. In the case of the A'th tenth cycle both EMG signals are almost the same, 
however the area of a sin wave is not equal to a square wave. The height of the bars of the 
graph in the lower half of the figure represents this difference in area. In the case of “A” the 
area under the two stylized EMG signals is 0.6 of 60% of the “Standard Excitation”. The red 
dot represents the ratio of the two signals, slightly less than one because the two areas are 
almost equal. The B'th and C'th tenths can be similarly interpreted. The assessment system can 
be applied to the co-activation of two antagonistic muscles (better known as co-contraction) as 
shown in figure 3. This figure delineates the differences between co-contraction in a normally 
developing limb and one with hemiplegia. Clearly, in this gait cycle, there is almost no co-
contraction evidenced in the normally developing subject. This is not the case in the subject 
with hemiplegia. A quick review of the profiles reveals that, while the highest co-contraction 
occurs in the eight tenth of the gait cycle, the total excitation of both muscles is less than 10% of 
maximum. From the mean values it can be seen that, while the excitation index is just below 
9%, the co-activation ratio is just below 17% (the rounded off value). With these values 
presented, it is left to the clinician to decide if this co-activation is significant. 
 

 
Note: Means are calculated over 14 cycles (140 points). 

Fig. 3. Assessment of a Co-Contracting Muscle- This figure illustrates a clear difference 
between hemiplegia and normally developing gait cycles on a 1/10 cycle by cycle basis. 

Turning to the original motivation for this work, Figure 4 demonstrates the use of the 
assessment method to explore excitation in contralateral muscles. Our hypothesis states that 
if “mirrored excitation” exists, it is most likely to be seen at mid-stance/mid-swing, where 
the muscles of the “swinging” limb should be inactive and the supporting limb's muscles 
should be most active. While it is not the intent of this chapter to prove or disprove our 
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working hypothesis, some results will be presented in order to demonstrate the efficacy and 
efficiency of the method of assessment outlined and advocated. 
With regard to mirrored excitation, it is expected, that the excited muscle will be mirrored 
onto the inactive muscle. In the example below, for the normally developing subject, it can 
be seen that the co-activation ratio for this gait cycle is highest at mid-stance of both limbs. 
This is actually an atypical gait cycle, chosen so the numbers would be large enough to be 
seen on the graph. The mean values were in fact 0.07 on the left and 0.04 on the right. An 
examination of the means of these values over the 10 cycles, in the subject with hemiplegia, 
reveals a mean excitation index on the left of 0.14 (slightly higher than the value of the 
complete gait cycle) and a mean ratio of 0.44 (almost twice the value for the complete cycle). 
While the values at mid-stance on the right are 0.08 and 0.62 respectively. From this, one 
would conclude that there is an influence at left mid-stance, but without the greater 
excitation index at right mid-stance, information from other muscles would be needed to 
draw any conclusions. 
 

 
Note: Mid-stance (L & R MS) values are calculated from data taken between 1/20th cycle on either side 
of the mid-stance point.  

Fig. 4. Left and right side co-activation. 

The previous two graphics presented EMG data in raw, rectified, normalized form, with the 
assessment analysis being performed on this raw data. This is simply the authors' preference 
and should not be interpreted as the only way the analysis can be done. The next graphic, 
Figure 5, presents a comparison of the analysis performed on both raw and filtered data. To 
be noted here is the fact that both profiles, that of the excitation index and the co-activation 
ratio appear very much alike. The mean excitation index is slightly less (0.06 vs. 0.10) while 
the mean co-activation ratio is slightly greater (0.37 vs. 0.25). Each of these differences makes 
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be seen that the co-activation ratio for this gait cycle is highest at mid-stance of both limbs. 
This is actually an atypical gait cycle, chosen so the numbers would be large enough to be 
seen on the graph. The mean values were in fact 0.07 on the left and 0.04 on the right. An 
examination of the means of these values over the 10 cycles, in the subject with hemiplegia, 
reveals a mean excitation index on the left of 0.14 (slightly higher than the value of the 
complete gait cycle) and a mean ratio of 0.44 (almost twice the value for the complete cycle). 
While the values at mid-stance on the right are 0.08 and 0.62 respectively. From this, one 
would conclude that there is an influence at left mid-stance, but without the greater 
excitation index at right mid-stance, information from other muscles would be needed to 
draw any conclusions. 
 

 
Note: Mid-stance (L & R MS) values are calculated from data taken between 1/20th cycle on either side 
of the mid-stance point.  

Fig. 4. Left and right side co-activation. 

The previous two graphics presented EMG data in raw, rectified, normalized form, with the 
assessment analysis being performed on this raw data. This is simply the authors' preference 
and should not be interpreted as the only way the analysis can be done. The next graphic, 
Figure 5, presents a comparison of the analysis performed on both raw and filtered data. To 
be noted here is the fact that both profiles, that of the excitation index and the co-activation 
ratio appear very much alike. The mean excitation index is slightly less (0.06 vs. 0.10) while 
the mean co-activation ratio is slightly greater (0.37 vs. 0.25). Each of these differences makes 
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sense when considering what filtering does. By lowering the peak values of the EMG data, 
the excitation index has a smaller numerator and thus a smaller value for each 1/10 cycle. At 
the same time that peaks are made lower the data is spread over a larger region of time, this 
causes the regions with the higher peaks to take up greater area. Since the co-activation ratio 
is calculated by dividing the smaller number by the larger, an increase in the smaller 
number (in this case) is reflected by a larger ratio. 
 

 
Fig. 5. Raw and filtered EMG and their resulting parameters. 

The presentation of this data in a meaningful way so that different muscle groups among 
different subjects can be compared, is not a trivial matter. A method for plotting twenty points 
per muscle per gait cycle for several muscles of interest must not overwhelm the reader with 
data while at the same time allow a readily recognizable comparison of pertinent information. 
In the case of the authors, the interest is in comparing contralateral co-activation with co-
contraction in both limbs. At the least this involves three muscle groups, adding to this is the 
desire to compare these muscle groups at particular points in each gait cycle (mid-stance) thus 
adding an additional two comparison groups to the representation task.  
The method to be suggested here will utilize two distinct graphing methods; in the first, line 
graphs will present the excitation index and co-activation ratios in their pure calculated 
form. In the second, bar charts will compare normalized values of the excitation indices. It is 
felt that both are of value and both have a valid place. The bar charts provide an immediate 
means of comparing muscle groups within the same subject. Line graphs provide a means of 
comparing data across subject. 
To construct the graphs, the authors calculate a mean value of each parameter over the 
ensemble of gait cycles recorded for each subject. From each ensemble of muscle groups to 
be compared, the maximum muscle excitation index is chosen and all other excitation 
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indices are normalized on this value. Each normalized value now represents the 
comparative excitation of each muscle group. Since the co-activation ratio represents the 
comparison of activation between the two muscles of a given group, multiplying the 
normalized excitation index by this ratio, preserves its comparative property between the 
groups. The process lends itself well to a graphical representation by means of a stacked 
column graph. Figure 6 presents a comparison of Gastrocnemius-Anterior Tibialis 
interaction in seven subjects with hemiplegic cerebral palsy. The data presented represent a 
number of interesting interactions between the groups. In the third, fourth and sixth subject, 
co-contraction is the dominant muscle activity. In the other 4, the dominant activity is the 
co-activation between the right and left sides. In two of the subjects (#1 and #7) this 
dominance is seen across the entire gait cycle, in the remaining two the dominance occurs 
only at the points of mid-stance. While the method of presenting the normalization of means 
clearly has its value in the intragroup comparison for a single subject, it can give misleading 
results when comparisons are made across subjects. To address the issue, data is presented 
as it was before normalization. These two added sets of data insures that a very strong 
excitation, when normalized to unity, is not seen as comparable to a weak excitation that 
might happen to the maximum value for another subject. 
 

 
Legend:  GAl = Gastroc-Tib left,  GAr = Gastroc-Tib right, CoCn = Co-contraction,   
Cntr = contralateral co-activation (measured over the complete cycle),  GG = Gastroc-Gastroc, Rmd = 
Right Mid-Stance, Lmd = Left Mid-Stance 
Bar charts are normalized data, line graphs are actual values. 

Fig. 6. Excitation indices and co-activation ratios for seven subjects 

In the example presented in Figure 6, maximum excitation is almost the same for subjects 1, 
2, 3, 4, and 7. Comparison of these subjects would be fairly reasonable. Comparison of these 
with subjects 5 and 6 becomes more problematic because their maximum excitations are 
clearly more intense. 
As a final step Figure 7, below, provides a comparison to data from three normally 
developing subjects for the same muscle groups. This graph demonstrates the value of both   



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

12

indices are normalized on this value. Each normalized value now represents the 
comparative excitation of each muscle group. Since the co-activation ratio represents the 
comparison of activation between the two muscles of a given group, multiplying the 
normalized excitation index by this ratio, preserves its comparative property between the 
groups. The process lends itself well to a graphical representation by means of a stacked 
column graph. Figure 6 presents a comparison of Gastrocnemius-Anterior Tibialis 
interaction in seven subjects with hemiplegic cerebral palsy. The data presented represent a 
number of interesting interactions between the groups. In the third, fourth and sixth subject, 
co-contraction is the dominant muscle activity. In the other 4, the dominant activity is the 
co-activation between the right and left sides. In two of the subjects (#1 and #7) this 
dominance is seen across the entire gait cycle, in the remaining two the dominance occurs 
only at the points of mid-stance. While the method of presenting the normalization of means 
clearly has its value in the intragroup comparison for a single subject, it can give misleading 
results when comparisons are made across subjects. To address the issue, data is presented 
as it was before normalization. These two added sets of data insures that a very strong 
excitation, when normalized to unity, is not seen as comparable to a weak excitation that 
might happen to the maximum value for another subject. 
 

 
Legend:  GAl = Gastroc-Tib left,  GAr = Gastroc-Tib right, CoCn = Co-contraction,   
Cntr = contralateral co-activation (measured over the complete cycle),  GG = Gastroc-Gastroc, Rmd = 
Right Mid-Stance, Lmd = Left Mid-Stance 
Bar charts are normalized data, line graphs are actual values. 

Fig. 6. Excitation indices and co-activation ratios for seven subjects 

In the example presented in Figure 6, maximum excitation is almost the same for subjects 1, 
2, 3, 4, and 7. Comparison of these subjects would be fairly reasonable. Comparison of these 
with subjects 5 and 6 becomes more problematic because their maximum excitations are 
clearly more intense. 
As a final step Figure 7, below, provides a comparison to data from three normally 
developing subjects for the same muscle groups. This graph demonstrates the value of both   

A Critical Review and Proposed Improvement in  
the Assessment of Muscle Interactions Using Surface EMG 

 

13 

 
Legend:  GAl = Gastroc-Tib left,  GAr = Gastroc-Tib right,   CoCn = Co-contraction,   
Cntr = contralateral co-activation (measured over the complete cycle),  GG = Gastroc-Gastroc,   
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Bar charts are normalized data, line graphs are actual values. 

Fig. 7. Normalized mean excitation indices for three normally developing subjects 

the bar and line graphics. While the bar graphs suggest that it may not be unusual for co-
activation across the body to exist at mid-stance, the line graphs make it clear that it is not a 
dominant form of excitation. The most obvious difference between the normally developing 
subjects and those with hemiplegia are the obviously consistent indices and ratios seen in 
the normal developing subjects. All interaction in this data seem to be at about the same 
level. The slight elevation in excitation index of contralateral muscle groups of subject #1 
may not be indicative of all normal subjects, a larger subject population would be necessary 
to identify true trends in normal developing subjects. 
While the normalization method presented above may provide a good tool for visualization, 
the set of values calculated from tenths of a gait cycle should easily form the basis of a 
statistical analysis using a paired t-test or a two-way ANOVA. 

4. Conclusion 
It has been the purpose of this chapter to present a method whereby the co-activation of two 
muscles can be compared and presented to the clinician in a meaningful way. It has been 
shown, with the use of both stylized EMG data, and real data from ongoing 
experimentation, that the method presented provides two unique numbers which 
completely define the state of excitation of a muscle group. It has been demonstrated further 
that this method overcomes the pitfalls of previous attempts. Among its attributes are the 
method's ability to deal with both active and inactive muscle activity and to easily fit into 
many standard gait analysis reports. 
The method begins with a normalization that combines two previously described methods. 
This combination of normalization on peak values and mean values of the data set itself 
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eliminates drawbacks of both methods. Additionally it eliminates the need for a maximal 
contraction which many of those in the cerebral palsy population cannot perform. 
The assessment method provides two numbers, the first, the Excitation Index, measures the 
activation of both muscles of interest in combination. The second number, the Co-activation 
Ratio, provides a measure of each muscle's excitation relative to the other. In combination, the 
two measures completely define the comparative excitation of any two muscles of interest.  
The chapter presents several graphical methods of presenting the assessment method so that it 
can be used to compare a single set of muscles in a gait analysis, or to compare multiple 
groups of muscles across a sample population. 
Although the data analyzed have largely been raw, unfiltered EMG data, the method can be 
applied equally as well to filtered "enveloped" data. In the case of one such analysis presented, 
while the mean values were somewhat different for filtered data, the overall profiles of both 
the excitation indices and the co-activation ratios remain consistent over the gait cycle 
presented. 
Finally the chapter has demonstrated that the method can be applied to ongoing research in 
the author's laboratory. The authors believe that this demonstrates the value of the method in a 
real application. 
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1. Introduction 
Motor unit action potentials (MUAPs) from motoneurons are transmitted to muscles 
through end-plates and then propagated to the tendons. These bioelectrical signals are 
detected via electromyography (EMG), which is performed using electrodes. 
The electrodes used in EMG are primarily surface electrodes and inserted (wire or needle) 
electrodes, of which surface and wire electrodes are mainly used for kinesiological 
studies. Surface electrodes are widely used because of noninvasive attachment, painless 
usage, suitability for detecting muscle activation by generation of EMG signals and 
simplicity, although detection is usually limited in surface muscles. Surface EMG is a 
practical and noninvasive procedure that has potential usage in sports and rehabilitation 
medicine.  
The signal amplitude of surface EMG is analyzed to estimate the level of muscle contraction, 
while the frequency component is used to estimate performance of muscle activation. For 
example, a change in EMG signal amplitude is regarded as a change in the strength of 
muscle activation, and a shift of the surface EMG signal towards a lower mean frequency is 
correlated with decreasing muscle fiber conduction velocity due to muscle fatigue. 
However, the detected EMG signal amplitude and mean frequency are influenced by the 
location of surface electrodes, although the action potentials in a muscle are generated at the 
same time. For these reasons, the location of surface electrodes is very important for 
accurate evaluation of muscle activation. 
In this chapter, the propagation or conduction of action potentials is illustrated to 
understand the EMG signal recorded by surface electrodes. Proper electrode locations are 
suggested with theoretical and practical methods. 

2. Surface EMG signals according to the propagation of action potentials 
EMG can explain the superimposed waveform of MUAPs, which are detected by electrodes. 
The EMG signal can be prepared by the summation of theoretically generated MUAP 
waveforms. The EMG signal observed by electrodes can also be estimated. 
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Fig. 1. Theoretical waveform of an MUAP measured using a surface electrode.  
The action potential from the innervation zone (IZ) is propagated bilaterally along the 
muscle fibers. The direction of the waveform will reverse depending on whether the surface 
electrode is proximal or distal to IZ (a). The normal MUAP is triphasic, consisting of larger 
first- and second-phase peaks and a smaller third phase peak (b; Nishihara et al., 2010). 

2.1 Detection of MUAP waveform with surface electrodes 
Rosenfalck recorded action potentials during muscle contraction in individual muscle fibers 
of frogs, rats and humans, and performed a detailed calculation of the predicted action 
potentials when the signals were detected by bipolar electrodes placed on the skin surface 
(Rosenfalck, 1969). In humans, the basic action potential is triphasic; the first two phases are 
similar in amplitude, whereas the terminal phase has a peak-to-peak amplitude, which is 
only 5%–10% of those of the first two phases (Fig. 1). 
If only a single MUAP is generated, whether the peak in each phase starts in a positive or 
negative direction theoretically depends on whether the recording bipolar electrode is 
proximal or distal to IZ (Hilfiker & Meyer, 1984; Zalewska & Hausmanowa-Petrusewicz, 
2008). 
The waveform of an MUAP is propagated from the end-plate to the muscle tendons. If the 
end-plates are concentrated in one location, then the direction of the positive or negative 
side of the MUAP waveform will reverse depending on whether the position of the 
electrode that is recording muscle activity is proximal or distal to IZ (Masuda & Sadoyama, 
1991). The waveform of a MUAP will be canceled or attenuated in IZ.  
When measuring a surface EMG signal during voluntary contraction, many MUAPs can 
interfere with each other, thus making it more complicated to identify a single whole MUAP 
from a raw waveform display. 
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2.2 Relationship between the direction of electrodes and muscle fibers 
Action potentials from motoneurons are propagated along muscle fibers. Bipolar surface 
electrodes are usually placed in the approximated direction of muscle fibers and used with a 
differential amplifier, which suppresses signals common to both electrodes. 
The potential at one electrode is subtracted from that at the other electrode, and then the 
difference is amplified. Subsequently, the common noise of both electrodes is eliminated.  
Multichannel electrodes arranged along the direction of muscle fibers can be used to 
investigate the muscle fiber conduction velocity or propagation of the action potentials. 
However, many EMG channels must be used for a single muscle (Nishizono et al., 1979). 
Multichannel surface array electrodes or grid electrodes would facilitate the stable 
observation of action potentials because these electrodes are attached to a plate that fixes the 
electrodes in close proximity to each other (Fig. 2; Zwarts & Stegeman, 2003). 
 
 

 
Fig. 2. Multichannel surface array electrodes (left) and grid electrodes (right). 
The gray rectangles and circles represent electrodes attached to the boxes.  

The propagated MUAPs are attenuated depending on their distance from the surface 
electrodes, the location of subcutaneous tissue, and the electrical impedance of the skin (Fig. 
3). Usually, MUAPs generated at a distance from the electrode are greatly attenuated. The 
higher frequency components of the interfered waveform are more difficult to detect when 
surface electrodes are placed over subcutaneous tissue; in addition, it is difficult to identify 
the propagation of MUAPs. The propagation pattern from raw EMG signals may be 
observed during lower level of voluntary muscle contraction (Fig. 4). 
The propagations are estimated by detecting time shifts of pulses, which are considered as 
one MUAP although they appear across EMG signals of several channels (Fig. 4). The time 
shifts of pulses indicate that the surface electrodes are approximately located along the 
direction of muscle fibers. The pulses shift maximally when the electrodes are placed along 
the direction of muscle fibers that are anatomically arranged in the same direction. Close to 
the tendons of a muscle, however, the amplitude of the EMG signal is reduced and the time 
shifts of pulses are unidentifiable. 
Appropriate analysis techniques are needed to estimate the propagation of EMG signals in 
higher level of muscle contraction because many motor units are activated and the 
generated MUAPs interfere with the observed raw waveforms of EMG.  
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Fig. 3. Theoretical EMG signal from action potentials propagated along muscle fibers. 
The action potentials propagated along muscle fibers are attenuated according to the 
distance between the muscle fibers and the surface electrodes and are superimposed in 
surface EMG (Nishihara et al., 2003). 
 

 
Fig. 4. Example of raw EMG signals detected by multichannel surface array electrodes. 
The propagations are estimated by detecting the continuous time shifts across several 
channels (rectangular boxes). 
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2.3 Cross-correlation method to estimate the propagation of action potentials 
The cross-correlation method has been widely applied to estimate action potential 
propagation by multichannel surface EMGs using automated computer programs (Yaar & 
Niles, 1991). The correlation coefficient (R) used to calculate the time shift is calculated 
from the reference EMG (X) and comparison EMG (Y) using the following equation (1): 
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where R is a normalized value ranging from −1 to +1. The peak value of R displaced from 
time 0 is the time shift reflecting the conduction time between the two EMG signals (Fig. 5). 
A time shift could be assumed to occur according to the muscle fiber conduction. If the 
surface electrodes were attached in the proper direction, the peak value of R would be close 
to 1, which is relatively high. 
 

 
 

Fig. 5. Sample records of raw EMG signals (a) and the time shift estimated by the cross-
correlation method (b). 
The time shift estimated using the cross-correlation method by calculating the time between 
zero and the peak of the cross-correlogram of an EMG signal (Nishihara et al., 2003). 

2.4 Peak averaging method to estimate the propagation of action potentials 
The propagation pattern from a raw surface EMG signal can be observed by detecting the 
peaks in a surface EMG and averaging them using computer programs (Nishihara et al., 
2003; Isho et al., 2011). 
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The smallest value at which the pulses were not detected from resting muscle EMGs was set 
as the threshold to avoid the detection of a noise component. When a positive peak value 
was larger than the set threshold in the EMG signals, the amplitude and time were 
registered as the peak of positive pulse. The negative peak value of the EMG signals is 
processed as the peak of negative pulse using the same method.  
 

 
Fig. 6. Sample records of raw EMGs (a) and action potentials estimated using the peak 
averaging method (b).  
The time shift is the time difference between the peak averaged pulses obtained using the 
peak averaging method (Nishihara et al., 2003). 

Pulses from a reference EMG were superimposed at time 0 and averaged to minimize the 
irregular components of other interfering action potentials and noises. The value of the 
averaged pulse (PAi) at the point i on the reference EMG is obtained using the following 
equation (2): 
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where N is the number of detected pulses in EMG with the reference electrodes, X is the 
reference EMG, Aj is the peak value of a detected pulse j in X, and Tj is the time at which a 
peak detected pulse j is obtained in X.  
The peak value of PAj is 1, and its peak point of time is 0. 
An averaged pulse is obtained simultaneously from a comparison EMG with an averaged 
time delay. The waveform of the comparison EMG is averaged with the same Aj and Tj of 
the detected pulse j in the reference EMG (not in the comparison EMG). Thus, the averaged 
pulse PBi at point i from the comparison EMG is obtained using the following equation (3): 
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where Y is the comparison EMG. 
The time shift estimated by investigating the time difference between PAi and PBi is calculated 
from the time difference between the peaks or cross-correlation of PAi and PBi (Fig. 6). 
This method permits simple observation of the propagation of action potentials across 
multichannel array electrodes. 

3. Surface EMG signals in IZ 
Action potentials were generated in the end-plates used for signal transmission from 
motoneurons. These end-plates are usually concentrated in areas such as IZ. The 
propagation pattern was investigated using the peak averaging method, and the location of 
IZ was also estimated by analyzing this propagation pattern. 

3.1 EMG recording 
Multichannel array electrodes were attached to the medial aspect of the belly in the direction 
of fibers of the biceps brachii muscle and the array was secured to the skin with surgical 
tape. The array electrodes comprised nine wires (material: silver/silver chloride, width: 1 
mm, length: 10 mm) attached at 5-mm intervals to a transparent acrylic resin box. 
A weight band was attached to the wrist of the subject. Isometric elbow flexion was 
performed for one second to the extent of <10% maximum voluntary isometric contraction, 
and an EMG signal was recorded. The adequacy of the distance between the array 
electrodes and the tendons was checked by palpation. 

3.2 Estimation of IZs 
The averaged pulses from the recorded EMG signal were calculated as shown in Fig. 7. If the 
array electrodes are shifted towards the adjacent muscles, the time shifts are not clear, and 
hum components, which are easily mixed if the reference electrode is incompletely attached, 
are detected as pulses. This results in many dummy averaged pulses appearing in each 
channel. In that case, the locations of electrodes must be corrected. 
The origin of the propagation is considered as IZ. If the directions of electrodes and muscle 
fibers are substantially different, these time shifts of averaged pulses would not be clearly 
shown, or the peak correlation coefficient obtained would be of a relatively low value 
(equation (1)). 
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Fig. 7. Example of the generation of averaged pulses.  
The EMG signal is the same as that in Fig. 4. Channel 5 was selected as the reference EMG. 
Detected pulses from the EMG signal are averaged, and these averaged pulses indicate the 
direction of propagation in muscle fibers. In this subject, the estimated location of IZ is 
between channels 6 and 7 (Nishihara et al., 2009). 

4. IZ locations and directions of muscle fibers across several muscles 
IZs are usually located around the muscle belly, or in other words, around the center of 
muscle fibers. However, determining the locations of IZs is difficult by the muscles. The 
muscles have been classified by the structures. 

4.1 The structure of muscles according to the direction of muscle fibers 
Muscles are classified on the basis of the direction of muscle fibers rather than the overall 
direction of the muscle (Fig. 8). The biceps brachii muscle is a typical example of a fusiform 
muscle, because it has a relatively uniform direction of muscle fibers with IZ located around 
its center in most cases. However, IZs were dispersed in many cases in spite of the biceps 
brachii muscle being used for the study in all cases (Fig. 9). 
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Fig. 8. Classification of muscles based on the directions of muscle fibers.  

The direction of fibers is irregular in many muscles; consequently, IZs of these muscles 
are scattered around them (Saitou et al., 2000). Therefore, it is very difficult to attach 
surface electrodes in the exact direction of the muscle fibers of such muscles. In this case, 
the EMG signal does not comprise the waveform of generated MUAPs as illustrated in 
Fig. 1. The time shifts of averaged pulses from the gluteus medius muscle are not very 
clear compared to those from the biceps brachii muscle (Fig. 10). Clear time shifts do not 
appear even when the directions of array electrodes are rotated up to 30° (not shown in 
this figure). 
The deltoid muscle is divided into three sections: anterior, intermediate, and posterior. In 
particular, the intermediate section of the deltoid muscle has a typical pennate structure. 
The direction of the muscle fibers in this section of the deltoid muscle are irregular 
compared to that of the biceps brachii muscle. The time shifts across the channels of the 
averaged pulses are not very clear; therefore, it is difficult to investigate the location of IZ 
(Fig. 11; Nishihara et al., 2008). 
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Fig. 9. An example of dispersed IZs in the biceps brachii muscle.  
The calculation method is same as that described in Fig. 7. (A) Channel 4 is selected as the 
reference EMG. (B) The estimated locations of IZs are proximal at location 1 and distal at 
location 8 in this subject.  

 

 
(a) The time shifts of averaged pulses across the various channels are revealed in the biceps brachii 
muscle. (b) However, the time shifts of averaged pulses are not revealed in the gluteus medius muscle. 
The gray rectangles demonstrate the locations of array electrodes, which were attached at 10-mm 
intervals.  

Fig. 10. An example of calculating the averaged pulses of different muscles. 
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(a) Raw EMG signals of the biceps brachii muscle are shown. Particularly small amplitudes are 
exhibited in channel 3 in subject 1 and channel 2 in subjects 3, 4, 7, 8 and 9. (b) Calculated averaged 
signals of the muscles with pulse detection in EMG for channel 1 (shown in bold). (c) Raw EMG signals 
of the intermediate section of the deltoid muscle are shown. (d) Propagation patterns are shown for 
seven subjects. The propagation patterns of the other five subjects were not estimated because central 
peaks in the averaged signals could not be obtained for all four channels, or peaks in the averaged 
signals of neighboring channels did not exhibit time differences in the propagation of action potentials 
along electrodes. The optimum electrode location (OEL) is investigated on the basis of the location of IZ 
(Nishihara et al., 2008). Note the lower amplitudes of the raw EMG signals around channels of IZ 
locations. 

Fig. 11. Analysis of EMG signals for the biceps brachii muscle (left) and deltoid muscle 
(right). 

4.2 EMG signals near IZ 
The changes in EMG signal amplitudes near IZs can be estimated if multichannel electrodes 
are used. For example, EMG signals with smaller amplitudes are observed using the raw 
EMG signals of the biceps brachii muscle as shown in Fig. 11, and the data for these 
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channels agree with those of the channels near estimated IZs. The EMG signal amplitude 
can be calculated from the root mean square (RMS) of the EMG signal. The RMSs of EMG 
signals are obviously attenuated near IZ as shown in Fig. 12. Sufficiently large RMS values 
can be obtained at locations far from IZs.  
IZs of the deltoid muscle are not very clear compared to those of the biceps brachii muscle 
(Fig. 11, d). However, this does not imply that the EMG signal of the deltoid muscle more 
correctly reflects the level of muscle activation than that of the biceps brachii muscle. Small 
RMS values are shown in some channels of subjects, although the locations of IZs are not 
estimated in the deltoid muscle (Fig. 12, right half). The EMG signal amplitudes may be 
attenuated by the different electrode directions relative to the axes of the muscle fibers 
rather than the small, scattered IZs in the deltoid muscle. 
 
 

 
Fig. 12. RMSs of raw EMG signals for the subject channels depicted in Fig. 11.  
The EMG signals shown in Fig. 11 a and c are used. The subject’s channel of estimated 
location, which was influenced by IZ, gave particularly small values (indicated by the large 
arrow with dotted line) compared with the subject’s channel of estimated OEL (indicated by 
the small arrow with solid line). Small values were recorded in the channels of subjects 
whose deltoid muscle was not evaluated (channels 3 and 4 of subject 6 and channel 4 of 
subject 12). 

5. Conclusion 
These results demonstrate that EMG signals are affected by location of electrodes. Proper 
location of electrodes can be suggested by these findings. 
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5.1 Identification of targeted muscle 
The location of electrodes has to be carefully determined for the targeted muscle. Superficial 
muscle could be identified with manipulation. When the electrodes were shifted towards 
the adjacent muscles, the unassumed action potentials from different muscles were mixed 
with the EMG signal. The electrodes were also easy to place on the tendon of the muscle. In 
that case, low-amplitude EMG signals that do not reflect muscle activity could be observed. 
Muscle and tendons can be distinguished by palpation. 

5.2 Identification of the direction of muscle fibers 
The direction of electrodes affects the EMG signal when the direction is differing from the 
directions of muscle fibers. The direction of the electrodes must align with that of muscle 
fibers. An ideal situation would be when one whole MUAP is detected by one electrode and 
the next one by the other electrode. The muscle fibers need not always be in the direction of 
the muscle. However, if muscle fibers are diagonally directed, obtaining sufficient space to 
attach bipolar electrodes may prove difficult. 

5.3 Attaching the reference electrode 
The reference electrode must be attached firmly to eliminate noise components such as hum. 
The reference electrode has to be located on electrically neutral tissue such as a bony 
prominence. The propagation pattern is not revealed by the peak averaging method (Fig. 7) 
if large noise components are included in the EMG signal. 

5.4 The relationship between electrode and IZ locations 
Propagation has to be regarded relative to the location of electrodes because their placement 
can affect the signal amplitude and frequency components in surface EMG. As previously 
mentioned, to correctly quantify muscle activity, electrodes must be placed along the course 
of muscle fibers between tendons in the targeted muscle. The cutaneous area, which is 
useful for observing the surface EMG signal, could be very limited in this restricted rule. For 
this reason, the electrodes should be located near the muscle belly. However, the EMG 
signal is easily affected when the electrodes are located near IZs, which are concentrated in 
the muscle belly (Fig. 11). A stable EMG signal is necessary for the reliable investigation of 
voluntary muscle activation.  
The channels located near the estimated IZs agree with the channels of the smallest 
amplitude or RMS of the EMG signals (Fig. 12). As a result, it is suggested that electrodes 
should be placed at a sufficient distance from IZ for detection of the surface EMG signals 
during voluntary muscle contraction. 
Moreover, IZ is known to shift with changes in muscle length due to muscle activity. In 
other words, when electrodes are attached to the skin and EMG for muscle activity is 
recorded, the positional relationship between the surface electrodes and IZ can shift 
markedly. Electrodes must also be attached after considering the moving IZ during EMG 
recording (Nishihara et al., 2010). 

5.5 Effect of muscle structure 
The aforementioned rules are based on the assumption that all muscle fibers are aligned in 
the same direction and IZs are concentrated in the muscle belly of the targeted muscle. The 
anatomical structure of the targeted muscle must be investigated before attaching the 
electrodes. However, in muscles with irregularly oriented muscle fibers, such as pennate 
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muscles, the proper direction of electrodes could be not determined. There are limitations to 
consider regarding the optimum surface electrode locations while investigating the activity 
of these muscles using EMG signals. 
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1. Introduction 
The generation of physical movement in animals involves the activation and control of 
muscle forces. Understanding the mechanisms behind force generation and control is 
essential for professionals who work to promote health. The human body can be 
represented as a system of articulated segments in static or dynamic balance. Within this 
system, movement can arise from internal forces acting outside the joint axis, causing 
angular displacement of these segments, or by forces external to the body. Knowledge of the 
contribution of muscle forces to joint position and movement is of great importance for the 
study of muscle activity during exercise and also for understanding the coordination of 
muscle activities during functional movement. However, muscles forces cannot be easily 
measured in vivo; rather, they must be assessed, calculated or modeled (Amadio & Duarte, 
1996; Amadio & Barbanti 2000). 
Closely associated with the generation of force by a muscle, is the generation of an electrical 
signal that can be observed by placing electrodes on the skin surface to detect underlying 
electrical activity displaying the associated waveform on a computer monitor. This process 
is called electromyography (EMG) and the waveform is the electromyogram. The 
assumption that there is an association between EMG and underlying muscle forces is the 
basis for many applications of EMG, allowing inferences regarding various aspects of 
muscle physiology. However, it is not possible to measure muscle force directly using EMG. 
Since 1952 there have been studies that show some cases where there is a linear relationship 
between force and EMG (Lippold, 1952), however this relationship is not always simple and 
linear. In recent years methods for detecting and processing EMG signals have been refined 
considerably, with the availability of better equipment, tools, mathematical, statistical and 
computational techniques. Although the determination of muscle strength using EMG 
measurements has also evolved, it has not yet fully exploited the technological potential 
available. In this chapter, we describe a practical approach to the quantitative evaluation of 
muscle force through analysis of the EMG signal.  
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2. Muscle strength 
Force is a fundamental concept, understood as an agent capable of modifying the state of 
rest or motion of a body. Force can be defined as: 

 F=m.a (1) 

where m is mass and and a, acceleration. 
Animals move and interact with the environment generating muscleforce, either voluntarily or 
passively. Biomechanics is a field of science dedicated to understanding human movement 
and the study of the muscular forces involved in human movement. It is the application of 
mathematical principles, laws and concepts to mechanical, biological systems. It studies the 
generation and performance of internal and external forces on these systems and the effects of 
these forces on each part of the body. These forces can be calculated indirectly by parameters 
of kinematics and dynamics of movement or based on the mechanical characteristics of the 
locomotor system and its functional structures. External biomechanics refers to externally 
observable characteristics of the body studied, for example, its movement in space: position, 
velocity, acceleration, externally applied forces, reaction forces and muscle electrical activity 
(Amadio & Duarte, 1996; Amadio & Barbanti, 2000). 
The muscle behavior approach to biomechanics uses analytical methods that include 
anthropometry, kinemetry, dynamometry and electromyography. The EMG is the method of 
recording the electrical activity of a muscle, including information about the physiological 
processes that occur during muscle contraction. The biological structure of the body, 
movement dynamics and characteristics of the measurement techniques complicate the 
analysis of the motion variables and indicators of internal phenomena. The assessment of 
muscle strength, in particular, becomes more complex due to the mechanisms of controlling 
dosage or magnitude, enabling the execution of movements or of achieving internal and 
external balance amongst body elements. Thus, direct measures of muscle strength and 
interaction forces between segments are not viable. Assessments of internal forces are based on 
models built from the parameters of motion of the body or its segments, measures of external 
linkages, or both. Understanding the relationships between internal forces and movement is 
one of the major methodological challenges for biomechanics (Amadio & Duarte, 1996).  

3. Determinant factors for the generation of muscle strength 
The term muscle strength refers to the ability of a muscle to generate tension. For the 
generation of muscular force that produces mechanical work, the first necessary condition is 
nerve stimulation that triggers the process. Sensory input from muscles travels via afferent 
pathways to the central nervous system (CNS), where it promotes the recruitment of motor 
neurons that stimulates muscle fibers and results in the generation and demonstration of 
muscle strength. These muscle forces act through a bone system that depend on nervous, 
muscular, and biomechanical factors, as shown in Figure 1.  
The functional unit of muscle is the motor unit (MU), which consists of an alpha motor 
neuron and all fibers innervated by it. Muscle fibers are the structural unit of contraction. 
One UM can have from 3 to 2000 muscle fibers, depending on the degree of control and 
strength required by the muscle: muscles that control fine movements and require precise 
but low strength have fewer fibers per MU, whereas the large muscles that control larger 
movements requiring greater strength, may contain 100 to 1000 fibers per MU (Rash, 2002). 
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Fig. 1. Diagram illustrating the factors associated with muscle force generation. 

The contraction of muscle fibers occurs when action potentials are generated in the motor 
neuron that supplies them. When the action potential reaching the motor neuron and axon 
terminal exceeds the threshold of depolarization in the postsynaptic membrane of the 
neuromuscular junction, it becomes a muscle action potential. Different from nerve action 
potentials, the muscle action potential is propagated in both directions of the muscle fiber, 
triggering the process of the sliding of actin filaments on myosin, the major contractile 
proteins of the myofibrils, thus, promoting muscle contraction (Fox & Keteyian, 2000). 
During voluntary contractions, muscle force is modulated by the central nervous system, 
which combines recruitment with the frequency of MU activation and synchronization. MU 
recruitment involves the control of the number and type of fibers activated. The frequency 
of activation of MUs refers to the fact that the fibers do not remain contracted, relaxing after 
each activation, and therefore reflects the repeatability of activation. The synchronization of 
activation refers to the temporal coincidence of the pulses of two or more MUs firing in 
combination. The greater the ability to recruit MUs simultaneously, the greater the force 
produced by the muscle (Barbanti et al., 2002; Fox & Keteyian, 2000). These mechanisms 
operate in different proportions depending on the muscle. Relatively small muscles, such as 
those of the hand; and big muscles, like those of the legs and arms are controlled by 
different schemes of recruitment and activation (Basmajian & De Luca, 1985). 
Muscle fibers are classified either as type I or type II, according to their metabolic and 
functional capabilities. As the number of MUs per muscle is variable, the ratio of fiber types 
varies among individuals (Rash, 2002; Fox & Keteyian, 2000). Type I fibers are recruited first 
during muscle contraction, and are always active regardless of exercise intensity.Type IIA 
fibres are recruited next, and, with higher levels of exercise demand, type IIB are recruited. 
Type II fibers are typically recruited during tasks involving rapid effort, high power and 
high intensity (Fox, Keteyian, 2000; Gerdle et al., 1991). 
Muscle strength is also influenced by the contractile and elastic structure of the muscle itself. 
The contractile units refer to the proteins of the functional units of the muscle, the 
sarcomeres, containing filaments of actin and myosin. An elastic component is present in the 
connective tissue sheaths surrounding the muscle (epimysium), the bundles of muscle fibers 
(perimysium) and the interior of the muscle fiber (endomysium), which join at their ends to 
form tendons. During concentric muscle contraction, there is a slip of actin filaments on the 
myosin filament; the filament length remains constant, but the muscle length decreases. 
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Instead, during the eccentric contraction, muscle length is increased. And during an 
isometric contraction, slippage of the contractile elements occurs and elastic strain arises, 
i.e., muscle work is performed, although there is no movement observed (Fox & Keteyian, 
2000; Nordin & Frankel, 2001). Muscle strength depends on the length of the muscle. When 
the actin and myosin overlap along their entire lengths, the number of crossbridges reaches 
its maximum, allowing the muscle to generate maximum tension. The length at which force 
is produced with the greatest intensity varies between different muscles within a single 
individual, but does not change in the same muscle across different individuals (Mohamed 
et al., 2002; Nordin & Frankel, 2001). 
In addition to the generation ofactive tension through the sliding of the filaments, there is the 
phenomenon of passive tension, which arises from the stretch of connective or elastic tissue (or 
elastic. As muscle length shortens, these passive elements become "loosened" and their 
contribution to muscle tension decreases gradually as tension subsides (Mohamed et al., 2002). 
In addition to neural and muscular components there are biomechanical factors, which can 
influence muscle action of muscle without direct relationship to power generation. Such 
factors include angular variations of the joint and different types and levels of resistance that 
may be applied. In a biomechanical system involving two muscle segments and a joint, 
variation of joint angle determines the degree of mechanical advantage that a limb has when 
generating force. The perpendicular distance between the axis of the joint and tendon line of 
action defines this mechanical advantage. The outer lever refers to the distance between the 
joint axis and the point at which resistance is applied, and changes when the joint angle is 
modified. There are different types of overload that can be applied to a limb such as those 
produced by fixed weight, elastic resistance and isokinetic [isokinetic WHAT?]. The action 
of a muscle, of course, responds differently to each overload imposed. This answer depends 
on the multiplier or reducing effect of the internal and external lever system, as well as the 
speed of the gesture in question. These factors are all interconnected. The angular variation 
of the limb is directly related to the change in muscle length. 
Knowing all the variables that can influence muscle strength, we are able to propose a model 
for its calculation. In this chapter we base the calculation of muscle strength to the quadriceps 
muscle during isometric and isotonic exercises, in the position showed in figure 2. 
 

 
Fig. 2. Schematic diagram of the exercise. For the isometric contraction the movement occurs 
against a fixed resistance and for the isotonic the knee is able to execute the extension. 
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4. Experimental protocol 
We will illustrate the lever model using the example of the quadriceps muscle. To calculate 
the strength of the quadriceps muscles, three steps are needed: i) a theoretical simulation of 
muscle force based on biomechanical models, ii) experimental testing to determine the curve 
of maximal isometric strength of knee extension as a function of joint angle, and iii) analysis 
of the internal relationship between muscle strength and the EMG signal during isometric 
and isotonic exercises. These steps will be detailed below: 

4.1 Simulation of muscle strength 
The adoption of an appropriate biomechanical model of the knee joint is essential to 
measure the forces transmitted by these muscles to the skeletal system. In the muscle model 
of Hill (Hof & Van Den Berg, 1981) force is described to be made up of three components: i) 
a parallel elastic component (PEC), which represents the elasticity of the passive elements of 
the muscles and ligaments ii) a contractile component (CC), which determines the behavior 
of active elements of the muscle, and iii) elastic components connected in series (SEC). These 
components should not be construed as if each one corresponds to a separate constituent of 
the muscle structure. Figure 3 shows a representation of the Hill model. The length of the 
elements is expressed by the relation: 

 x= ll0  (2) 

where l is the length at a given moment, and l0 is the length in the resting position.  
 

 
Fig. 3. Schematic diagram of Hill model. 

The modeling of the motor unit will be discussed in a later section of this chapter. First we 
describe the contribution of contractile and passive components to force generation. The 
intensity of each component depends on the length of the muscle in a non-linear and non-
monotonic way, as shown in Figure 3. Passive elastic force (curve 1, fig. 4) is exerted by the 
elastic components and contractile force is generated by the contractile proteins (curve 2, fig. 
4). The sum of these two components produces the curve 3, which represents the overall 
strength of the muscle as a function of its length. The curve illustrates that maximum force is 
generated when the muscle is stretched to approximately 1.2 to 1.3 times its resting length. 
This position often coincides with the length of the muscle in a relaxed state. It appears that 
the anatomical architecture of the musculoskeletal system is organized for the benefit of the 
force-length relationships of the muscular system (Basmajian & De Luca, 1985). 
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Fig. 4. Force-length curve for an isolated muscle. 

In addition to length-dependent characteristics of strength, there are also speed-dependent 
properties. The ability to generate muscle force depends on the speed and type of 
contraction. Thus, movements in concentric, eccentric and isometric contractions illustrate 
important differences in force behavior (Figure 5) (Barbanti et al., 2002). The ability of a 
muscle to generate force is higher in an isometric situation (contraction velocity equal to 
zero) than in a concentric contraction, and this capacity decreases as the speed of contraction 
increases. The velocity of shortening that a muscle can produce is at its maximum when the 
external load is zero, but as the load increases, muscle shortening slows until the external 
load is equal to the maximum force that the muscle can exert (isometric contraction). If the 
load continues to increase even more, the muscle will contract eccentrically. During an 
eccentric contraction, the muscle can develop tension higher than in isometric contraction, 
and in this case the force increases with speed of muscle contraction (Barbanti et al., 2002; 
Nordin & Frankel, 2001). 
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isometric

Stretching speed Shortening speed 
 

Fig. 5. Force-velocity curve for an isolated muscle. 

An equation that describes the curves shown in figures 3 and 4 can be derived from the Hill 
model shown in figure 3. The force F that represents the total force generated by the muscle 
is given by: 

 F = Fc + Fp (3) 
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where Fc is the contractile component in series and in the passive state (CC and SEC) and FP 
is the force provided by parallel components (PEC). 
As previously discussed, the force generated by the parallel components grows 
exponentially, so can be expressed by: 

 Fp(x) = Fpoep(x-1) (4) 

where x is the total length of the muscle, FPo and p the parameters of the exponent. 
This relationship represents the properties of muscle, tendon, ligament and joint when a 
muscle is not active. Normally passive forces have significant values when the muscle is 
close to the greatest or smallest possible length . Contractile force, as discussed, depends on 
speed, and can be described by the following equations: 

 Fc= F0fxc-nvcb1+vcb, for vc0  (5) 

 Fc≤(1+c)F0f(xc), for vc <0  (6) 

where vc is the velocity of shortening of the muscle and xc is the length of the contractile 
component shown in Figure 3, f(xc) is a function of normalization to values between 0 and 1 
and F0 is the Fc value when f(xc) is maximum. The Fc values decrease with increasing vc for 
vc>0 and the rate of decrease depends on the parameter b, while n defines the concavity of 
the curve. For values of vc>0, the force Fc is greater than in the isometric case, where the 
difference is given by the parameter c. 
Through these equations, it can be seen that the Hill model provides a very close 
representation of experimentally observed muscle behavior. 
The muscle strength in the isometric activity, that is, when vc is equal zero, can be seen from 
equations 4, 5 and 6. These equations can then be rewritten to reflect isometric contraction. 

 Fc = F0f(xC)  (7) 

Then  

 F= F0fxC+ Fpoep(x-1)  (8) 

In this last equation it can be observed that in isometric activity, muscle strength depends on 
the length of the muscle, and that the diagram from figure 2 is represented by x = xe +xC . 
Thus, it can be appreciated that during so-called isometric contractions there is actually 
considerable variation in the lengths of the contractile elements of the muscle(xC ). 

4.2 Calculation of muscle strength (biomechanical models) 
Several biomechanical models have been constructed to represent the performance of the 
musculoskeletal system in various situations of interest to sports, clinicians or others. The 
representations include two-dimensional approaches, to complex computer simulations that 
produce quantitative and three-dimensional visual representations. Currently available 
computing resources, including those intended for graphic animation, allow for the 
development of powerful tools for motion analysis. There are softwares that enable the user 
to develop detailed musculoskeletal models with representations of bones, muscles, 
ligaments and other structures. It is also possible to input experimental data regarding 
motion to some of these softwares, through direct or inverse dynamics, and to calculate 
muscle forces and visualize the geometric changes of the musculoskeletal system. 
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The relation between strength applied externally by a limb and the muscle strength is, 
however, not obvious. To illustrate, we will consider the calculation of quadriceps 
strength during leg extension (concentric contraction) in the sitting position, with an 
external resistance applied perpendicular to the leg. To calculate the strength, we use a 
simple two-dimensional model of the quadriceps. The free body diagram is shown in 
figure 6, where Lp is the length of the leg, Lcm the longitudinal position of the center of 
mass, Fpl the force applied to the tibial tuberosity through the patellar ligament, Fc the 
contact tibio-femoral force, γ the angle between the patellar ligament and the axis of the 
leg, θ the angle of the knee joint, Wp the weight of the leg and Fa the external force applied 
perpendicular to the limb. 
 

 
Fig. 6. Free body diagram representing the leg of a sitting person in a movement of 
concentric contraction of the quadriceps. 

Through geometrical considerations illustrated in the free body diagram and calculation of 
torque, in which Στ=Iα, and τ the torque, I the moment of inertia and α the angular 
acceleration, an equation can be written that defines the strength of the quadriceps muscle 
as a function of joint angle θ.  

 Fq=LpFα+LcmWpcosθ+IαRBm (9) 

In this equation, Fq is the force exerted by the quadriceps, I is the moment of inertia of the 
leg, α is the angular acceleration during exercise and Bm is the moment arm of force of the 
patellar ligament in relation to the point of tibiofemoral contact, around which the femur 
rotates. It must be recognizeded that the point of rotation changes as a function of the angle 
θ, and consequently the moment arm also changes. The relationship between the strength of 
the patellar ligament and the force exerted by the quadriceps is called R (R= Fpl/Fq) and also 
varies with the joint angle θ. 
Figure 7 shows the strength of the quadriceps calculated for different forces applied 
perpendicular to the leg, considering a female individual, typical for the anthropometric 
model adopted (De Leva, 1996), with mass of 61.9 kg and height of 1.73 m. In these 
simulations using the values of R and Bm obtained by Van Eijden et al. (1986) and Kellis and 
Baltzopoulos (1999), respectively, the experimental condition assumed that the angular 
velocity was constant - W = ct and α = 0. The model was developed considering that the 
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The relation between strength applied externally by a limb and the muscle strength is, 
however, not obvious. To illustrate, we will consider the calculation of quadriceps 
strength during leg extension (concentric contraction) in the sitting position, with an 
external resistance applied perpendicular to the leg. To calculate the strength, we use a 
simple two-dimensional model of the quadriceps. The free body diagram is shown in 
figure 6, where Lp is the length of the leg, Lcm the longitudinal position of the center of 
mass, Fpl the force applied to the tibial tuberosity through the patellar ligament, Fc the 
contact tibio-femoral force, γ the angle between the patellar ligament and the axis of the 
leg, θ the angle of the knee joint, Wp the weight of the leg and Fa the external force applied 
perpendicular to the limb. 
 

 
Fig. 6. Free body diagram representing the leg of a sitting person in a movement of 
concentric contraction of the quadriceps. 
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external force is always applied perpendicular to the limb and, therefore, remains constant. 
It can be observed that, while the leg moves a certain weight through the range of motion, 
the quadriceps displays variable strength. With this simple model, it is only possible to 
assess the strength of the muscle group, not each component part, (in this case, the vastus 
medialis, vastus lateralis, vastus intermedius and rectus femoris muscles). 
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Fig. 7. Simulation of the quadriceps muscle strength in knee extension exercise in sitting 
position. 

The maximum force that a limb is able to apply externally varies with angular position. This 
is because the geometrical arrangement determines the degree of mechanical advantage, 
and also because changes in muscle length alter the efficiency of muscle force generation, in 
addition to the the different contributions of different components of the muscle group. 
Figure 8 shows the maximum force applied externally by a leg during isometric contraction 
of the quadriceps. In the same graph the corresponding force generated by the quadriceps  
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Fig. 8. Values of the applied force and muscle strength normalized as a function of the knee 
joint angle (average of 10 individuals). 
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muscle group is shown, calculated by the model (equation 9). The values are normalized by 
the strength at a 60º angle and were obtained from 10 female volunteers, with a mean age of 
20.4 ± 1.6 years, mean weight of 51.15 ± 6.72 kg and mean height of 1.66 ± 0.05 m, during 
cued isometric contractions, with the maximum force defined as the greatest force exerted 
across three repetitions. 

4.3 General considerations on the assessment of muscle strength 
In the preceding sections, we have discussed aspects related to muscle force generation, 
presenting briefly the main factors - nerve, muscle and biomechanical - that determine the 
ability to generate muscle force. We have qualitatively discussed the participation of active 
and passive elements of muscle and shown that the force generated by a muscle can be 
represented by the Hill model. To understand the role of muscle force generation in 
movement, it is necessary to refer to biomechanical models. This was then demonstrated 
using a simple model of the quadriceps, in which we calculated the force exerted by this 
muscle when the leg applies an external force. Then, results were presented showing the 
maximum strength of the quadriceps as a function of joint angle in isometric contractions. 
Starting from the theories of force generation in muscle fibers, it is not easy to understand 
the internal force exerted by a muscle, when it involves a complex articulation, such as the 
quadriceps. One very important consideration for health professionals involves the 
participation of each portion of the muscle in force generation as a function of angular 
position. For example, figure 9 shows how the different portions of quadriceps acting on the 
knee extension.  
 

 
Fig. 9. Illustrative schema of how the forces of each portion of the quadriceps acts during the 
contraction. 

The EMG signal is recorded by electrodes in response to muscle activity. As previously 
mentioned, skeletal muscle cells are formed by the muscle fibers, which constitute the 
structural contractile units. Each fiber, if excited, has the ability to stretch or contract. The 
activation of the muscle fiber by nerve endings induces two waves of depolarization that 
travel at a speed of 3 to 6m/s. The internal tissue is electrically conductive. Thus, electrical 
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signals related to depolarization of the fiber can be recorded by electrodes on the skin or 
muscle.  
Two events occur simultaneously during muscle contraction: one electrical and one 
mechanical. Depolarization releases calcium ions, which starts the process of contraction 
in the main body of the muscle fiber. But this contraction is much slower than the cycle of 
depolarization, which occurs over approximately 2 ms. Maximum forces are achiveved 
between 20 to 150ms after depolarization and then decaying gradually due to 
reabsorption of calcium. Consequently, it cannot be said that there is a direct relationship 
between EMG and force. 
In muscle contraction, the degree of force can be controlled by changes in the number of 
recruited MUs or by changes in the frequency of recruitment. To increase the strength of a 
muscle the number of fibers recruited must increase one by one in order of size (size 
principle). After recruitment of all fibers, force can be further increased by increasing the 
frequency of activation. The EMG signal is a record of action potentials produced during a 
muscle contraction. The action potential motor unit (APMU) is the temporal and spatial 
summation of individual action potentials of all fibers of a MU. However, the catchment 
area of an electrode will often include more than one MU, because the muscle fibers of 
different MUs are interwoven throughout the muscle. Any portion of the muscle may 
contain fibers belonging to 20-50 MUs. An electrode located in this field will detect the 
algebraic sum of several APMUs within its catchment area. In order to maintain muscle 
contraction, the nervous system sends a sequence of stimuli, so that the MUs are activated 
repeatedly, resulting in a train of APMUs. The EMG signal is the superposition of the 
resulting space-time relationship of these trains, considering the number of MUs involved 
for maintenance and activation of muscle contraction. 

4.4 Relationship between EMG and force 
The relationship between force and surface EMG during voluntary contractions is not well 
understood. Some authors have concluded , for various muscles, that the magnitude of the 
EMG signal is directly proportional to muscle strength for isometric and/or isotonic 
contractions with constant speed, but others claim that this relationship is not linear 
(Bilodeau et al., 2003; Gerdle et al., 1991; Gregor et al., 2002; Herzog et al., 1998; Karlsson & 
Gerdle, 2001; Moritani & Muro, 1987; Onishi et al., 2000). In most cases, the EMG increases 
non-linearly with increasing force of muscle contraction (Guimaraes et al., 1994; Madeleine 
et al., 2000; Lawrence & De Luca, 1983; Solomonow et al., 1990). Theoretical analyses suggest 
that the amplitude of the signal in isometric contraction should increase with the square root 
of the force generated if the motor units are activated independently (Basmajian & De Luca, 
1985; Lawrence & De Luca, 1983). This variety of different interpretations among researchers 
not surprising, given the inherent limitations of surface EMG. The measured force of muscle 
contraction is a result of the global activity of the underlying muscle fibers, and surface 
EMG provides information about the electrical activity of motor units located in the region 
near the electrode; in most experiments, the catchment area of the electrode does not extend 
sufficiently to detect the signal generated across the entire muscle volume (De Luca, 1997; 
Siegler et al., 1985). 
Factors that prevent the direct quantification of muscle force from EMG signals include 
cross-talk, variations in the location of the recording electrodes and the involvement of 
synergistic muscles in force generation. 
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The electrical cross-talk of adjacent muscles is often considered as a possible factor that 
complicates the determination of the relationship between EMG and force. Its influence 
would manifest most prominently when the measured strength of the muscle increases. The 
presence of cross-talk is more dominant in smaller muscles where the electrodes (especially 
the surface) must be placed close to the adjacent musculature. The complexity of cross-talk 
is also determined by the anisotropy of muscle tissue and homogeneity of the tissues 
adjacent to the muscle. Often it is not possible to identify precisely the source of 
contamination of the physiological signal. 
The degree of synergistic action of other muscle groups and the amounts of co-contraction 
between antagonistic muscle groups can change the contribution of muscle strength in 
research on the net force measured in the joint (Lawrence & De Luca, 1983). Ideally, in order 
to improve the EMG-force relationship, the muscle chosen should be the muscle uniquely 
responsible for generating the force measured (Bigland-Ritchie, 1981). 
The relative location of fast and slow muscle fibers inside the muscle, and their distribution 
and location relative to the electrode are also factors to be considered. The amplitude of the 
action potential generated by a single muscle fiber is proportional to its diameter. Fast fibers 
generally have larger diameters and display a greater range of action potentials than slow 
fibers, and consequently generate a higher signal amplitude. However, the amplitude of the 
action potential, is a function of the distance between the active fibers and the recording 
electrodes, and the greater the distance, the lower the measured amplitude. The largest 
motor units, containing the largest diameter of fast twitch fibers are preferentially recruited 
at high force levels, according to the size principle (Henneman et al., 1965; Henneman & 
Olson, 1965). Thus, the relative location of fast muscle fibers in relation to the electrodes, 
determines how the electrical activity of these motor units affects the surface EMG signal 
(Basmajian & De Luca, 1985). It has been reported that muscles with homogeneous 
composition of fibers, such as the soleus of the cat, display a linear force-EMG relationship 
(Guimarães, 1994). 
Figure 10 shows, as an example, an EMG signal picked up during a ramp isometric 
contraction (with slow growth to isometric force) in the vastus lateralis (VL), vastus medialis 
(VM) and rectus femoris (RF) muscles. The EMG signal shown –was passed througha third-
order Butterworth filter, and band passed between 20 to 500 Hz during signal acquisition – 
but was otherwise unprocessed and therefore, it is called raw. The load shown in the figure 
refers to the external resistance applied to the leg. The signal intensity in the three muscles 
clearly increases with increasing external force. The questions that arise are: What is the 
relationship between force and EMG signal for each muscle? What treatment should be 
given to the EMG signal? What is the involvement of each muscle to form the resultant 
force? The following discussion seeks to bring some clarity to these issues. 
In general, most studies involving the relationship between EMG and force aim to develop a 
noninvasive method to measure muscle strength during different actions. In experimental 
biomechanics there are different ways process of raw EMG signal and thus extract 
parameters related to the level of muscle contraction. Debate continues regarding the best 
signal processing techniques to use (Siegler et al., 1985). For example, one can find examples 
in the literature, in which strength has been related to the intensity, or to the median or 
mean frequency of the EMG signal. 
Among the most used EMG parameters for such analysis, is the time series analysis, in 
which the the effective value of the signal, is derived from the root mean square - RMS 
(Basmajian & De Luca, 1985; Bigland-Ritchie, 1981; Bilodeau et al. 2003; Gerdle et al. 1991; 
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Gregor et al. 2002; Guimaraes et al. 1994; Herzog et al. 1998; Lawrence & De Luca, 1983; 
Madeleine et al., 2000; Onishi et al., 2000; Solomonow et al., 1990). This is a method to 
quantify the signal amplitude, recommended to assess the level of muscle activity, since the 
parameter is not affected by the superposition of APMU (Acierno et al., 1995; Basmajian & 
De Luca, 1985; De Luca, 1997). We have reported a positive correlation between this 
approach to parameter analysis and the strength of the quadriceps muscle in an isometric 
ramp task, suggesting that the coinciding increase in RMS and strength reflects two main 
mechanisms: the recruitment of new motor units and an increase in the frequency of active 
units firing (Bilodeau et al. 2003; Karlsson & Gerdle, 2001; Gerdle et al., 1991). 
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Fig. 10. EMG of the vastus medialis (VM), vastus lateralis (VL) and rectus femoris (RF) 
during a ramp contraction.  

The normalization of the signal is a very important aspect in signal analyses displaying this 
relationship. A prominent feature of signal RMS is its variability, which makes it inherently 
difficult to compare signal amplitude across different individuals or even across different 
sessions within the same individual. To enable these comparisons, normalization processes 
are needed. The normalization process can be accomplished using a variety of reference 
methods. The most common example, which is standard in isometric exercises, is to express 
muscle contractions as a percent of the EMG amplitude observed in maximal voluntary 
isometric contraction (MVIC). It should however, be noted that in isotonic exercises, this 
process may lead to distortions, given that the muscle acts differently when changing the 
angular position of the limb, especially during maximal contraction. It is therefore essential 
to remember, that during isotonic exercise, there is an effect of changes in muscle length in 
electromyographic activity, as pointed out by Mohamed et al. (2002). 

5. EMG x force analysis for the quadriceps 
In this section we present an analysis of the EMG-force relationship for the quadriceps. This 
muscle is composed of four portions: rectus femoris (RF), vastus medialis (VM), vastus 
lateralis (VL) and vastus intermedious (VI); and the force applied to the patella is the result 
of the forces generated by each portion, therefore: 
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 FVL+FVM+FRF+FVI=Fq  (10) 

Where FVL is the force exerted by the VL, FVM is the force of VM, FRF is the force of RF, 
FVI is rhe force of VI and Fq is the resultant force of the quadriceps muscle group. 
In figure 11 the forces that act on the quadriceps are illustrated. FVI is not presented because 
it is a deep muscle. (fig. 11.b).  
 

   
(a)            (b) 

Fig. 11. a) schematic representation of the forces involved in quadriceps action. b) Forces 
acting on the patella, whose fixation point varies with the knee angle. Fpl is the patellar 
tendon force, Fq is the resultant quadriceps force and Fpf is the tibiofemoral contact force.  

Each muscle’s contribution is different and depends on various factors. The EMG assessed 
during voluntary contractions provides a way to verify differences in the activation 
behavior of the different quadriceps portions (Pincivero et al., 2003). Studies have 
demonstrated that contraction of different muscle portions contraction is dependent on the 
contraction intensity. During isometric contractions of low to moderate intensity, the VL 
recruitment is significantly higher than VM and RF; the highest activation of the VM occurs 
close to maximum force levels, when EMG becomes equivalent to that of the VL and RF 
(Pincivero et al., 2003). However, we highlight that different studies show methodological 
variations, so it is difficult to compare results. It should be also considered that each muscle 
has distinct physiological and structural properties, and these morphological characteristics 
are altered with changes in muscle length. Each portion can present its greater length (where 
the greater force is generated) at different joint angles. 
The physiological and structural properties and the morphological characteristics, altered 
with the change in muscle length, differ for each of the agonist muscles, in this case, the four 
portions that make up the quadriceps muscles. Taking into account that the magnitude of 
the overall strength of the quadriceps is the sum of the contribution of each component 
muscle, we can define an  relationship between the strength modules of each muscle and 
the overall strength of the muscle group. 

 αVL=FVLFq→FVL=αVLFq (11) 

 αVM=FVMFq→FVM=αVMFq (12) 

 αRF=FRFFq→FRF=αRFFq (13) 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

44

 FVL+FVM+FRF+FVI=Fq  (10) 

Where FVL is the force exerted by the VL, FVM is the force of VM, FRF is the force of RF, 
FVI is rhe force of VI and Fq is the resultant force of the quadriceps muscle group. 
In figure 11 the forces that act on the quadriceps are illustrated. FVI is not presented because 
it is a deep muscle. (fig. 11.b).  
 

   
(a)            (b) 

Fig. 11. a) schematic representation of the forces involved in quadriceps action. b) Forces 
acting on the patella, whose fixation point varies with the knee angle. Fpl is the patellar 
tendon force, Fq is the resultant quadriceps force and Fpf is the tibiofemoral contact force.  

Each muscle’s contribution is different and depends on various factors. The EMG assessed 
during voluntary contractions provides a way to verify differences in the activation 
behavior of the different quadriceps portions (Pincivero et al., 2003). Studies have 
demonstrated that contraction of different muscle portions contraction is dependent on the 
contraction intensity. During isometric contractions of low to moderate intensity, the VL 
recruitment is significantly higher than VM and RF; the highest activation of the VM occurs 
close to maximum force levels, when EMG becomes equivalent to that of the VL and RF 
(Pincivero et al., 2003). However, we highlight that different studies show methodological 
variations, so it is difficult to compare results. It should be also considered that each muscle 
has distinct physiological and structural properties, and these morphological characteristics 
are altered with changes in muscle length. Each portion can present its greater length (where 
the greater force is generated) at different joint angles. 
The physiological and structural properties and the morphological characteristics, altered 
with the change in muscle length, differ for each of the agonist muscles, in this case, the four 
portions that make up the quadriceps muscles. Taking into account that the magnitude of 
the overall strength of the quadriceps is the sum of the contribution of each component 
muscle, we can define an  relationship between the strength modules of each muscle and 
the overall strength of the muscle group. 

 αVL=FVLFq→FVL=αVLFq (11) 

 αVM=FVMFq→FVM=αVMFq (12) 

 αRF=FRFFq→FRF=αRFFq (13) 

 
The Relationship Between Electromyography and Muscle Force 

 

45 

 αVI=FVIFq→FVI=αVIFq (14) 

It can be assumed that the intensity of EMG is related to the magnitude of the force 
generated (F), because the EMG signal is generated regardless of the direction and sense of 
strength. You can also define a function  representing the relationship between EMG and F 
for any muscle, such as: 

 βθ,F,v,w=EMGF (15) 

Where β(θ, F, ν, ω) is the function that correlates EMG with the quadriceps total force. 
In this expression we consider the explicit dependence of β with four variables: θ, the 
angular position; ω, the angular displacement speed of the member, given by w=dθdt; F, the 
intensity of muscle strength; and v, the velocity contraction which is related to the temporal 
variation of force (v∝dFdt). The dependence on these variables was noted in the previous 
discussions, experimental verification of the authors and the literature studies. The ability to 
generate muscle force depends on its length, and it varies with the angular position, 
justifying the dependence on θ and ω. The experimental results show that, even holding 
other variables constant, there is a dependence on the level of force F. It is also noted that the 
contraction velocity ν is an important factor. The speed of contraction is related to the time 
necessary for the force range up to the level considered. 
Based on the above discussion, it can be said that in an experimental situation in which the 
quantities θ, F, ν and ω are known and held constant, there is a direct relationship between 
EMG and force given by . Thus, for example, to the VL, we have: 

 EMGVL=βVL(θ,F,v,w)FVL (16) 

Substituting eq.(16) in eq.(11): 

 EMGVL=βVL(θ,F,v,w)αVLFVL (17) 

Defining the product by  per (θ, F, ν, ω) as r(θ, F, ν, ω), this product represents the function 
that correlates the overall strength of the quadriceps with the EMG signal portion of each 
muscle. Thus, to the VL, we have: 

 EMGVLFq=rVL(θ,F.v,w) (18) 

In the same way, we can definethe rVM, rRF and rVI for the other muscles. Although already 
discussed, it is important to emphasize that the angle θ is the variable that dependes on 
the initial condition of the muscle, including both length and tension. The value of the 
function r depends on the level of force, and this reflects recruitment strategies and types 
of fiber used by the muscle during low and high levels of force. Also very important are 
the dependencies of this function on muscle velocity and angular velocity of the limb. The 
first is related to the temporal variation of the force, while the second is related to the 
temporal variation of the angle. 

5.1 Force and EMG in isometric contraction 
The study of muscle strength using EMG has been applied more frequently and with greater 
success in isometric or in limited sectors of dynamic contractions that approximate the 
isometric condition (De Luca, 1997; Herzog et al. 1998 ; Lloyd & Besier, 2003). 
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In the particular case of isometric exercise, the function that correlates the overall strength of 
the quadriceps with the EMG signal can be expressed by equation 19, when the angle θ is 
constant and consequently w=dθdt=0. Thus, for the VL, we have: 

 EMGVLFq=rVL(θcte,F,v) (19) 

Although θ does not vary in the isometric case, the relationship between EMG and force 
must be different for each angle, and depends on the level of strength and speed of 
contraction. It is well documented that in isometric conditions the magnitude of EMG 
provides a reasonable estimate of the force exerted by the muscle. Basmajian and De Luca 
(1985) concluded that the relationship between the intensity of EMG signal and muscle force 
measured during an isometric contraction has considerable inter-subject variation and, 
moreover, the dependence of the type of muscle is almost linear for the small muscles of the 
hand and non-linear for larger limb muscles - this distinction in behavior may possibly 
reflect the difference in the properties of firing rate and recruitment of small and large 
muscles, as well as other anatomical and electrical considerations, including a dependence 
on the level of training. 
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Fig. 12. Normalized EMG values of the vastus lateralis, measured isometrically in ramp at 
20° of knee flexion. 
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In the particular case of isometric exercise, the function that correlates the overall strength of 
the quadriceps with the EMG signal can be expressed by equation 19, when the angle θ is 
constant and consequently w=dθdt=0. Thus, for the VL, we have: 

 EMGVLFq=rVL(θcte,F,v) (19) 
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Fig. 12. Normalized EMG values of the vastus lateralis, measured isometrically in ramp at 
20° of knee flexion. 
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force (MVIC). The illustrated values are the average of 10 subjects, and the EMG was 
obtained from the VL muscle. There is a positive correlation between EMG and force, as 
noted by Karlsson and Gerdle (2001), Gerdle et al. (1991) and Bilodeau et al. (2003). There 
are two regions that are clearly close to linear. A change in the slope of the force-EMG 
relationship is associated with a change in recruitment strategy; after full recruitment the 
frequency of activation is varied (Merletti & Parker, 2004). 
 
 
 
 
 

0 20 40 60 80 100

0,0

0,2

0,4

0,6

0,8

1,0

1,2 VM

E
M

G
 n

or
m

.

%  CIVM

 0o

 20o

 40o

 60o

 80o

 

No
rm

ali
ze

d 
EM

G 

%MVIC

 
 
 

Fig. 13. Normalized EMG values of the vastus medialis, assessed isometrically in ramp at 0, 
20°, 40°, 60° and 80° of knee flexion. 

The same behavior is observed across different angles and muscles, but with different 
slopes, as shown in figure 13. In this figure, the data are for the VM muscle of a single 
volunteer. Although there is great variability, the dependence of the EMG values on the 
joint angle is clearly illustrated. This same behavior, with the same curves is observed in all 
subjects studied. Even in isometric exercise, keeping θ constant and ω=0, and the 
experimental care to keep v constant, the function r(θct, F, νct, ω=0) which relates the force 
with EMG still varies with the level of strength, which in fact can be seen in figure 12. 

5.2 EMG in MVIC 
The maximum isometric contraction is always taken as an individual reference, especially 
for the normalization of EMG signals. In Figure 8, we showed that the maximum force that 
the individual can exert with the leg, in isometric contractions of the quadriceps, as well as 
the maximum force of quadriceps, varies with joint angle. Figure 14 shows the 
corresponding normalized EMG signal from an individual, for the three portions analyzed. 
It appears that the EMG signal as well as the relationship between EMG and force, when the 
individual generates full force, and the maximum force all change as a function of joint 
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angle. Therefore, the results of studies in which normalization has been performed at 
different angles are not easily comparable. 
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Fig. 14. EMG values during MVIC as a function of joint angle, for an individual, where VL: 
vastus lateralis, VM: vastus medialis and RF: rectus femoris. 

5.3 Comparison of EMG with the force calculated by the model 
As shown in the Hill model, even when there is an isometric contraction, there is a change in 
muscle length. This is important; in equation 20, it can be seen that there is a dependency 
between the EMG-force relationship and contraction velocity. These two aspects are 
equivalent, because the change in muscle length predicted by the Hill model in the isometric 
case, has a direct correlation with contraction velocity. The results presented in this section 
were all obtained at about the same rate of growth of the force ramp, i,e., at the same 
contraction velocity, so the function β for each angle is the same. 
The graphs in figures 12 and 13 show EMG normalized according to MVIC versus isometric 
force normalized across the maximum force. Here we can see that force is that which was 
applied externally, that is, the force that the leg applies in the experimental system, rather 
than the quadriceps force, as shown in equation 19. Although a linear relationship is shown, 
this is not a causal relationship. When considering the strength of the quadriceps as the 
model predicts, we must also consider individual variations such as size and weight of the 
leg, and these may be more or less significant for the different component muscles. 
The same EMG data from figures 12 and 13, when plotted as a function of the quadriceps 
muscle strength normalized by the maximum - as shown in Figures 15 and 16, show a 
change in slope, which differs from angle to angle. This is because, for the same applied 
force, the force that develops in the quadriceps is different for every angle, as already 
mentioned. 
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Fig. 15. Normalized EMG values of vastus lateralis in function of the percentage of 
quadriceps force, asssessed isometrically in ramp, in 20º of knee flexion. 
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Fig. 16. Normalized EMG values of vastus medialis in function of the percentage of 
quadríceps force, assessed isometrically in ramp, in 0, 20º, 40º, 60º and 80º of knee flexion. 

In the literature, the EMG has been compared to the applied force or torque. As in the 
preceding discussion, even if a coherent relationship is shown, it cannot be considered 
causal, because the EMG is generated by the muscle strength and is not related to the 
biomechanical parameters of the joint. 
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5.4 Isotonic contractions 
In dynamic contractions, the relationship between EMG and force has a greater complexity 
due to experimental and physiological characteristics. A movement implies change in joint 
angle over which the muscle acts. Angular displacement can change the muscle geometry, 
and then the relative positions between the active motor units and surface electrodes may 
change (Basmajian & De Luca, 1985; Doorenbosch & Harlaar, 2004). 
The complexity of the EMG-force relationship in an isotonic contraction can be understood 
through the function r(θ, F, ν, ω), where θ, F, ν e ω are varied simultaneously. Therefore, to 
quantitatively assess the strength of isotonic contractions, in addition to the experimental 
care with the placement of the electrodes and movement of the skin, should be restricted 
to the situation that is closest to an isometric contraction. In fact, it is desirable to 
minimize the effect of each variable. Thus, we recommend the use of low levels of force, 
and control of the application of force during movement in order to limit variation in this 
parameter (F~ct), which is important to ν exert little influence on r, and impose a lower 
angular velocity (w~0). 

6. Other instrumental tools and applications 
To obtain the data presented in this chapter, the relationship between electromyography 
and strength in the quadriceps muscle was evaluated through conventional measures, using 
a differential EMG electrode placed on the skin. As discussed above, there is a limitation in 
these measures arising from the fact that the EMG signal recorded is the sum of action 
potentials occurring in the area of the electrode.. Studies show that the use of electrode 
arrays significantly improves the ability to estimate force with EMG measures. An 
interesting example of such analysis can be seen in Staudenmann et al. (2006) who 
employed multivariate statistical analysis of principal components. 
Although this chapter has discussed the measurement of muscle strength by measuring 
EMG, it can be said that most applications of EMG are related to some aspect of muscle 
force generation, because the signal is generated when muscle contractile elements are 
activted. In this respect, it is pertinent to mention other methods, such as: i) the use of PCA 
(principal component analysis) to identify the pulse trains of action potentials on a surface 
electromyography signal collected with multiple electrodes (Nakamura et al., 2004); ii) 
application of multivariate statistical techniques and multidimensional visualization in 3D 
space - Viz3D (Artero, 2005), to identify differences between isometric activities carried out 
against a rigid obstacle and with a weight of equivalent inertial load (Mello, 2007); iii) 
applications in studies of muscle coordination, techniques that allow, through measures of 
EMG, set parameters for determining the action of various muscles; and iv) studies of the 
relationship between force sensation and muscle stretching (Branco et al., 2006). 
The magnitude of force or torque has also been compared with the spectral variables of the 
EMG signal (Bernardi et al., 1996, Bilodeau et al., 2003; Gerdle et al., 1991; Hermans et al., 
1999; Karlsson & Gerdle, 2001; Moritani & Muro, 1987; Onishi et al., 2000). The calculation of 
these parameters should involve the application of appropriate techniques to obtain the 
power spectrum of the EMG signal. The parameters obtained in the frequency domain 
involves more complex procedures than those for the time domain, being the spectral 
distribution obtained by the fast Fourier transform or discrete Fourier transform (Bendat 
Piersol, 1986). Recent studies show the technique of wavelet transform as a very interesting 
tool for analysis in the frequency domain. 
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7. Conclusion 
In this chapter, we have explored the relationship between EMG signals and muscle 
strength calculated using biomechanical models. In the literature, a common approach has 
been to adjust the intensity of EMG using equations derived from the Hill model. It has also 
been shown that the application of EMG to measure the force requires a process of 
calibration parameters for each individual. This process of calibration and standardization 
should be conducted having enough control of the variables that influence the relationship 
between EMG and force, as specified in equation 13. 
The relationship between electrical activity and isometric muscle strength has been the focus 
of research since the 1950s. However, we still lack consensus regarding a precise 
methodology that can be widely used to quantify muscle strength based on EMG. The use of 
EMG as a metric for determining the force is both fascinating, and challenging. It is 
fascinating because of the possibilities for making a quantitative measure of strength in an 
individual while performing a gesture, through noninvasive surface electrodes. It is 
challenging in view of the complexity and variability inherent in biological signals, 
especially in dynamic situations. However, the application of current equipment for 
collecting and processing the signal remains the motivation for the use of EMG as a metric 
measure of force. The study of this issue, using methodologies that combine calibration 
processes or normalize instrumental resources, including arrays of electrodes, and signal 
processing using multivariate statistical techniques (PCA), can provide great advances. 
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1. Introduction 
Myofascial syndrome is a muscular pain syndrome with regional symptoms, often in limb 
girdle or neck and back area. It is common and causes much disability and inability to work. 
Myofascial pain may be activated by precision work, repetitive strain or recent injury. 
Typical findings in symptomatic muscles are taut bands and painful trigger points (TrPs), 
where pressure elicites a typical spreading of pain (Cummings & Baldry, 2007). 
Microdialysis of TrPs has detected local elevation of contraction, and inflammatory and pain 
metabolites (Shah et al., 2008). Reduced high-energy phosphate levels but no signs of 
myositis have observed in painful muscles in histological studies (Bengtsson et al., 1986). 

2. Electromyography of trigger points 
There are several studies of EMG in TrPs. There is no sustained spontaneous activation of 
motor unit potentials (MUPs) (spasticity) or any signs of denervation i.e. fibrillation potentials 
or motor unit potential alterations typical for nerve sprouting (Couppé et al., 2001). 

2.1 Spontaneous electrical activity at the endplate 
When EMG in TrPs is compared to EMG in painless points of the same or other muscle, 
there are some differences. TrPs show more numerous local findings of spontaneous 
electrical activity (SEA) than control points (Couppé et al., 2001). SEA may consist of 
endplate activity which is reflected in two forms, often activated together: endplate noise 
(EPN) (miniature end plate potentials MEPPs) and end plate spikes (EPS). In EPN there are 
either small, discrete high-frequency depolarizations rarely exceeding 100 μV (MEPPs) or 
just “sea shell” noise, depending on the orientation and localization of the needle electrode 
with respect to the source (Wiederholt, 1970). It was also claimed that EPN is more prevalent 
in TrPs within the end plate zone and more prevalent in active than latent TrPs (Simons et 
al., 2002). End plate spikes are larger in amplitude than MEPPs, exceeding even several 
hundred microvolts. EPSs are usually observed together with EPN (Fig. 1). 
EPSs have a characteristic irregular firing pattern with numerous short intervals less than 30 
ms. Thus it is easy to distinguish EPSs from other spontaneous EMG patterns or MUPs. In 
addition, EPSs have a characteristic wave form with initial negativity or with a short (less 
than 0,3 ms) initial positivity. Rarely, EPSs with a typical firing pattern but a large 
polyphasic waveform may be observed (Partanen, 1999). 
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Fig. 1. Several sequences of end plate spikes in an active spot of a normal relaxed muscle. 
Most of them have a negative onset but some have a short initial positive component. 
Observe also the end plate noise in the background. From Pathophysiology, with 
permission. 
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2.2 Complex repetitive discharge 
Another spontaneous waveform, which is repeatedly found in taut bands is complex 
repetivite discharge (CRD) (Fig. 2). It was originally described by Janet Travell in TrPs 
 

 
Fig. 2. Complex repetitive discharge (33 Hz) in a taut band of the levator scapulae muscle of 
a patient suffering from myofascial syndrome. Otherwise the needle EMG was normal. 
From Pathophysiology, with permission 
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(Travell, 1957) but later on it was depicted in about 15% of patients suffering from 
myofascial syndrome (Ojala et al., 2006). CRD has been observed in several types of chronic 
neuropathy or myopathy (Emeryk et al., 1974a), but in these cases CRD is accompanied by 
other pathological alterations in EMG. In myofascial syndrome CRD is observed in muscles 
with otherwise normal EMG (Ojala et al., 2006). 

3. Prevailing hypotheses of the origin of EPN, EPS and CRD 
EPN and MEPPs are observed to originate from the postsynaptic surface of the 
neuromuscular junction. MEPPs are activated by spontaneous leakage of small amounts of 
acetycholine (exocytosis) from the nerve terminal. MEPPs are local, non-propagated discrete 
depolarizations of muscle membrane. MEPPs should be found mainly at the end plate zone 
of the muscle, where neuromuscular junctions are localized. EPSs are supposed to be 
elicited by summation of a number of MEPPs, if the sum potential exceeds the critical level 
to fire an action potential (Buchthal & Rosenfalck, 1966). Another explanation is a nerve 
potential activated by the irritation caused by the EMG needle electrode. The nerve potential 
then travels to the nerve terminal and activates a postsynaptic action potential which is 
recorded with the same EMG needle as an EPS (Dumitru, 1995). CRD is supposed to arise 
when an action potential is circulating in muscle fibres, leaping from one fibre to another 
with ephaptic conduction, forming eventually a vicious cycle with sustained circulation of 
action potentials (Trontelj & Stålberg, 1983). The participation of motor neurone and even 
“spindelisation” of extrafusal muscle fibres due to changed innervation was also discussed 
(Emeryk et al., 1974b). 

4. Discussion of the discrepancies of prevailing hypotheses for EPS and CRD 
and suggestions for new explanations 
Even if mechanical irritation of nerve terminal may cause marked increase of the frequency 
of MEPPs, there are no data demonstrating that this may cause activation of postsynaptic 
action potentials of the muscle fibre, recorded as EPSs. The mechanical irritation of the 
terminal motor nerve branch by the needle electrode may cause injury potential and rarely 
rhythmic spontaneous activity but sustained irregular firing has not been described in 
experimental studies (Wall et al., 1974). Thus the firing pattern of EPSs clearly differs from 
the known patterns of injury potentials (Macefield, 1998). CRDs are not found in totally 
denervated muscles (personal observation). Thus, evidently CRD needs the presence of 
intramuscular motor axons. In fact, CRD in myofascial syndrome may represent activation 
of a spinal reflex arch, instead of an ephaptic circuit of muscle fibres (see Heading 7).  
The third explanation for EPSs is that they are action potentials of intrafusal muscle fibres. 
There are several points which suggest this possibility, for example activation of EPSs by 
passive stretching of the muscle (Partanen, 1999; Partanen & Nousiainen, 1983). 

5. Multi-channel recordings of EPSs 
Different patterns of propagation of EPSs may be observed with multi-channel recording of 
EPSs in relaxed human muscles, using 3-5 EMG needles in parallel with the muscle fibres 
(Fig 3). 
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Fig. 3. A five-channel recording of the extensor carpi radialis muscle. The EMG needles are 
lying in parallel with the muscle fibres and the interelectrode distance is 3 mm. 

The first type of EPSs does not propagate at all: there are local large potentials (Fig. 4). The 
second type of EPSs propagates for a short distance (a few mm) (Fig. 5) and third type 
propagates like a motor unit potential (Fig. 6-7). The first type may reflect activity of intrafusal 
nuclear bag fibres, which show this non-propagating junctional potential pattern in 
experimental recordings (Barker et al., 1978). The second type of EPS with a short propagation  
 

 
Fig. 4. An end plate spike sequence in channel 4. It does not propagate at all. It was not 
possible to find synchronous potentials in any of the other channels. End plate spikes may 
represent activation of a nuclear bag muscle fibre. Calibration 10 ms, 200 µV. 
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distance is in concert with the activity of nuclear chain fibres (Barker et al., 1978) and the 
third type corresponds to the activity of beta motor units (Partanen, 1999; Partanen & 
Palmu, 2009). 
 

 
Fig. 5. Sequence of end plate spikes propagating from channel 2 to channel 4 (note the 
development of positive onset). This sequence may represent activation of nuclear chain 
muscle fibres. Calibration 5 ms, 100 µV. 
 

 
Fig. 6. Two sequences of end plate spikes. One is propagating to all channels and may 
represent beta motor unit potentials. The other propagates only from channel three to 
channel four and may represent activation of nuclear chain fibres. Calibration 50 ms, 100 µV, 
except Ch 3, 500 µV. 
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Fig. 7. Propagation of voluntarily activated motor unit potentials to all channels. Because of 
the slow firing of motor unit potentials compared to end plate spikes, they do not recur in 
this time window. Calibration 10 ms, 200 µV. 

6. The “integrated hypothesis” for myofascial syndrome 
The “integrated hypothesis” for myofascial syndrome comprises a local energy crisis of muscle 
tissue caused by strain. This leads to accumulation of irritative metabolites and thus activation 
of local nerve terminals with sustained contraction of postsynaptic muscle fibre. This is 
followed by rigor and a contraction knot, and development of a taut band, as well as activation 
of pain and sympathetic nerve fibres (Simons et al., 1999; Cummings & Baldry, 2007). 

7. Discussion of the discrepancies of “integrated hypothesis” and 
suggestion of a new explanation for myofascial syndrome 
The capillaries of extrafusal muscle tissue offer an effective perfusion, which is able to 
transport all irritative metabolites out of the muscle tissue. Thus the local inflammation of 
muscle without any signs of myositis seems improbable. On the other hand the capillaries 
of muscle spindles are different. There is a blood/spindle barrier and a non-permeable 
capsule around the spindle (Banks & Barker, 2004). Thus metabolites released into the 
capsular periaxial space of muscle spindle are readily concentrated. Sustained fusimotor 
activation of muscle spindle caused by for example precision work may achieve increased 
release of contraction metabolites intrafusally. This may activate release of inflammatory 
metabolites and finally pain metabolites. Only Ia-afferents of the muscle spindle activate 
alpha motor neurons (myotatic reflex). II- III- and IV-afferents activate intrafusal muscle 
fibres via gamma- and beta efferent pathways. III- and IV-afferents have been observed 
inside the muscle spindle (Paintal, 1960, Stacey, 1969). If inflammatory and pain 
metabolites are concentrated intrafusally, III- and IV-afferents, which comprise also 
chemical and pain receptors, may activate gamma- and beta-efferent activity via spinal 
reflex pathway. Beta efferent activation may be seen as CRD in EMG of taut bands for a 
limited time. Thus taut bands may be formed by extrafusal muscle fibres of beta motor 
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units in metabolic exhaustion and rigor. Myotatic reflex (twitch) is present in taut bands 
(Shah et al., 2008) and this reflex is evidently activated by intact Ia afferent- alpha efferent 
reflex arch (Partanen et al., 2010). 

8. Final comments 
Needle EMG in myofascial syndrome is usually normal. In 15 % of patients CRD may be 
observed in some of the trigger points in taut bands (Ojala et al., 2006). This finding seems to 
be specific for myofascial syndrome, if there are no other EMG alterations. It remains to be 
seen if a thorough study of as many trigger points as possible increases the possibility to 
find CRD in a greater percentage of patients. The search may be justified because dry 
needling is also one of the treatments of myofascial syndrome (Cummings & Baldry, 2007). 
Incidence of end plate activity is increased in trigger points but this fact is not useful for 
diagnostics, because end plate activity is often observed in painless points as well. MEPPs 
with EPSs may represent intrafusal activity. In neuromuscular junctions of alpha motor 
units only MEPPs but not EPSs may be seen (Partanen et al., 2010). The different hypotheses 
discussed here can be tested and they help to comprehend the context “myofascial 
syndrome”, which is not accepted by all physicians. At present the diagnosis of myofascial 
syndrome is clinical: there are no specific laboratory or imaging studies or other means to 
confirm the diagnosis (Dommerholt & Huijbregts, 2011). 
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1. Introduction 
The Surface Electromyography (sEMG) technique offers a safe, quick, pain-free, non-
invasive and repeatable means of assessing the important physiological processes that cause 
muscles to generate force and produce movement, yet it has many limitations that must be 
understood, considered, and removed where possible (Hermens et al., 1999). Thus, it has 
been said of electromyography that; 

“EMG is a tempting muse .. it is too easy to use and consequently too easy to abuse” 
(De Luca CJ 1993 – Wartenweiler Memorial Lecture). 

An sEMG signal comprises what is otherwise termed a compound muscle action potential 
(CMAP) being the sum of any number of motor unit action potentials within a given 
recording area. However, just such an sEMG signal, which provides an insight into the level 
of activity of a given skeletal muscle, can be altered/affected in many ways by what have 
been defined as causative, intermediate and deterministic factors (De Luca, 1997). The 
causative factors include such parameters as the configuration of the recording electrodes 
(size, distance apart etc.), skin thickness and subcutaneous tissue composition and depth, 
blood flow, muscle fibre diameter and orientation as well as the number of active motor 
units within the muscle of choice and their firing rate one with another, that is to say their 
synchronization (De Luca, 1997). Added to these parameters are the intermediate factors 
which include the choice of using a differential electrode filter, the risk of cross-talk from 
adjacent muscles or underlying tissue, the occurrence of spatial filtering as a consequence of 
fibre depth, the volume of the muscle that is detectable, and the conduction velocity of 
muscle fibres. Finally, there are the deterministic factors which comprise the number of  
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active motor units within a muscle as well as their detectability, their recruitment and 
stability, plus the action potentials resulting from such active motor units and their 
amplitude and duration. These then, when combined, give rise to an sEMG or compound 
muscle action potential which has a given amplitude and any number of spectral variables. 
It is the analysis of such sEMG signal data and its interpretation in terms of muscle force 
(RMS conversion), the activation of a muscle (On versus Off), any signs of fatigue and hints 
relating to the biochemical processes in a muscle that make this such a tempting, yet 
complex field to study (see Fig. 1 & 2). 
 

 
Fig. 1. The factors “causative”, “intermediate” and “deterministic” and their effect on both 
sEMG signal amplitude and spectral variables, and the interpretation one can make of a 
recorded sEMG signal (after De Luca, 1997). 

In spite of the large number of variables that influence the sEMG signal (De Luca,1997; 
Farina et al., 2004; Hogrel, 2005), studies on correlations between intrinsic muscle 
parameters and recorded signals are becoming more numerous (Gerdle et al., 1997; Karlsson 
& Gerdle, 2001; Kupa et al.,1995; Larsson et al., 2002 & 2006; Tygesen & Harrison, 2005).  
In rats, EMG parameters have been shown to be a useful tool to predict muscle excitability 
(Harrison & Flatman, 1999), and in sheep the technique has been used to follow postnatal 
muscle development (Tygesen & Harrison, 2005). sEMG recordings have also been related 
to the morphological state of muscles, for example i) muscle fibre composition (identified 
using MHC isoforms or mATPase activity)in humans (Gerdle et al., 1997; Larsson et al., 2002 
& 2006) and in rats (Kupa et al., 1995) and, ii) muscle fibre diameter in humans (Gerdle et al., 
1997; Larsson et al., 2006) and in rats (Kupa et al., 1995). 
With the non-invasiveness of sEMG recordings comes the possibility, for clinicians and 
physiologists alike, to determine whether structural and functional changes have occurred 
in muscles over a period of time. 
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Fig. 2. Factors affecting the sEMG signal during a period of sustained contraction. In the case 
of “conduction velocity”, “intramuscular pH” and “H+ generated” a clear association 
between changes in these parameters over time during a period of sustained contraction has 
been established. It is less clear, however, as to whether and with what degree 
“depolarization zone of muscle” is changed during a period of sustained contraction (after 
De Luca, 1997). 

Recorded parameters such as signal Area and Corrected Peak relate to muscle force 
production, and over time they can be used to give an idea of an individual’s fatigue 
resistance, along with an RMS analysis of the recorded signal, whereas Leading Slope and 
Trailing Slope are more closely related to the speed of contraction and relaxation in a given 
muscle, providing information about an individual’s physical capabilities, as well as the 
fibre-type composition of specific muscles (De Luca, 1997). 
It is relevant to measure sEMG prior to and after strength training. An increase in muscle 
strength after a period of strength training can be due to an improvement in neuro-muscular 
communication and/or an increase in the cross-sectional area of muscle fibres. In cases 
where no response to strength training is observed, the limiting factor may be due to 
affected neuro-muscular function. Indeed, CKD are associated with neuropathies (Krishnan 
et al., 2005), which could well affect the sEMG signal and any response to strength training. 
Thus the sEMG serves as a control/explanatory factor together with muscle strength 
measurements and CSA fibre measurements when looking for an indicator of strength 
training success in individuals.  
The sEMG of a person with good muscle function would therefore be characterized by a 
signal with the following characteristics; relatively high frequency, large corrected peak, 
relatively stable RMS – at least initially, and fast leading and trailing slopes.  
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1.1 Understanding & interpreting sEMG signals 
1.1.1 sEMG parameters 
sEMG signals can be characterized either by temporal analysis (e.g. peak amplitude, root 
mean square or average rectified values), by spectral analysis (e.g. mean frequency, median 
frequency), or by propagation analysis (e.g. muscle fibre conduction velocity). 
Amplitude estimations are used frequently in sEMG research. The amplitude of a 
voluntary signal is stochastic (random) and can therefore be reasonably represented by a 
Gaussian distribution function. The amplitude of a sEMG signal is highly influenced by 
the distance and the conductivity of the tissue between the active fibres as well as the 
recording electrodes, their properties and placement. The root mean square, that is to say 
the square root of the average power of the sEMG signal for a given period of time, is a 
technique that allows for rectification of the raw “bipolar” signal, converting it to a 
“monopolar” amplitude that is easier to present and interpret (Hermens et al., 1999). The 
average rectified value takes the rectified signal one step further and represents the area 
under the rectified sEMG signal over a period of time. It is generally thought that the root 
mean square is more appropriate when assessing voluntary contractions as it represents 
the signal power, unlike the average rectified value, which has no specific physical 
meaning (De Luca, 1997).  

1.1.2 sEMG issues 
As motor units are recruited and potentially increase their firing rate during sustained 
muscle activation, increasing numbers of motor unit action potentials (MUAP´s) may 
contribute to an sEMG signal at any one point in time. It would be logical then to predict 
that the magnitude of the sEMG signal should increase almost linearly with activation rate. 
However, the sEMG signal underestimates the actual activation signal sent from the spinal 
cord to a particular muscle since increasing MUAP overlap and signal cancellation typically 
occurs, and this reduces the sEMG signal. This loss of sEMG signal has been shown to arise 
from the linear summation of overlapping positive and negative phases of motor unit 
potentials which serve to cancel one another out and thereby reduce the amplitude of the 
signal (Day & Hullinger, 2001; Keenan et al., 2005; Keenan et al., 2006).  
In general terms, the sEMG parameters “area” and “amplitude” relate to the force of 
contraction, yet no simple equation exists to describe their relation. Indeed, the fact that the 
amplitude increases as muscle force increases only serves to provide a qualitative indicator. 
Quantitatively, exactly how much the force varies between two tasks cannot at present be 
answered with any certainty. One should be very cautious then when using the sEMG 
signal as an absolute measure of the force developed by a muscle as there are occasions 
when this relation can become non-linear (De Luca, 1997; Turker, 1993). Apart from the fact 
that the amplitude is highly influenced by both extrinsic and intrinsic parameters, two other 
factors have an enormous effect on the relation between force and amplitude. The first is 
that of the number of motor units detected by the recording electrodes is almost always less 
that the number of active motor units in an active muscle. The second is the issue of relative 
placement of active motor units with regard to the recording electrodes, such that if a newly 
recruited motor unit is located in close proximity to a recording electrode, that motor unit 
will contribute more than an average unit of energy to the recorded signal. Conversely, if a 
newly recruited motor unit is located at a distance from the recording electrode, the force in 
that muscle will most likely increase whilst the amplitude of the sEMG signal will not alter 
dramatically (De Luca, 1997). 
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Spectral analysis of the sEMG signal has been used to study muscle fatigue (Komi & Tesch, 
1979; Linssen et al., 1991; Milnerbrown & Miller, 1986; Moritani et al., 1982), and changes in 
motor unit recruitment (Bernardi et al., 1996; Bernardi et al., 1999; Solomonow et al., 1990). 
Spectral analyses have also been used to estimate the activation of type I and type II muscle 
fibres during a contraction (Gerdle et al., 1988; Gerdle et al., 1991; Tesch et al., 1983), as well 
as to predict the actual muscle fibre type composition (Kupa et al., 1995). Interpretation of 
the most commonly used spectral descriptors (mean frequency and median frequency) is 
facilitated by the use of the power spectral density function. The mean frequency has a 
smaller estimation of variance than the median frequency, yet the median frequency is less 
sensitive to noise and more sensitive to fatigue (Hermens et al., 1999; Merletti et al., 1992). 
Thus these different characteristics should be considered when analyzing an sEMG signal. 
For example, under conditions of a high signal:noise ratio the mean frequency is preferable 
due to the low variance, but under conditions where the signal:noise ratio is low, one should 
consider using the median frequency because of its relative insensitivity to noise (Hermens 
et al., 1999). 
In propagation analysis, the muscle fibre conduction velocity is measured using two electrodes 
with the same alignment as the muscle fibres. By measuring the inter-electrode distance, the 
muscle fibre conduction velocity can be calculated as the ratio between the distance and the 
time delay between the two recorded signals. In most cases the underlying tissue poses very 
little local variation, so in terms of both detected signals the filtering effects can be assumed to 
be similar. This gives the muscle fibre conduction velocity parameter an advantage compared 
to temporal and spectral analysis, where the filtering effect of underlying tissue may distort 
the travelling signal (Hermens et al., 1999; Hogrel, 2005). The muscle fibre conduction velocity 
is to some degree proportional to the muscle fibre diameter. Thus in general muscles with 
large diameter fibres, such as those belonging to higher threshold motor units, will possess a 
greater average muscle fibre conduction velocity, which will in turn shift the frequency 
spectrum towards the high frequency range (De Luca, 1997). 
To illustrate use of sEMG in a clinical setting, we will give an account of two chosen studies 
which together will show where sEMG has its strength and which considerations have to be 
made when using sEMG in these settings. 

2. Uremic study 
2.1 Introduction 
Patients with end-stage renal disease (ESRD; uremia) have limited physical fitness, which 
can lead to subsequent problems, namely cardiac dysfunction and depression (Gutman et 
al., 1981; Painter, 1988, Kouidi et al., 1997; Shalom et al., 1984), as well as muscle 
abnormalities, which severely affect their daily life, whether it be work- or recreation-related 
(Nakao et al., 1982). Yet, whilst muscle weakness is a common complaint amongst dialysis 
patients, it remains an unexplained phenomenon.  
Muscle atrophy with uremia has been shown to be fibre-specific, in that the disease is 
mainly associated with a loss of type II fibres and predominantly the type IIB fibres, which 
are fast-twitch and glycolytic in nature (Fahal et al., 1997). Atrophy of type I (slow-twitch, 
oxidative fibres) also occurs in some patients (Molsted et al., 2007; Moore et al., 1993). Yet 
despite these changes, exercise training has been shown to significantly alleviate the loss of 
physical capacity that occurs in dialysis patients with end-stage renal disease (Shalom et al., 
1984; Painter, 1988; Eidemak et al., 1997; Kouidi et al., 1998; Molsted et al., 2004).  
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Whilst these patients suffer an array of medical problems that plagues them and the quality 
of their life (QoL), they are interested in receiving any form of help that will improve their 
condition and help them to lead a more normal life. It is for this reason that studies have 
been attempted to assess the causes behind the observed muscle atrophy and physical 
weakness that they incur. It should be mentioned though that these studies are not without 
problems. Patients arriving for a period of dialysis are usually very weak and can become 
easily confused, and after their dialysis most cannot wait to get out into the World and use 
the time and energy they have had temporarily restored upon them. This necessitates that 
any experimental design must be simple and easy to understand, it should not be painful, 
and most of all it must be relatively quick – time being of the essence after a period of 
dialysis. Thus it has been our experience that whilst studies of nerve conduction have not 
been accepted by patients with end-stage renal disease, being seen as both time consuming 
and painful, our sEMG recordings have been well tolerated. 

2.2 Patients 
Patients were recruited from Rigshospitalet, Denmark. Inclusion criteria were; ages above 18 
years, undergoing haemodialysis for a minimum of three months, and being able to climb 
stairs. Exclusion criteria were inability to participate in the intervention due to physical health, 
blindness, lower limb amputation, diabetic retinopathy, severe cognitive reduction, and 
treatment with the anti-coagulation drug Fondaparinux. All patients gave their informed 
consent and the protocol was approved by the local ethical committee (H-D-2008-124). 

2.3 Training programme 
The included patients participated in a training programme consisting of heavy load 
resistance training three times a week for a period of 16 weeks. The exercise sessions varied 
in time from the last dialysis, since some patients were dialyzed three times a week, others 
only twice a week.  
The exercise began with 5 minutes of warm-up. Three exercises were performed at each 
exercise session: leg press, leg extension and leg curl. During the intervention period the load 
was increased and repetition maximum (RM) decreased from 15 to 6 RM. An individual 
patient’s progress during the interventions was adjusted according to changes of 1-6 RM.  

2.4 sEMG recordings, measurements and analyses 
The study used both a single and a double differential electrode configuration, with 
electrodes (N-00-S & R-00-S; Blue Sensor R, Medicotest A/S, Ølstykke, Denmark) 
configured as described previously (Harrison et al., 2006). sEMG recordings were taken via 
an ML 131 amplifier connected to a PowerLab 4/25T A/D converter (AD Instruments, 
Chalgrove, Oxfordshire, UK) with a further connection to a Mac PowerBook Air with Chart 
v. 5.5.6 Software, Peak Parameters, and Spike Histogram extensions. Input impedance was 
200 M differential, and a high- and a low-pass filter of 3 Hz and 500 Hz, respectively, were 
used. Sampling speed was set to 40,000 per second.  
Recordings, which were taken from the vastus lateralis of the left leg, followed the 
guidelines laid out in the European Recommendations for Surface ElectroMyoGraphy as detailed 
by the SENIAM project (Hermens et al., 1999). Differential recordings of sEMG signals were 
made via surface electrodes from the vastus lateralis, as described in detail previously. 
Information of any expected electromyography performance results were not divulged, and 
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patients were not allowed to follow their sEMG recordings on the computer screen in real 
time. The recorded sEMG signal was assessed as described previously (Harrison et al., 2006) 
in terms of signal frequency (Hz) and peak-to-peak amplitude (V), using Chart analysis 
software (AD Instruments, Chalgrove, Oxfordshire, UK).  

2.5 Statistics 
Data distribution was tested using a Q-Q plot. Due to the discovery that the data was not 
normally distributed, statistical analysis of any effects was performed using non-parametric 
tests. A Wilcoxon Signed Ranks Test was applied to measure significant differences between 
pre-training (Baseline) and post-training (Re-test) values. Data are presented as means plus 
and minus the standard error of the means (SEM). All tests were two-tailed and significance 
was deemed to be at P ≤ 0.05. 

2.6 Results 
A clear and significant improvement in the amplitude of the recorded sEMG signal was 
noted in the uremic patients when values taken pre-training were compared with those 
obtained post-training (see Fig. 3).  
 

 
Fig. 3. The recorded sEMG signal from m. Vastus lateralis of uremic patients taken prior to 
(▲) and after a 16 week programme of strength training (). Recordings, which represent a 
20 second period of sustained leg lift, were taken at a sampling rate of 40,000 data samples 
per second, using an impedance of 200 M and a high- and low-pass filter of 3 Hz and 500 
Hz, respectively. Values represent the Mean  SEM of 8 patients. 
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In contrast, to the sEMG amplitude values, measurements of the sEMG signal frequency 
from these uremic patients were not significantly altered by a 16 week period of strength 
training (see Fig. 4). Indeed, if anything one gets the impression, at least initially, that a 
lower firing frequency is employed by these patients during a period of sustained leg 
extension and contraction of m. Vastus lateralis.  
 

 
Fig. 4. The recorded sEMG signal from m. Vastus lateralis of uremic patients taken prior to 
() and after a 16 week programme of strength training (). Recordings, which represent a 
20 second period of sustained leg lift, were taken at a sampling rate of 40,000 data samples 
per second, using an impedance of 200 M and a high- and low-pass filter of 3 Hz and 500 
Hz, respectively. Values represent the Mean  SEM of 8 patients. 

Our investigation of muscle performance in the uremic patients also included a sEMG 
recording of m. Vastus lateralis taken during a period of dynamic contraction (see Fig. 5). 
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Fig. 5. The results of a dynamic muscle strength test involving a knee extension with 1 RM. 
This figure illustrates a sEMG recording taken from m.Vastus lateralis at a recording speed of 
40,000 data samples per second. Note the burst of power as the leg is extended. This sEMG 
signal was analyzed in terms of its peak-to-peak amplitude (mV) and its inherent frequency 
(Hz). 

Both the dynamic and the isometric sEMG signal were analyzed in terms of their inherent 
frequency and their amplitude. Recordings taken after a period of 16 weeks of strength 
training ”Re-test” were then compared with ”Baseline” pre-training levels, and the results 
are shown below in Table 1.  
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Dynamic 1RM 1. Sec   
Parameter Baseline Re-test  P 
 
Frequency (Hz) 71 ± 11 71 ± 6 NS 
Amplitude (mV)* 309 ± 81 571 ± 71 0.017 
Dynamic 1RM 1. sec/kilo 
Frequency/kilo (Hz/Kg) 1.3 ± 0.2 0.9 ± 0.1 NS (0.093) 
Amplitude/kilo (mV/Kg)* 6.2 ± 2.4 7.2 ± 1.1 NS 

 
Isometric 50% 1RM 20 sec  
Parameter Baseline Re-test P 
 
Frequency Peak (Hz) 107 ± 6 102 ± 5 NS 
Amplitude Peak (mV)* 350 ± 104 568 ± 86 NS 
Frequency Mean (Hz) 89 ± 5 85 ± 5 NS 
Amplitude Mean (mV)* 273 ± 83 396 ± 54 NS 
Isometric 50% 1RM 20 sec/kilo 
Frequency Peak/kilo (Hz/Kg) 3.7 ± 0.5 2.6 ± 0.4 0.017 
Amplitude Peak/kilo (mV/Kg)* 14.8 ± 6.6  14.2 ± 2.3 NS 
Frequency Mean/kilo (Hz/Kg) 3.0 ± 0.3 2.2 ± 0.3 0.017 
Amplitude Mean/kilo (mV/Kg)* 11.6 ± 5.2 10.1 ± 1.7 NS 

Table 1. The response of m Vastus lateralis to a period of 16 weeks of strength exercise 
training in uremic patients. Data are presented as uncorrected values versus values corrected 
for the weight lifted (per kilo) by the patients. Note that sEMG correction for individual 
variation in terms of the weight lifted has a huge effect on the results, highlighting the fact 
that signal analysis can affect the interpretation of the recordings. Values represent the 
Mean  SEM of n=8 haemodialysis patients. * indicates x 1000.  

2.7 Discussion 
The first large-scale studies of the physical capacity of patients with chronic renal failure 
were performed at the end of the 1970´s as reviewed by Laville & Fouque (1995). It was 
noted that 50% of patients requiring dialysis had stopped their professional activity as a 
result of chronic renal failure, attributed to coronary (15% of patients), cardiovascular (23%), 
and bone or muscle (24%) related conditions (Evans et al., 1985).  
In a recent study involving patients on haemodialysis, in vivo measurements of muscle 
function were made using sEMG (Harrison et al., 2006). The sEMG frequency recorded prior 
to dialysis was generally found to be abnormal, when compared with a normal range of 2nd 
dorsal interosseous muscles of the hand and on the thigh m. Vastus lateralis. This study also 
revealed a clear benefit of haemodialysis in terms of sEMG frequency of the 2nd dorsal 
interosseous muscle (Harrison et al., 2006). Moreover, these authors found that the in vivo 
analysis of sEMG changes with a session of haemodialysis seemed to be limited to relatively 
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fast-twitch muscles, a finding that was supported by a study of isolated rat extensor 
digitorum longus muscle, in which changes in the uremic environment were shown to exert a 
rapid loss of contractile force (Harrison et al., 2006). 
In the present study, the combined graphs and table show that a period of exercise training 
results in an improved sEMG amplitude with very little change to the signal frequency. This 
finding, which indicates that a period of exercise training in these patients results in the 
ability to lift more weight (kilos), may be due to enhanced spatial summation (Henneman et 
al., 1965) - that is to say an increased and more synchronized recruitment of motor units. 
However, a considerable degree of individual variation is masked by this data set, and upon 
correction of the sEMG amplitude and frequency data for the weight in kilos used under 
training, a different interpretation is arrived at. Suddenly, signal analysis designed to 
remove an element of individual variation from the data now reveals that a period of 
exercise training induces an increase in sEMG signal frequency, and not an alteration in 
sEMG amplitude. It has to be said though, that this form of signal analysis reveals a finding 
that is more consistent with what is known to occur during the initial period following 
commencement of exercise training. What is observed is an improvement in neuro-muscular 
recruitment and activation “coordination” that typically precedes fibre and vascular 
changes “hypertrophy”. Indeed, this conclusion is supported by the fact that looking at the 
histology of the fibres, we have not found any significant changes in fibre, cross-sectional 
area with the 16 week period of strength training in biopsies taken from m. Vastus lateralis in 
these patients (data not shown). 
Of course recordings of sEMG from muscles of such patients are not without problem, and 
the interpretation of such data should not be made without careful consideration. In Figures 
1 & 2 we identified a number of factors that can affect sEMG recordings, and in terms of 
uremic patients perhaps the most important would be as follows;  

Fig. 1:  Causative – active motor units, motor unit firing rate (synchronization) & fibre 
diameter 
Intermediate – volume of muscle detected (fibre diameter) & conduction velocity 
Deterministic – active motor units, detected motor units, motor unit action 
potential amplitude, motor unit action potential duration, recruitment & stability 

Fig. 2:  Diameter of muscle fibres, conduction velocity of muscle fibres & blood flow 

In uremic patients one finds that ion imbalances and the build up of toxic compounds, 
confounded by other health issues and the effects of medication, affect neuro-muscular 
recruitment and activation. The effect is that neural conduction velocity is impaired, that 
fewer motor units tend to be active, and when active they often reveal action potentials that 
are of long duration and consequently of small amplitude. More long-term changes with 
uremia also include an atrophy of muscle fibres and a reduction in vascularisation, which 
will affect causative factors as well as intermediate factors, and furthermore reduce the 
blood flow to the contracting muscle fibres.  
With strength training, it seems that a natural loss of synchronization and recruitment of 
motor units as the uremia progresses can be reversed. As mentioned earlier, we have not 
seen any changes in fibre size, and it therefore seems that the improved sEMG signal, which 
is supported by an improved physical function determined with a sit-to-stand test (data not 
shown), is due not to an increase in the number or size of active fibres, but rather a better 
control of those already working fibres.  
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3. Tendinopathy study 
3.1 Introduction 
The Achilles tendon is one of the most frequently injured tendons of the body due to trauma 
and overuse – very often in young or middle-aged, physically active subjects (Alfredson et 
al., 2000; Cook 2009). This arises, most likely, from muscle force in the gastrocnemius being 
trained to develop an extremely rapid and high level of force without being compensated by 
equally rapid changes in the Achilles tendon (Olesen et al., 2006; Holm et al., 2009). 
Although adaptation of tendons has been demonstrated (Langberg et al., 2007; Couppé et 
al., 2009), this adaption is slower than the development of a stronger muscle, and the tendon 
does not possess the dimensions necessary to accommodate such rapid increases in force 
production, and the result will very often be damage to the tendon structure or 
partial/complete rupture (Hess, 2010).  
A number of systemic diseases are also known to be associated with general defects in 
matrix metabolism and structure that compromise tendon strength and elasticity, moreover 
the term ‘spontaneous tendon rupture’ is being used on a more regular basis in both the 
sports- and work-environments (Järvinen et al., 2001). Indeed, despite the fact that the 
Achilles tendon is the strongest tendon in the human body, there are increasing numbers of 
cases of overload of the Achilles tendon, both associated with sports as well as to work-
related situations. It is estimated that the most common healthcare problem in Denmark is 
muscular-skeletal, accounting for approximately 15 % of all diseases (Ekholm et al., 2006). In 
spite of the extent of the problem not much is at present known about the etiology and 
pathogenesis of chronic tendon pain. The cause of the lack of knowledge within the area is 
primarily due to several limiting factors. First, that the early development of tendinopathy is 
unsymptomatic (Fredberg & Stengaard-Pedersen, 2008). Second, the establishment of a 
human tendinopathy model is deemed unethical. A few animal studies have been 
performed using an overuse protocol developed by Soslowsky and colleagues (Scott et al., 
2007; Perry et al., 2005; Soslowsky et al., 2002), where rats ran with a velocity of 
17m/minute, 5 days/week, 1 hour/day, either uphill or downhill for a period of between 2-
16 weeks. In such experiments, a decreased collagen fiber organization and increased 
numbers of cell nuclei were observed (Soslowsky et al., 1996; Glazebrook et al., 2008). Yet, 
exactly how the tendon manages the active tension transfer from muscle to bone and if this 
tension transfer is affected by tendinopathy remains unclear. Thus, a form of assessment or 
a technique that could detect potentially damaging changes in a tendon very early on, and 
in so doing prevent muscle dysfunction, would be of great benefit.  
It is with this point in mind, that we have investigated Achilles tendon parameters in 
combination with the contractile profile of m. Gastrocnemius in a number of healthy sports 
subjects, as a way of increasing the current knowledge of the ways in which tendon adapts 
to the mechanical loading associated with running/jogging. Our approach has been to 
better understand the active participation of tendons in the tension transfer from muscle to 
bone, and in order to achieve this goal we have returned to the topic of recording artefacts to 
see if they might not be used to some advantage. 

3.2 Subjects 
Healthy subjects were recruited from www.forsøgsperson.dk. Inclusion criteria were; no 
current tendon injury issues, regular training and ability to complete 60 minutes running on 
a treadmill. In total 8 subjects were examined (5 males; 3 females). The average age was 31 
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years (24-40) and average weight of was 74 kg (54-85). All had a BMI between 19 and 25, i.e. 
normal weight. All participants gave their informed consent and the protocol was approved 
by the Copenhagen and Frederiksberg Municipalities ethical committee (H-2-2010-121). 

3.3 sEMG recordings, measurements and analyses 
The study used both a single and a double differential electrode configuration, with 
electrodes (N-00-S & R-00-S; Blue Sensor R, Medicotest A/S, Ølstykke, Denmark) 
configured as described previously (Harrison et al., 2006). sEMG recordings were taken via 
an ML 131 amplifier connected to a PowerLab 4/25T A/D converter (AD Instruments, 
Chalgrove, Oxfordshire, UK) with a further connection to a Mac PowerBook Air with Chart 
v. 5.5.6 Software, Peak Parameters and Spike Histogram extensions. Input impedance was 
200 M� differential, and a high- and a low-pass filter of 3 Hz and 500 Hz, respectively, were 
used. Sampling speed was set to 40,000 per second.  
Recordings were taken from the vastus lateralis of the left leg, following the guidelines laid 
out in the European Recommendations for Surface ElectroMyoGraphy as detailed by the SENIAM 
project (Hermens et al., 1999). Differential recordings of sEMG signals were made via surface 
electrodes from the vastus lateralis, as described in detail previously. Information of any 
expected electromyography performance results were not divulged, and subjects were not 
allowed to follow their sEMG recordings on the computer screen in real time. The 
recordings were carried out during 60 minutes treadmill running at a velocity of around 10 
km/hour. The recorded sEMG signal was assessed as described previously (Harrison et al., 
2006) in terms of signal frequency (Hz) and peak-to-peak amplitude (V), using Chart 
analysis software (AD Instruments, Chalgrove, Oxfordshire, UK).  

3.4 Statistics 
Data are presented as means plus and minus the standard error of the means (SEM). All 
tests were two-tailed and significance was deemed to be at P ≤ 0.05. 

3.5 Results 
The results, (see Fig. 5 & 6), show that for lateral and medial m.Gastrocnemius, there is a 
pattern of sEMG signal parameter change over a 60 minute run/jog. After a few minutes of 
adjustment to a steady running/jogging rhythm, the sEMG mean amplitude becomes fairly 
stable, only showing signs of fatigue during the last ten minutes. It is likely that there is a 
fibre type distribution difference between the lateral and medial heads of m.Gastrocnemius as 
the lateral head increases slightly in sEMG frequency, while the amplitude decreases as the 
run/jog proceeds, whilst the medial head shows the reverse trend.  
Of more importance from our perspective is the measurement of the sEMG to tendon 
artefact peak (mSec), which remains very stable and uniform throughout the entire 
run/jog (see Fig. 6 & 7).  

3.6 Discussion 
In a recent paper written by De Luca and colleagues (2010) the authors address the issue of 
inevitable noise contamination of sEMG signals taken from muscles. Such noise originates 
from the skin-electrode interface, the electronics used to amplify the recorded signal, and a 
number of external sources (see Figs. 1 & 2). De Luca and colleagues focused on the low-
frequency part of the recorded sEMG spectrum and proposed a number of approaches that 
can be taken to refine the recorded signal in a clinical setting (De Luca et al., 2010).  
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Fig. 6. The mean recorded sEMG signal from m. Gastrocnemius (Lateral Head) of healthy 
subjects – Upper Panel: Amplitude (mV), Middle Panel: Frequency (Hz) and Lower Panel: 
sEMG to Tendon Artefact Peak (mSec). Recordings, which represent 5 minute interval 
means of a 60 minute run/jog at 11-13 km/hr, were taken at a sampling rate of 40,000 data 
samples per second, using an impedance of 200 M and a high and low pass filter of 3 Hz 
and 500 Hz, respectively. Values represent the Mean  SEM of 8 subjects. 
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Fig. 7. The mean recorded sEMG signal from m. Gastrocnemius (Medial Head) of healthy 
subjects – Upper Panel: Amplitude (mV), Middle Panel: Frequency (Hz) and Lower Panel: 
sEMG to Tendon Artefact Peak (mSec). Recordings, which represent 5 minute interval 
means of a 60 minute run/jog at 11-13 km/hr, were taken at a sampling rate of 40,000 data 
samples per second, using an impedance of 200 M and a high and low pass filter of 3 Hz 
and 500 Hz, respectively. Values represent the Mean  SEM of 8 subjects. 
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However, a good working knowledge of the artefacts one can encounter when recording a 
sEMG signal in a clinical setting can also provide a recording opportunity, which 
researchers may wish to exploit rather than eradicate. Typically, one finds that movement 
artefacts represent a large proportion of the recorded signal at low spectrum frequencies 
(60% or more) (De Luca et al., 2010). Here, one may envisage that just such a movement 
artefact could be of importance and use when assessing muscle:tendon interactions. Indeed, 
our results, obtained with healthy controls, show that just such a recorded movement 
artefact taken from the Achilles tendon of individuals whilst running/jogging can be used 
successfully in connection with a sEMG signal recording from both heads of m. 
Gastrocnemius.  
 

 
Fig. 8. The results of a 10 km/hr jog on Achilles tendon (upper panel) and both the medial 
head (middle panel) and lateral head (lower panel) of m. Gastrocnemius. The sEMG recording 
was from the right leg and at a recording speed of 40,000 per second per channel. Note, that 
after the synchronized bursts of power in the medial and lateral heads of Gastrocnemius a rise 
in the Achilles tendon signal to a maximum follows, after a delay of some 430 mSec, and this is 
again followed by a rapid fall back to resting levels. This deflection in the Achilles tendon trace 
is, however, merely a recording artefact representing the movement of the tendon under 
tension relative to the electrodes on the skin. The sEMG signal was analyzed in terms of its 
peak-to-peak amplitude (mV) and its inherent frequency (Hz). 

The Achilles tendon is one of the most frequently injured tendons of the body due to trauma 
and overuse – very often in young or middle-aged, physically active subjects (Alfredson et 
al., 2000; Cook 2009). However, a recent study has shown that many inactive and often 
obese people develop tendinopathy (Gaida et al., 2008). Furthermore, one could easily 
imagine that tendinopathy in such individuals will result in these patients becoming even 
more inactive and therefore even more overweight. The question that then arises is how 
does muscle force affect the tendon tissue, when the tissue is overloaded either chronically 
as with obesity, or very frequently as with elite athletes. Muscle force in the gastrocnemius 
can be trained to develop an extremely rapid and high level of force, which may not always 
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be met by equally rapid changes in the Achilles tendon (Olesen et al., 2006; Holm et al., 
2009). Although adaptation of tendons has been demonstrated (Langberg et al., 2007; 
Couppé et al., 2009) the tendon does not possess the dimensions necessary to accommodate 
such rapid increases in force production, with the result that damage, often to the tendon 
structure or partial/complete rupture, occurs. Thus, an understanding of the active 
participation of tendons in the tension transfer from muscle to bone may lead to more 
optimal and effective treatment of tendinopathy – perhaps through further studies of the 
sEMG to tendon artefact peak.  
Recent in vivo studies utilizing ultrasound imaging have shown that the human Achilles 
tendon undergoes a pattern of rapid lengthening and shortening during the stance phase of 
running (Lichtwark et al., 2007). Such a change in the tendon has a clear benefit in terms of 
the return of elastic energy stored in the Achilles tendon to the muscle, making the 
muscle:tendon unit largely free of metabolic costs. Another advantage of this change is that 
the Achilles tendon enables m. Gastrocnemius fascicles to remain nearly isometric for a large 
part of each stance (Ishikawa et al., 2007). Combined these changes greatly enhance the 
efficiency of this muscle:tendon interface. 
Creep is defined as the lengthening of an elastic structure held under constant tension, or in 
other words an increasing lengthening per contraction cycle (Ker et al., 2000). To date, some 
scientists believe that tendon is capable of creep during periods of constant loading (Ker et 
al., 2000; Maganaris et al., 2002). However, increased lengthening for a given force as 
explained by creep would necessitate a reduction in tendon stiffness. Moreover, just such a 
creep, should it exist in human tendon, must most likely be detectable during the course of a 
run. In just such an experiment Farris and colleagues (2011) recently documented that the 
loading experienced during a single bout of running had no effect on the stiffness of the 
Achilles tendon, and that its properties remained stable throughout the period of activity – a 
finding that argues strongly against the existence of creep in loaded human tendons.  
Looking at our results (see Fig. 6 & 7) for the sEMG to tendon artefact peak, we find that 
throughout a 60 minute run/jog there are no signs of a change in the time interval between the 
onset of muscle contraction with the initiation of the sEMG signal in both the lateral and 
medial heads of m. Gastrocnemius in healthy subjects. This confirms the findings of Farris et al., 
(2011), lending weight to the fact that Achilles tendon properties remain stable throughout a 
period of activity. Keeping this in mind, the tendon artefact would seem to be a useful tool, 
rather than something that should be filtered out of the recording, enabling the assessment of 
tendon inflammation and/or damage at an early stage, thus avoiding muscle dysfunction. 
Indeed, the sEMG to tendon artefact peak has been found to be very consistent between 
individuals in the healthy subject group. The delta mSec value indicates the elasticity of the 
tendon as it interacts with the contracting muscle, absorbing the muscle force and 
transferring it gradually and smoothly over to the bone and the ankle joint. This should not 
be confused with creep, which is a change in tendon length once loaded. Rather the 
recorded artefact illustrates the development of tension/loading within a healthy tendon as 
muscle contraction proceeds and tendon loading approaches a maximum. Consequently, if 
an Achilles tendon is damaged and seriously inflamed, one would expect it to have less 
elasticity and a lower maximum load upon muscle contraction, which would be observed as 
a much lower delta value. Preliminary data with a few subjects with tendon injuries 
supports this idea (data not shown).  
As stated earlier, recordings of sEMG from leg muscles of healthy subjects, as well as from 
injured individuals with tendinopathy, are not without problem, and the interpretation of 
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such data should not be made without careful consideration. In Figures 1 & 2 we identified a 
number of factors that can affect sEMG recordings, and in terms of running/jogging and 
tendinopathy perhaps the most important would be as follows;  

Fig. 1:  Causative – motor point, tendon, active motor units, motor unit firing rate, acid 
build-up & blood flow 
Intermediate – conduction velocity 
Deterministic – active motor units, motor unit firing rate, detected motor units, 
motor unit action potential amplitude, motor unit action potential duration, 
recruitment & stability 

Fig. 2:  Intra-muscular temperature, conduction velocity of muscle fibres & blood flow 

In the individuals examined in this section, without doubt the biggest issues to be addressed 
in terms of a stable sEMG recording are those of lead movement and the release of sweat, 
which affects electrode adhesion and stable localization. We have sought to reduce lead 
movement and signal noise arising from the recording cables swinging and moving during 
running/jogging by asking participants to wear net stockings which serve to hold the cables 
in place close to the leg and thereby prevent lead movement noise. The second issue of 
sweat accumulation under the recording electrodes as individuals begin to warm up during 
the 60 minute run/jog is not so easily solved. We have chosen to use a self-adhesive and 
elastic tape to ensure that the recording electrodes do not move appreciably, and have 
cooled the environment in which the run/jog takes place. Nevertheless, in some instances 
these precautions are not adequate and a degree of sEMG signal noise is unavoidable.  
Among the other confounding factors affecting the sEMG signal are parameters closely 
associated with the level and duration of the exercise itself. As metabolites are used by 
contracting fibres there is an inevitable acidification close to the muscle membrane which 
has the advantage of initially improving blood flow through the displacement of K+, which 
serves to induce vasodilatation. However, it is known that a build up of H+ ions close to 
muscles results in a loss of excitability. Thus a period of exercise over time will affect such 
parameters as the number of active motor units, the blood flow, and the intra-muscular 
temperature – the later having an impact on the conduction velocity of muscle fibres. 

4. General discussion 
As already stated at the start of this manuscript, surface electromyography as a technique 
offers a safe, quick, pain-free, non-invasive and repeatable way of assessing the 
physiological processes which cause muscles to generate force and produce movement. It is 
for this reason that it must be seen as “a tempting muse”. As to the critique that “it is too easy 
to use and consequently too easy to abuse” this is surely unfair. It seems to us that if sEMG is 
being abused as a technique then it is because those using the technique do not fully 
understand the factors comprising the recorded signal and, as a consequence, do not take 
the time to assess their results in a critical fashion. One would rarely make a diagnosis of an 
illness based on just one symptom – the patient has a fever so it must be malaria – and in 
just the same way, sEMG should be used as a technique alongside other forms of assessing 
physical function e.g. circulation, muscle strength, Quality of Life etc.  
The strength of ones scientific judgement lies surely with a detailed knowledge of any 
particular technique. In this way, a working understanding of the sEMG signal, its low and 
high frequency spectrum, and the causes of noise and artefacts, can only serve to reduce the 
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risk of abuse of this technique. Used alongside other assessment tools for judgment of an 
individual’s health, sEMG will support and help towards validation of a diagnosis, and 
hopefully give directions towards the optimal form of treatment. In the case of tendinopathy, 
the described tendon artefact suddenly changes from being an artefact – which is something 
often considered as disturbance – to becoming the reliable measure for tendon condition.  
One should not, however, ignore the fact that surface electromyography has a number of 
limitations that must be understood and corrected for, if meaningful measurements are to be 
obtained (De Luca, 1993; Hermens et al., 1999, Seniam 1999). In a memorial lecture at the 
International Society for Biomechanics in 1993, Carlo J. De Luca clearly outlined the inherent 
problems associated with surface electromyography and provided recommendations for 
electrode configuration, placement, signal sampling and recording (De Luca, 1993). Later a 
complete set of guide lines were given by the SENIAM initiative (Hermens et al., 1999). In 
the examples given here, these guidelines were followed closely in both studies.  
Besides the technical aspects of ensuring an accurate sEMG signal recording from a muscle, 
one should also consider the biological aspects that affect signal parameters, most of which 
are beyond the recorders control. Here one should pay particular attention to factors that 
might cause muscle fatigue/weakness as a result of a progressive illness (e.g. uremia) or as 
the consequence of a period of exercise (e.g. running/jogging). 
The aetiology of muscle fatigue is a particularly important question, as the losses in force, 
velocity and power that define fatigue often lead to serious limitations in muscle and whole 
body performance (Fitts, 1994). Fatigue results from the effects of multiple factors, which 
makes unequivocal identification of causative agents a difficult task. It is, however, known that 
force production is inhibited by a build-up in both Pi and H+, two products that are known to 
change with a period of intense exercise with Pi increasing from 5 to 30 or 40 mM, and 
intracellular pH declining from 7.0 to 6.2 (Thompson & Fitts 1992; Fitts, 1994). Moreover, such 
changes not only affect force production in fast-twitch muscles, they also reduce cross-bridge 
interactions due to a changed ionic environment (Metzger & Moss, 1990), leading to a fatigue-
induced drop in tension. In uremic patients, a clear reduction in phosphate is often noted after 
dialysis (48% reduction P<0.01) from a value of 1.85 mmol/l (normal adult range of 0.8-1.5 
mmol/l). It is also known that alterations in sarcolemma function induce muscle fatigue by 
preventing cell activation (Sjøgaard, 1990). Indeed, it has been shown that exposure of muscles 
to a high extracellular K+ concentration gives rise to depolarization of muscle fibres and results 
in a loss of contractility (Fitts, 1994), particularly when this is associated with a simultaneous 
reduction in extracellular Na+ concentration (Nielsen & Overgaard, 1996).  
In an earlier study by the authors investigating recorded interference EMG signals in the hand 
muscle 2nd dorsal interosseous of uremic patients under a period of voluntary contraction, it was 
shown that a significant increase in the deterministic factor “mean signal frequency” occurred 
when one compared post- to pre-dialysis values (Harrison et al., 2002). These findings, which 
indicate an inhibitory effect of the uremic state prior to dialysis on the number of recordable 
events from this particular muscle, are unlikely to be affected by such problems as detection 
volume of the recording electrodes or by cross-talk from adjacent muscles, as the size and 
position of this muscle would exclude such issues. It therefore seems realistic to assume, that a 
haemodialysis session removes some form of inhibition at the level of; 1) the motor nerve e.g. 
K+ or so called “middle molecules” with a molecular weight range of 500-2000 Daltons 
(Bostock et al., 2004), 2) the motor endplate, and 3) the muscle fibre, or any combination of 
these three. Moreover, the aforementioned study found that one of the largest changes in 
plasma values in patients undergoing dialysis was that of inorganic phosphate.  
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The exact mechanism of Pi on force production remains to be elucidated but one might 
speculate that the increased myoplasmic Pi may decrease force production by direct action 
on cross-bridge function, or change the distances in the filament lattice due to different ion 
binding to the filaments (Naylor et al., 1985; Bartels et al., 1985), alternatively increased Pi 
may inhibit the ATP driven sarcoplasmic Ca2+ uptake, such that less Ca2+ would be available 
for release, leading to a decline in force (Duke & Steele, 2000). 
In the case of studies involving uremic patients this change in distribution of ions over the 
cell membrane between dialyses may very well affect the measured sEMG, showing most 
effect of training right after dialysis. Since each patient is assessed against themselves, this 
should not affect the overall effect of training, although the true maximal effect may be 
higher than that seen here. 
Likewise, the changes seen in the runners/joggers over a 60 minute exercise period may 
very well be due to changes in ion balance over the muscle cell membrane. However, whilst 
this is a valid point with regard to muscle measurements, it has no importance in terms of 
the use of bipolar recording electrodes to assess tendon function, since this constitutes an 
artefact, which is independent of a change in frequency and/or amplitude. 

5. Conclusions 
What can be safely concluded from these results are that direct sEMG recordings can be 
used as part of an assessment package for weak patient groups with musculo-skeletal 
problems due to the following two facts. First, that sEMG is quick and painless, making the 
method well tolerated by weaker patient groups like the uremic patients. Although the 
method at present is not very specific, it may still be preferential if a clear procedure for 
measurements and interpretation of data can be set up. The areas to consider are the noise 
issues, cross-talk between fibres and muscle selection, electrode placement etc. Second, that 
sEMG is cheap and easily available in a clinical setting, as long as clear guidelines about 
measurements, data handling and interpretation for the selected setting are available. 
Moreover, sEMG represents a trustworthy and reliable means of gaining an insight into muscle 
function/dysfunction, particularly when used in conjunction with other diagnostic tools.  
In the case of uremic patients, sEMG correlates well with such forms of functional 
assessment as the “stand chair test” and the “Quality of Life Questionnaire – KDQOL-SF-
36” (Heaf et al., 2010), and during periods of exercise training there is a significant effect on 
sEMG frequency and amplitude, indicating a clear improvement in coordination.  
As for tendinopathy, it can be concluded from the present results that the application of non-
invasive surface electromyography on both heads of m. Gastrocnemius during a period of 
jogging on a treadmill not only shows the initial phase of muscle synchronization as an athlete 
warms up, and the relative contributions made by the medial and lateral heads of this muscle, it 
also gives an insight into Achilles tendon activity when combined with a differential recording 
above the point of insertion to the calcaneous. Furthermore, used with understanding and 
alongside other diagnostic tools, this technique has the potential to extend our understanding of 
the active participation of tendons in the tension transfer from muscle to bone.  
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1. Introduction  
Several electromyographic methods are currently used, but needle electromyography 
(nEMG) and surface electromyography (sEMG) are most often applied. To physiologically 
evaluate electromyographic wave patterns for the detection of abnormalities, the wave 
patterns obtained with nEMG or sEMG have been macroscopically examined, and 
subjectively judged by physicians. 
 nEMG findings are used for the evaluation of whether a disorder is neurogenic or 

myogenic, and if it is both neurogenic and myogenic, they provide important 
information about whether it is acute, subacute, or chronic (KIMURA, 1989). However, 
the probe is a needle electrode, which is percutaneously inserted into muscular tissues. 

 sEMG findings are used for various evaluations, such as the classification of trembling 
for the diagnosis of involuntary motion, the diagnosis or differential diagnosis of 
dystonia and spasm, and the identification of involuntary constrictor muscles (KIZUKA 
et al., 2006). 

 sEMG is further used for the determination of the electric potential through a nerve 
conduction examination (evoked EMG). In evoked EMG, the electrostimulation of 
peripheral nerves is percutaneously performed (KIMURA, 1989). 

The examination methods described, except for method B), are invasive and cause severe 
pain in patients. Generally, “smoothing” and “integration” refer to two ways of quantifying 
EMG energy over time; smoothing refers to continuously averaging out the peaks and 
valleys of a changing electrical signal. On the other hand, integration refers to measuring the 
area under a curve over a period of time. These methods are used to examine the relative 
degree of muscular contraction, and are also employed to provide a parameter for the 
evaluation of muscular training conditions (Aukee, 2002). However, the results obtained are 
affected by the location of the measuring electrodes and the shape and size of the probes. 
That is, EMG findings are macroscopically and subjectively evaluated, as described above, 
and no algorithm for the quantification of the degree of muscular abnormalities or recovery 
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has been established. In this study, we apply and discuss the measurement parameters that 
have been developed for evaluating the average rectified sEMG (ARS) data obtained from 
perineal muscles during biofeedback training (BFT) for the treatment of dysuria (Tries & 
Eisman, 1995) (Fig. 1), and we evaluated the effects of this training (SHIOZAWA et al., 
2007). Kegel (1948; 1951) was the first to use BFT for the treatment of urinary incontinence 
(UI), and it was observed that if the pelvic floor muscles are hypotonic, bladder suspension 
surgery is less effective for treating stress-related incontinence. In order to improve the 
contractability of the pubococcygeus portion of the levator ani muscle, Kegel invented the 
pressure perineometer (KEGEL, 1951). In the U.S.A., at least 13 million community-living 
adults and more than 50% of all residents in nursing facilities suffer from UI (FANTL et al., 
1996). The direct medical expenditure incurred for the care of these people is estimated to be 
>$15 billion annually, in addition to the $35.2 billion incurred annually for nursing home 
residents (PEEK et al., 1995). There is a consensus that in most cases, behavioral treatment 
modalities, including biofeedback, should be used before invasive modalities such as 
surgery. 
A biofeedback instrument has three tasks (PEEK et al., 1995): i) To monitor (in some way) a 
physiological process of interest, ii) To measure (objectify) what is monitored, and iii) To 
present what is monitored or measured as meaningful information. The contributions of 
many previous researchers and practitioners can be cited as the forerunners of biofeedback.  
 

  
Fig. 1. A biofeedback system (FemiScan Co. Ltd., Finland). The main body (a), and a 
disposable electrode that can be inserted into perineal muscles (b). 

Edmund Jacobsen commenced research at Harvard in 1908, and throughout the 1920s and 
1930s worked to develop progressive muscle relaxation as an effective behavioral technique 
for the alleviation of neurotic tensions and many functional medical disorders (JACOBSEN, 
1938). He used crude electromyographic equipment to monitor the levels of muscle tension 
in his patients during the course of treatment. The classification of and historical 
perspectives on biofeedback applications can be found in Gaarder and Montgomery 
(GAARDER and MONTGOMERY, 1981), Gatchel and Price (GATCHEL and PRICE, 1979), 
and Basmajian (BASMAJIAN, 1989). 
Recently, the rapid atrophy of the muscles used for bending at the hip joint during walking 
(flexor muscles around the hip joint) with age has drawn attention. The flexor muscles 
around the hip joint consist of the femoral rectus and abdominal muscles. It has been 
indicated that a lack of these muscles is responsible for the falling of the elderly. In this 
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study, we examined the ARS of the femoral rectus muscles performed during the BFT of the 
dominant leg, using the measurement parameters mentioned above, and evaluated changes 
with age. 

2. Sensor output signal evaluation system 
The sensor output signal evaluation (SOSE) system was developed in 2006 (Shiozawa et al., 
2006a). The SOSE system can evaluate the exponential curve-fitting in BFT. 

2.1 Participants 
The subjects consisted of 31 healthy adults aged 20-73 years (mean, 44.3±19.9 years). All of 
the subjects were Japanese and lived in Nagoya and its environs. The following were the 
exclusion criteria for the subjects: subjects working in a night shift, subjects with a 
dependence on alcohol, subjects who consumed alcohol and caffeine-containing beverages 
after waking up and within two hours of eating a meal, subjects who may have had a 
previous history of bone, joint, or nerve problems, and special strength training exercises 
were not usually done. The subjects were not prescribed drugs for any disease. 

2.2 Design  
The subject sat back on a four-legged stool, and electromyographic electrodes were applied 
at an interval of several centimeters to the center of the femoral rectus muscles in the 
dominant left or right leg (Fig.2). The subjects were instructed to kick a fixed belt by moving 
the bottom of the lower leg forward (kicking motion). 

2.2.1 Biofeedback training 
Temporal data were obtained using sEMG, and they are expressed here as  ( )y t . Generally, 
sEMG data are recorded by a computer at 2 kHz. Here, the integral calculation was 
performed every 0.1 s using the following equation:  
 

 
Fig. 2. Biofeedback training instruction signal. The BFT instruction signal produced by 
superimposing the ARS on the target instruction signal. 
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and the ARS  ( )x t  was calculated in real time and outputted. The subject was told to 
observe the outputted wave patterns and the rectangular waves ( )f t  of a 10-s cycle 
superimposed on the same display (Fig. 3), and then perform intermittent continuous 
contractions of the femoral rectus muscles corresponding to the patterns (BFT). 
The subjects performed BFT for 2 min. We ensured that the body sway was not affected by 
environmental conditions; using an air conditioner, we adjusted the temperature to 25 °C in 
the exercise room, which was large, quiet, and bright. All subjects were tested from 10 am to 
5 pm in an exercise room. All subjects gave consent in writing after a sufficient explanation 
of this study. 
 

 
Fig. 3. Biofeedback training instruction signal. BFT instruction signal produced by super-
imposing the ARS on the target instruction signal. 

2.2.2 Materials 
A special electromyographic transformation box (AP-U027, TEAC Co.) was connected to a 
commercially available portable and versatile amplifier and recorder (Polymate AP1532, 
TEAC Co.), and electromyographic electrodes (bipolar) with preamplifiers were used. 

2.2.3 Procedure 
First, the electromyographic wave patterns obtained over 5 seconds at the maximum effort 
of the kicking motion (maximum voluntary contraction (MVC) (CARLO and DELUCA, 
1997) were integrated in real time using a computer, and the ARS data on the display were 
shown to the subject. Next, the threshold line at 75% of the mean ARS (mV) during the 
muscular contraction period was shown to the subject, who was requested to perform 
muscular training aiming at the threshold line for 1 min 20 s. In other words, BFT was 
performed at 75% of the MVC. During BFT, data were recorded in a notebook computer (AP 
Monitor, NoruPro) at a sampling rate of 2 kHz. The low frequency cut-off filters were used 
at 16 Hz, and an alternating current-eliminating filter was also used. 
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2.3 Algorithm in the SOSE system 
The initial 20 s of the sEMG data recorded over a total of 1 min 20 s were excluded, because 
the subjects may have required this time to adjust to the training. The sEMG data of the 6-
cycle rectangular waves that occurred over the remaining minutes of training (target value) 
f (t) and the ARS were analyzed in accordance with the Double-Wayland algorithm 
(TAKADA et al., 2006a) and our own mathematical algorithms of the sensor output signal 
evaluation system. Fig. 4 shows a revision of the flow chart in SHIOZAWA et al. (2006a). 
Taking a mean of the ARS (MARS) as a threshold H for determining continuous muscular 
contractions, the time sequences above the threshold H were regarded as continuous 
muscular contractions. Based on whether differences such as x(t) – x(t – 0.1) and (x(t + 0.1) – 
x(t))( x(t) – x(t – 0.1)) were positive or negative, a maximal series for the continuous 
muscular contractions was extracted as shown in Fig. 5. 
a. The value of the MARS during the muscular relaxation period (xa) and the measurement 

parameters in the other terms (SHIOZAWA et al., 2006b; SHIOZAWA et al., 2006c; 
TAKADA et al., 2006b) indicating the shape of the ARS were determined every cycle, and 
the ARS values obtained from the femoral rectus muscles were evaluated. 

b. Maximum amplitude (xb): This maximum value was examined and recorded. 
c. Duration of continuous muscular contraction (xc): The duration between the first and 

last maximal values in a cycle exceeding the MARS sEMG was measured (Fig. 5). 
d. The time constant of the exponential decay curve fit to the maximal points during the 

muscular contraction period in the BFT (xd): All maximal values between the first and 
last maximal values exceeding the MARS in a cycle were extracted as {xm(t)} and fit to 
the exponential decay curve ˆ ( )mx t = Cexp[–xd t]. On a semi-log graph, the time constant 
(xd) was estimated using the mean least square method, which minimized the sum of 
the squared residuals; 

 2ˆ{log ( ) log ( )}m m
t

L x t x t  .                          (2) 

In order to estimate the time constant (xd), the following simultaneous equation should be 
solved. 

 0, 0
log d

L L
C x
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The numerical sequences of the 4 measurement parameters were determined at a repetition 
number of 6. The relationship between the age (z) of the subjects who had undergone sEMG 
and the value xi(z) (i = a,b,c,d) estimated in the 5th cycle was statistically examined to 
evaluate correlations between each measurement parameter and age (Appendix). 

2.4 Practical study of the SOSE system 
The numerical sequences of each of the measurement parameters at a repetition number of 6 
were obtained by sEMG performed during BFT. The relationship between the age (z) of the 
subjects who had undergone sEMG and the value xi(z) (i = a,b,c,d) was examined in 5th cycle. 
Fig. 6 shows the xi(z) of all 50 subjects. The linear regression analysis using the least-square 
method, demonstrated that the coefficients by which age (z) was multiplied were 0.071, -
0.268, -0.006, and -0.010 for (a), (b), (c), and (d), respectively, and the parameters,  
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Fig. 4. A part of the flow chart of our mathematical algorithm of the sensor output signal 
evaluation system. 
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Fig. 5. A series of maximal values of the ARS during the muscular contraction periods in the 
BFT were extracted by our mathematical algorithm of the sensor output signal evaluation 
system. 

except for (a), decreased with age. Since the linear regression coefficients varied with the 
measurement parameters, correlations between these parameters and age could not be 
judged using only the coefficients by which age (z) was multiplied. When using the t-test to 
evaluate the null hypothesis ( ˆ 0b  ) for the regression coefficient ( b̂ ), the test values (A.3) 
were 1.105, 0.238, 1.621, and 3.245 for (a), (b), (c), and (d), respectively, and the only 
parameter exceeding t48(0.975) was the time constant of the exponential decay curve fit to 
the maximal points of the muscular contraction period in the BFT (xd). 
We examined correlations between the parameters of the ARS and age. Regression 
equations (A.1) for each parameter (i = a,b,c,d) were determined, and the null hypothesis 
( b̂ = 0) for the regression coefficient ( b̂ ) was examined using the t-test. Since the test value 
(A.3) was larger than the two-sided 5% point, t48 (0.975), in the t distribution with a latitude 
of 48, the null hypothesis was rejected in the case of i = d. Therefore, the time constant of the 
exponential decay curve fit to the maximal points during the continuous muscular 
contraction period (xd) is significantly dependant on age (p<0.05). 

2.5 Problem 
The analysis of sEMG data is generally performed by the fast Fourier transformation (FFT), 
which is a linear analytical method. A Fourier series expansion of the function f(t), showing 
target levels (instruction signals) for BFT, is possible, and the following expansion equation 
(MATSUMOTO and MIYAHARA, 1990) is useful for evaluating the differences between the 
ARS and the rectangular waves:  

 1

1

2 2( ) 1 {1 ( 1) } sink

k

kf t t
k T








    .                       (4) 

Higher-order terms (high-frequency components) are included in this expansion equation, 
but the coefficients are small due to the presence of the order in the denominator. 
Accordingly, the high-frequency power was considered to be theoretically irrelevant for the  
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Fig. 6. Relationships between the measurement parameters of the ARS and age and their 
linear regressions. R2 shows the coefficient of determination. MARS during the muscular 
relaxation period, xa (a). Maximum amplitude, xb (b). Duration of continuous muscular 
contraction, xc (c). Time constant of the exponential curve fit to the maximal points of the 
continuous muscular contraction period, xd (d). 

(a)
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(c)

(d)
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evaluation shown in Eq. (4). Since muscular conditions always vary, signals should be 
regarded as non-steady (BEYER, 1987). Since a spectral estimation by the Fourier analysis is 
based on the assumption that the signals to be analyzed are steady and linear, this linear 
analysis of sEMG data is inappropriate. 
Myopotentials are induced by changes in the firing patterns of nerve impulses. Several muscle 
fibers controlled by a motor nerve are collectively called a motor unit (MU), and several MUs 
can be excited by nerve impulses, causing an MU action potential. The MU action potential 
measured on the skin’s surface is a superficial myopotential, and it is observed at a site 
spatially distant from the local region where the MU action potential waves are generated. In 
sEMG, a very large number of MU action potential waves are superimposed, and the activity 
states of whole muscles are observed by this method (YOSHIDA et al., 2004). Therefore, sEMG 
signals should be considered nonlinear, or more generally, sEMG shows a time series 
produced by stochastic processes. Recently, it has been recognized that sEMG data can be 
examined by nonlinear analytical methods, such as the recurrence plot and the Wayland 
algorithm (YOSHIDA et al., 2004; TAKADA et al, 2006c). However, the measurement 
parameters used in the present study, such as the time constant of the exponential decay curve 
fit to the maximal points of the continuous muscular contraction period (xd), are used as a 
linear analytical method for sEMG. In the next section, we discuss the reason why we have 
succeeded in findings a linear index showing a correlation with age. 

3. Solution & recommendations 
The complexity of the bio-signal or the degree of visible determinism generating those 
signals can be measured by our Double-Wayland algorithm (TAKADA et al, 2006a), which 
is introduced in this section.  

3.1 Double-Wayland algorithm 
The translation error is a statistical index that measures the smoothness of flow in an 
attractor generating a time series. In addition, randomness can be evaluated by the Double-
Wayland algorithm by comparing the translation errors in the temporal differences of the 
time series (differenced time series) with the results of the Wayland algorithm in each 
embedding space (Wayland et al., 1993). 
An attractor is reconstructed from a time series. The attractor is constructed by means of 
embedding the time series data proposed by Takens (1981) in the phase space. Embedding is 
a method that draws an orbit in phase space supposing a vector whose elements are the 
values for when the time elapses from t to ∆t, 2∆t, …, (N-1)∆t as a point in N dimensional 
phase space (embedding space). N and ∆t are referred to as the embedding dimension and 
the sampling time, respectively. The delay coordinates {x(t)} can reconstruct a continuous 
trajectory without crossing into an embedding space that has a high dimension. If we only 
resample the time series at every delay time τ when the auto-correlation coefficient ρ(τ) is 
regarded as zero, components of the delay coordinate x(t) = (x(t), x(t+τ),..., x(t+(N-1)τ)) cannot 
linearly correlate with each other. In this study, the auto-correlation function ρ(t) was 
estimated from the time series data (Matsumoto et al., 2002) and regarded as zero when ρ(t) 
decreased below 1/e  0.37 for the first time (t ≥ 0). 
The Wayland algorithm assumes that the difference vectors v(t) = x(t+τ) - x(t) in the 
embedding space characterize the nonlinear variations of the trajectories and estimate the 
translation error in an m-dimensional embedding space (m = 1, 2, …, 10). Here, τ was estimated 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

100 

at 73-76 times the sampling time. A linear correlation between adjacent vectors x(t) and x(t+τ) 
is eliminated by resampling the time series with respect to each embedding delay τ. 
i. A series of delay coordinate vectors {x(t)} is embedded in each space. 
ii. M onset periods t0 are randomly selected. 
iii. The values of 

 trans 0
0

1( )
1

K
i

i

(t )
E t

K 




 
v v

v
                     (5) 

are standardized by the average of the difference vectors at K+1 points {x(ti)}i=0K. 

 
0

1
1

K

i
i

(t )
K 


 v v                               (6) 

is obtained at every onset period, where the K points nearest to x(t0) are selected as 
{x(ti)}i=0K.  

iv. The median of the M values of Eq. (5) is extracted. 
v. Q medians are obtained by repeating the above steps. The translation error Etrans is 

estimated by the expectation value of these Q medians. 
The Double-Wayland algorithm includes the following additional steps. 
vi. Translation errors, Etrans’, are derived from temporal differences in the time series data 

(differenced time series) {x(t+τ) - x(t)} by the Wayland algorithm outlined above. 
vii. If a differential equation system that included stochastic factors was the generator of the 

time series, the flow would not be smooth. In such a case, a significantly higher number 
of translation errors might be estimated in the last step than in step (v).  

In this study, we set the conditions of the coefficients M, K, and Q to be 51, 3, and 10, 
respectively (Wayland et al., 1993). 
If a time series is produced from a chaos process, the translation vectors point in almost the 
same direction unless the time implementation τ is too large, since deterministic aspects 
remain in time development. The minimum translation error would be estimated in such an 
embedding space that has no false intersection along the orbit and best reflects the degree of 
freedom. Hereby, the optimum embedding dimension to capture the chaos process can be 
obtained. 
The differenced time series produced in the stochastic process often reconstitutes an 
indifferentiable orbit in embedding space. This indicates that the translation error 
estimated from the differenced time series exceeds the translation error estimated from the 
time series data. Accordingly, we weighed the translation error estimated from the time 
series data against the error estimated from the differenced time series in m dimensional 
phase space. 
In general, the threshold of the translation error for classifying the time series data as 
deterministic or stochastic is 0.5, which is half of the translation error resulting from a 
random walk (MATSUMOTO et al., 2002). The abovementioned Etrans is compared with the 
translation error (Etrans’) estimated from the differenced time series. 

3.2 Non-linear analysis of the sEMG in the BFT 
Using the Double-Wayland algorithm, translation errors were estimated from the sEMG 
measured during a continuous muscle contraction period and during BFT. We compared  
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The Double-Wayland algorithm includes the following additional steps. 
vi. Translation errors, Etrans’, are derived from temporal differences in the time series data 

(differenced time series) {x(t+τ) - x(t)} by the Wayland algorithm outlined above. 
vii. If a differential equation system that included stochastic factors was the generator of the 

time series, the flow would not be smooth. In such a case, a significantly higher number 
of translation errors might be estimated in the last step than in step (v).  

In this study, we set the conditions of the coefficients M, K, and Q to be 51, 3, and 10, 
respectively (Wayland et al., 1993). 
If a time series is produced from a chaos process, the translation vectors point in almost the 
same direction unless the time implementation τ is too large, since deterministic aspects 
remain in time development. The minimum translation error would be estimated in such an 
embedding space that has no false intersection along the orbit and best reflects the degree of 
freedom. Hereby, the optimum embedding dimension to capture the chaos process can be 
obtained. 
The differenced time series produced in the stochastic process often reconstitutes an 
indifferentiable orbit in embedding space. This indicates that the translation error 
estimated from the differenced time series exceeds the translation error estimated from the 
time series data. Accordingly, we weighed the translation error estimated from the time 
series data against the error estimated from the differenced time series in m dimensional 
phase space. 
In general, the threshold of the translation error for classifying the time series data as 
deterministic or stochastic is 0.5, which is half of the translation error resulting from a 
random walk (MATSUMOTO et al., 2002). The abovementioned Etrans is compared with the 
translation error (Etrans’) estimated from the differenced time series. 

3.2 Non-linear analysis of the sEMG in the BFT 
Using the Double-Wayland algorithm, translation errors were estimated from the sEMG 
measured during a continuous muscle contraction period and during BFT. We compared  
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the translation errors Etrans and Etrans’ in each embedding space (Figs.7). Intermittent 
muscle the differenced sEMG’s of the younger subjects. Etrans’ would be less than Etrans if 
the degree of determinism involved in the generator were reduced. The form of a 
rectangular wave as a teacher signal might reduce the nonlinearity involved in the 
generator of sEMG for the young. Moreover, we employed the method of surrogate data 
to ascertain the cause of the correlation between age and a linear index for the ARS. 
According to the Fourier shuffle algorithm, 20 surrogate sequences were generated from 
each ARS during the 3 s continuous muscle contraction period and the 3 s of BFT shown 
in Fig. 7. Using the Wayland algorithm, translation errors were estimated from the 
surrogate sequences. The embedding delay was estimated as 0.064 ± 0.003 s and 0.290 ± 
0.135 s from the surrogate data of the ARS during the continuous muscle contraction 
period and BFT, respectively. A significant difference was observed between the 
translation errors, Etrans, estimated during the continuous muscle contraction period and 
the BFT (p < 0.01). The Etrans calculated during the continuous muscle contraction period 
was greater than that taken after this period. BFT could enhance the linearity in the 
generator of sEMG. 
 

   
 

Fig. 7. Results of the calculations involved in sEMG using the Double-Wayland algorithm. 
Translation errors, Etrans and Etrans’, were estimated from sEMG data measured during a 
continuous muscle contraction period for 3 s (a) and during 3 s of BFT (b) (TAKADA et al., 
2010). 

3.3 Stability of the sEMG in the BFT 
Since there were differences in not only the unit of measurement but also the numerical 
order between the parameters, they were normalized using the intermediate valuesxi for 
each cycle, and the reproducibility (stability) of the measurements was evaluated using 
the standard deviation [xi/xi]. The normalized value is 1 when the measurement is 
equal to the intermediate value. When the reproducibility (stability) of repeated 
measurements is high, the deviations from this value are small, and the standard 
deviation is close to 0. 
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Fig. 8. Result of the surrogate data analysis. In 10 dimensional embedding space, translation 
errors were estimated from the surrogate data of the ARS during the continuous muscle 
contraction period and the BFT. 

The intermediate values of the parameters and the standard deviations () of normalized 
measurements were determined for each subject, and the medians of  in the age groups are 
compared in Table 1. The duration of continuous muscular contraction (xc) alone showed  
< 0.1 for any age group. 
 

Age group N Mean during 
relaxation 

Maximal 
amplitude 

Duration of continuous 
muscular contraction 

Time 
constant 

≤25 8 0.24 0.13 0.06 1.51 

≤45 9 0.21 0.14 0.08 0.55 

≤65 6 0.33 0.14 0.08 1.84 

65 < 8 0.07 0.06 0.06 0.89 

N expresses the number of subjects in each age group. 

Table 1. Standard deviations of normalized indices x x 8 

4. Future research directions 
The decline in translation errors, Etrans’, was not always seen in the middle-aged and the 
elderly. Poor muscular control might enhance the instability of the temporal variations 
involved in the ARS, which should be maintained as a constant during a muscular 
contraction in BFT. The relationship between age and the decline in the translation errors, 
Etrans’, should be investigated in future work. 
We will employ a time series analysis, such as a surrogate method, to ascertain the cause of 
the correlation between age and a linear index of ARS.  
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the correlation between age and a linear index of ARS.  
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5. Conclusion 
Recently, there has been an increasing focus on the rapid reduction of the muscles that are 
required for bending the hip joint during walking with age. Atrophy of the flexor muscles 
has been implicated in falling in the elderly. In this study, we examined the ARS of the 
femoral rectus muscles during BFT of the dominant leg. To this end, we developed 
parameters for the measurement of the shapes in the ARS, and evaluated the changes in 
these parameters as the muscles age. A statistical analysis indicated that it was necessary to 
include the time constant of the exponential decay curve fit to the maximal points during 
prolonged muscular contraction to evaluate changes with age using the ARS during BFT. A 
reduction in the function of muscular control due to aging can be detected by performing 
sEMG during BFT using this time constant. Using our Double-Wayland algorithm, we have 
also confirmed the stationarity of the ARS during the muscle contraction period. 

6. Appendix 
The relationship between each of the above measurement parameters and age was 
examined. ( )i

j jx z  of subject j  ( 1,2, ,50j   ) was plotted, and a linear regression analysis 
of these 50 points was performed by the least-square method (MATSUMOTO and 
MIYAHARA, 1990). The regression equation of each measurement parameter was 
determined. 

 xi = ˆâ b z                                          (A.1) 
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Here, Szz denotes a variance of age. The dependence of each measurement parameter on age 
was statistically evaluated by a two-sided t-test with the null hypothesis that the regression 
coefficient ˆ 0b  . 

 ˆ 0 48E zzb S S                                   (A.3) 

If the above value is larger than t48(1-/2), the null hypothesis is rejected, and the 
measurement parameter is considered to be correlated with age (SHIMIZU and TAKADA, 
2001). Here, ES  denotes the residual sum of squares by the least-square method, and t48(1-
/2) represents the t distribution at a probability of 1-/2 and a latitude of 48. In this study, 
since the significance level () was defined as 0.05, t48(1-/2) was approximately 2.010. 
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1. Introduction 

This chapter presents a usefulness of wavelet transform (WT) algorithm in pre-processing 
stage of surface electromyography (sEMG) signal analysis particularly in application of 
noise reduction. The successful pre-processing stage based on wavelet decomposition and 
denoising algorithm is proposed in this chapter together with the principle, theory, up-to-
date literature review and experimental results of the wavelet denoising algorithms. Main 
application of this algorithm is sEMG control systems, notably prosthetic devices or 
computers. 
SEMG signal is one of the useful electrophysiological signals. It is measured by surface 
electrodes that are placed on the skin superimposed on the muscle. Rich useful information 
has occurred in the muscles subjacent to the skin as a mixture of the whole motor unit action 
potentials (MUAPs). Such information is also useful in a wide class of clinical and 
engineering researches which may lead to providing the diagnosis tools of neuromuscular 
and neurological problems and to providing the control systems of assistive robots and 
rehabilitation devices (Merletti & Parker, 2004). Generally, in order to use the sEMG as a 
diagnosis signal or a control signal, a feature is often extracted before performing 
classification stage due to a lot of information obtained from raw sEMG data and a low 
computational complexity required in the embedded devices (Boostani & Moradi, 2003). 
However, the sEMG signals that originate in a wide class of human muscles and activities 
are definitely contaminated by different types of noise (De Luca, 2002; Reaz et al., 2006). This 
becomes a main problem to extract certain features and thus the reach to high accurate 
classification. In the last decade, many research works have been interested in developing 
better algorithms and improving the existing methods to reduce noises and to estimate the 
useful sEMG information (De Luca et al., 2010; Mewett et al., 2004; Phinyomark et al., 2011). 
Generally, noises contaminated in the sEMG signal can be categorized into four major types: 
ambient noise, motion artifact, inherent instability of the sEMG signal, and inherence in 
electronic components in the detection and recording equipment (De Luca, 2002). The first 
three types have specific frequency band and do not fall in the energy band of the sEMG 
signal. For instance, power-line interference has the frequency component at 50 Hz (or 60 
Hz), and motion artifact and instability in nature of sEMG signal have most of their energy 
in the frequency range of 0 to 20 Hz. Usage of conventional filters, i.e. band-pass filter and 
band-stop filter, can reduce noises in these types (De Luca et al., 2010). However, the last 
noise type is a central concern in analysis of the sEMG signal. It is an inherent noise that is 
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generated by electronic equipment. The frequency components of this noise are random in 
nature and range in the usable energy of sEMG frequency band from 0 to several thousand 
Hz. It causes difficulty in elimination using the conventional filters. Moreover, using high-
quality electronic components, intelligent circuit design and construction techniques, noises 
can be only reduced but it cannot be entirely eliminated (De Luca, 2002). Hence, it may 
cause a problem in extracting the robust features (Phinyomark et al., 2008; Zardoshti-
Kermani, 1995). 
Wavelet transform and adaptive filter are used in advanced filtering methods that are 
commonly used as a powerful tool to remove random noise in non-stationary signals. 
Nonetheless, the drawback of adaptive filter is the complexity of devising an automatic 
procedure. Its performance depends on a reference input signal which is difficult to apply in 
the real-world applications. On the other hand, wavelet transform method does not require 
any reference signals. The pre-processing stage based on wavelet denoising algorithm for 
sEMG upper- and lower- limb movement recognitions have been a huge success over the 
past few years (Hussain et al., 2007, 2009; Khezri & Jahed, 2008; Phinyomark et al., 2010a, 
2011; Ren et al., 2006). To achieve the best performance in wavelet denoising algorithm, five 
wavelet parameters must be addressed. Hence, in this chapter, we have evaluated all 
wavelet denoising parameters for improving the classification performance of sEMG control 
systems. As a result, the improvement of classification accuracy of the sEMG recognition 
system has been presented and a robustness of the system has also been improved. 
The rest of this chapter is as follows: Section 2 presents various types of electrical noises in 
sEMG signals and discusses how to simulate these artificial noises. In Section 3, principle 
and theory of wavelet transform algorithm in both general and denoising viewpoints are 
described. Extensive review and careful survey of up-to-date wavelet denoising methods in 
numerous biomedical signals and applications are summarized in Section 4 and recent trend 
of wavelet denoising algorithms in the sEMG signal analysis is discussed in Section 5. In 
Section 6, the experimental results of using wavelet denoising algorithms with real sEMG 
signals are presented and discussed. Lastly, conclusion and future trends of using wavelet 
transform to reduce noise in the sEMG signal are proposed in Section 7. 

2. Electrical noises in the SEMG signal 
2.1 Different types of the noises 
Noises contaminated in the sEMG signal can be categorized into four main types: ambient 
noise, motion artifact, sEMG signal inherent instability, and inherence in electronic 
components in the detection and recording equipments (De Luca, 2002; Kale & Dudul, 2009; 
Reaz et al., 2006). More details about source and characteristics of each noise type are 
explained in the following discussion: 
1. Ambient noise: This kind of noise originates from electromagnetic radiation sources 

such as electrical-power wires, light bulbs, fluorescent lamps, radio and television 
transmission, computers, etc. Essentially any electromagnetic device or device that is 
plugged into the A/C power supply generates and may contribute ambient noises. 
Moreover, our body surfaces are persistently flooded with electric-magnetic radiation 
and it is practically impossible to avoid exposure to it on the surface of the earth. The 
dominant frequency of the ambient noise arises from the 50 Hz (or 60 Hz) radiation 
from power sources. Generally, the main concern noise in this type is also called 
“Power-line noise or 50 Hz interference”. The amplitude of the ambient noise is one to 
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three orders of magnitude greater than the sEMG signal. Therefore, in analysis of the 
sEMG signal in various research works have implemented a notch filter (band-stop 
filter) at this frequency (Mewett et al., 2004). Theoretically, this type of filter would only 
remove the unwanted power-line frequency; however, practical implementations also 
remove portions of the adjacent frequency components. Because the dominant energy 
of the sEMG signal is located in the 50-100 Hz range, the use of notch filter is not 
advisable (De Luca, 2002). One of our previous studies (Phinyomark et al., 2009a), the 
effect of this kind of noises with the sEMG feature extraction was investigated. The 
robust features for this kind of noise, notably Willison amplitude, have been found in 
order to avoid the implementing a notch-filter. 

2. Motion artifact: This kind of noise causes irregularities in the signal. When motion 
artifact is putted into the data, the sEMG information may be skewed. There are two 
main sources of motion artifact: 1) the interface between the detection surface of 
electrode and skin 2) the movement of the cable connecting electrode to the amplifier. 
The dominant energy of the electrode motion artifact has been concerned in the 
frequency range from 0 to 20 Hz. The second type of noise source, cable motion artifact 
typically has a frequency range of 1 to 50 Hz. However, both of these sources can be 
essentially reduced by proper design of the electronics circuitry and set-up. Moreover, 
some research works suggest implementing a high-pass filter into the measurement 
instrumentation with a corner frequency of 10 Hz (Clancy et al., 2002) or 20 Hz (De 
Luca et al., 2010). 

3. SEMG signal inherent instability: Amplitude of the sEMG signal is quasi-random in 
nature. This kind of noise is affected by the random in nature of the firing rate of the 
motor units which, in most conditions, fire in the frequency components between 0 and 
20 Hz. Because of the unstable nature of these components of the sEMG signal, it is 
advisable to consider them as unwanted noise and remove them from the sEMG signal. 
Nevertheless, it can be removed using a high-pass filter with a cut-off frequency of 20 
Hz which has already been implemented in the removing of motion artifact. 

4. Inherence in electronic components in the detection and recording equipments: All 
electronics equipments generate electrical noise. This noise has the frequency 
components that range from 0 Hz to several thousand Hz. The problem is that this kind 
of noise cannot be eliminated. It can only be reduced by using high-quality electronic 
components, intelligent circuit design and construction techniques. Therefore, this kind 
of noise is becoming a major problem in analysis of the sEMG signal. Our previous 
studies, we have paid more interest in reducing the effect of noise in this group 
(Phinyomark et al., 2008, 2009b, 2009c, 2009d, 2009e, 2009f, 2009g, 2009h, 2010a, 2010b, 
2010c, 2011). 

Note that during the recording of the sEMG signal, the subject is generally instructed to 
relax. However, regardless of relaxation, muscles always show a basic level of electrical 
activity. It has been suggested that this residual sEMG activity may establish a significant 
part of the total noise level (Huigen et al., 2002). All of these noises also mentioned to the 
background noise. 

2.2 Simulation of noises in SEMG signal analysis 
From the above explanation, we can notice that first three types of noises have the specific 
frequency band and do not fall in the dominant energy band of the sEMG signal. Thus 
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usage of the conventional filters such as band-pass filter, high-pass filter and notch filter can 
eliminate noises in this group (De Luca et al., 2010). However, noise of the last type is a main 
concern in analysis of the sEMG signal. It ranges in the usable energy of sEMG frequency 
band from 0 to several thousand Hz; therefore, it causes difficulty in elimination using the 
conventional filters. Moreover, using high-quality electronic components, intelligent circuit 
design and construction techniques, noise in this group can be only reduced but it cannot be 
entirely eliminated (De Luca, 2002; Kale & Dudul, 2009; Reaz et al., 2006).  
To prepare the noisy sEMG signals, random noise is considered to be used as a 
representative noise, an agent of the fourth noise type. Usually, white Gaussian noise 
(WGN) is used as a representative random noise in the sEMG signal analysis (Boostani & 
Moradi, 2003; Kale & Dudul, 2009; Laterza & Olmo, 1997; Law et al., 2011; Wellig & 
Moschytz, 1998; Zardoshti-Kermani et al., 1995). This noise is also called artificial random 
noise or simulated random noise. The WGN is a random signal with a flat power spectral 
density and a normal amplitude distribution. To more clearly understand, the flat power 
spectral density means that the signal contains equal power within a fixed bandwidth at any 
center frequency and the normal amplitude distribution means that the signal contains 
random values that tend to cluster around a single mean value. Usually the WGN is set to a 
zero mean and a unit standard deviation (Kale & Dudul, 2009; Phinyomark et al., 2009c, 
2010a, 2011). In order to evaluate performance of the denoising algorithms, different levels 
of the WGN are used in the preparation of noisy environment. Zardoshti-Kermani et al. 
(1995) estimated the WGN with root-mean-square (RMS) amplitude on each muscle position 
varying from 0% to 50% of the overall average RMS amplitude of the whole muscle 
activities. The estimated signal-to-noise ratios (SNRs) were varied from 1:3 to 7:1 which 
depended on level of muscle contraction. Subsequently, Andrade et al. (2006) and Law et al. 
(2011) estimated the WGN with amplitude ranging from 20% to 100% and from 2% to 40% 
of the absolute maximum amplitude, respectively. On the other hand, Boostani and Moradi 
(2003) estimated the WGN with one tenth of the peak-to-peak amplitude range of the sEMG 
signal. In our previous studies, noisy sEMG signals were simulated by adding synthetic 
WGNs which resulted in different SNRs. The SNRs ranged from 20 dB (low noise level) to 0 
dB (high noise level) with the increasing step of 5 dB SNR (Phinyomark et al., 2009c, 2010a, 
2011). In addition, some research studies have used our criterion for simulated noisy EMG 
environments; for instance, Huang et al. (2010) designed a robust EMG sensing interface for 
pattern classification by using the simulated WGN in range of 20-0 dB SNRs. 
Other three important types of noises that normally are used and considered in the simulated 
noisy EMG environment are power-line noise, movement artifact, and baseline noise. Firstly, 
power-line interference is used to evaluate ability of both denoising algorithms and robust 
sEMG features (Boostani & Moradi, 2003; Phinyomark et al., 2009a). This kind of noise is easy 
to simulate because its frequency component appears at only one frequency point, 50 or 60 Hz. 
Secondly, movement artifact can be estimated by the volunteer movement which can be 
monitored by using an accelerometer sensor (De Luca et al., 2010). The accelerometers were 
attached in the proximity of the sEMG sensors, such as on the top or the distal. When the 
subjects move their muscles and a movement at the electrode-skin interface is occurred, the g 
value from the accelerometer can be shown that event (De Luca et al., 2010). Thirdly, noise that 
is considered in analysis of the sEMG signal is baseline noise. However, this kind of noise can 
be problematic only when the sEMG signal is very low SNR (Clancy et al., 2002) such as in the 
assessment of antagonist muscle co-activation or in the classification of low-level muscle 
contraction (Baratta et al., 1998; Law et al., 2011). 
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3. Principle and theory of wavelet transform in denoising viewpoint 
3.1 Wavelet decomposition 
Wavelet transform (WT) is a time-scale representation technique, which expresses a signal 
into a two-dimensional function of time and scale (pseudo-frequency). The WT uses the 
correlation with translation and dilation of a wavelet function to yield this transformation. It 
represents a signal as a sum of wavelets with different locations and scales that allows to use 
long time intervals for low-frequency information and to use shorter regions for high-
frequency information. The WT can be categorized into two main types: continuous wavelet 
transform (CWT) and discrete wavelet transform (DWT). Calculating wavelet coefficients at 
every possible scale as implemented in CWT is a fair amount work and it generates an awful 
lot of data. Usually in denoising viewpoint, the researchers obtain such an analysis from 
DWT. The definition of DWT is given by: 

 ,( , ) ( ) ( )j k
n Z

C a b x n g n


   (1) 

where C(a,b) are dyadic wavelet coefficients, a is dilation or scale (a=2-j), b is translation 
(b=k×2-j), x(n) is the input signal, and gj,k(n) is discrete wavelet (gj,k(n)=2j/2×g(2jn-k) where j ∈ 
N and k ∈ Z). When the input signal is decomposed to a certain level using the DWT, a set of 
wavelet coefficients is correlated to the high-frequency components (low-scale) while the other 
wavelet coefficients are correlated to low-frequency components (high-scale). In details, as 
shown in Fig. 1, in the first step, the original signal (S) is passed through two complementary 
filters, a low-pass filter and a high-pass filter, and emerges as two signals, approximations and 
details. The first-level approximation coefficient array (cA1) is obtained from a low-pass filter 
which includes down-sampling and the first-level detail coefficient array (cD1) is passed 
through a high-pass filter with down-sampling. The low-pass and high-pass filtering processes 
are similar to convolving the signal with a scaling function and a wavelet function, 
respectively. For many signals, generally, the low-frequency content (cA) is the most 
important part and the high-frequency content (cD), on the other hand, impacts flavor or 
nuance (noises). Hence, the second-level approximation coefficient array (cA2) and the second-
level detail coefficient array (cD2) are obtained by inputting the cA1 into the filters. This is 
similar to dilating the original scaling function and wavelet function prior to convolving with 
the cA1. The process is repeated until the desired final level approximation and detail 
coefficient arrays are obtained. As shown in Fig. 1, it has 3 decomposition levels. When the 
decomposition is taken as a whole, the denoising process can be employed. If any modification 
process is not required, the reconstruction process will be instantaneously done. The 
reconstructed signal (S’), final level approximation and all level details, are true components of 
the original signal. This is called the perfect reconstruction. The reconstruction process is 
performed by up-sampling each coefficient array prior to refiltering. 
The DWT provides a great advantage over the Fourier analysis and the short-time Fourier 
transform (STFT) analysis. Although the traditional Fourier analysis performs greatly for the 
stationary signals, it has a serious drawback if the interesting signals contain non-stationary 
or transitory characteristics. The STFT and the DWT, on the other hand, map a signal into a 
two-dimensional function of time and frequency by using a windowing technique. Both of 
them thus perform greatly for the non-stationary signals. The DWT shares some similarities 
to the STFT as we described above, except that the fixed window size in the STFT is no more 
flexible for many signals. 
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Fig. 1. Wavelet decomposition and reconstruction process. 

3.2 Wavelet denoising 
The undesired wavelet coefficients containing random noise can be discarded before 
performing the reconstruction process. The cleaner signal will be obtained from that 
process. To grab this outcome, thresholding is used in wavelet domain to remove or to 
shrink some coefficients of DWT detail sub-signals of the measured signal. Usually, the 
denoising method that applies thresholding in wavelet domain has been proposed by 
Donoho (1995). The Donoho’s method for noise reduction works well for a wide class of 
one-dimensional and two-dimensional signals. The basic idea of wavelet-based denoising 
procedure is illustrated in Fig. 2. It consists of three main steps: decomposition, modification 
of detail coefficients and reconstruction. The first and the last main steps are the general 
DWT procedure as we described in the Section 3.1. The middle main step is added into the 
general DWT procedure that involves three parameters: threshold selection rule, threshold 
rescaling method and thresholding function. In other words, two main points must be 
addressed: how to choose the threshold value and how to perform the thresholding. In 
addition, two parameters in decomposition step must be evaluated that are wavelet function 
and decomposition level. 
 

 
Fig. 2. Wavelet denoising procedure. 
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In details, the first step in producing a wavelet denoising is to choose a wavelet function 
(first parameter) to be used in signal decomposition. Different types of wavelet are 
available which each type has different sub-types. The second step, the selection of a 
suitable decomposition level (second parameter) must be selected with a candidate 
wavelet function. The third step, the threshold value THR (third parameter) to be applied 
in the wavelet domain is calculated by the product of the standard deviation of the noise 
energy σ and the small factor that depends on the length N of the data sample (Donoho 
and Johnstone, 1994). There are many modified versions of threshold selection rule. In 
order to rescale the threshold value THR obtained from the third step; the estimation of 
the noise energy σ (fourth parameter) is specified in this step. The fifth step, after 
threshold THR is smoothed, the thresholding is based on a threshold value THR which is 
used to compare with all the detailed coefficients. Ordinarily, two types of thresholding 
functions (fifth parameter) are often used: hard thresholding and soft thresholding 
(Donoho and Johnstone, 1994). The choice of threshold values and thresholding functions 
plays an important role in the global performance of a wavelet processor for noise 
reduction. Wavelet-based denoising algorithm is based on the underlying model. It is 
basically of the following form: 

 ( ) ( ) ( )s n x n e n  , (2) 

where s(n) is the measured or noisy signal, x(n) is the original or clean signal and e(n) is a 
Gaussian white noise N(0,1), σ is the strength of the noise, and time n is equally spaced.  

4. Review and theory of modified wavelet denoising methods 
From the last section, the application of wavelet-based denoising algorithm requires the 
selection of five processing parameters named “wavelet denoising parameters”, including: 
(1) the type of wavelet basis function, (2) the decomposition level, (3) threshold selection 
rule (4) threshold rescaling method, and (5) thresholding function. Throughout the extensive 
review and careful survey of up-to-date wavelet denoising methods in a wide class of 
biomedical signals and applications, theory and definition of all methods are summarized in 
the following.  

4.1 Wavelet basis functions 
Wavelet function or mother wavelet can be categorised into two main types: orthogonal 
and biorthogonal wavelets. Orthogonal wavelet is entirely defined by the scaling filter (a 
low-pass finite impulse response (FIR) filter). For analysis with this wavelet, the high-pass 
filters are calculated as the quadrature mirror filter of the low-pass filters and 
reconstruction filters are defined as the time reverse of the decomposition filters. In 
biorthogonal wavelet, decomposition and reconstruction filters are defined as the separate 
filters. Commonly, there are 6 wavelet families: Daubechies wavelets (10 sub-types), 
Symlets wavelets (7 sub-types), Coiflet wavelets (5 sub-types), BiorSplines wavelets (15 
sub-types), ReverseBior wavelets (15 sub-types) and Discrete Meyer wavelet. All of 
wavelet functions are presented in Table I. It is important for choosing the right wavelet 
function (Kania et al., 2007; Tan et al., 2007). The right filter determines perfect 
reconstruction and performs better analysis. 
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Wavelet family Wavelet subtypes
Daubechies db1 or haar, db2, db3, db4, db5, db6, db7, db8, db9, db10
Symlets sym2, sym3, sym4, sym5, sym6, sym7, sym8
Coiflet coif1, coif2, coif3, coif4, coif5
BiorSplines bior1.1, bior1.3, bior1.5, bior2.2, bior2.4, bior2.6, bior2.8, bior3.1, bior3.3, 

bior3.5, bior3.7, bior3.9, bior4.4, bior5.5, bior6.8 
ReverseBior rbio1.1, rbio1.3, rbio1.5, rbio2.2, rbio2.4, rbio2.6, rbio2.8, rbio3.1, rbio3.3, 

rbio3.5, rbio3.7, rbio3.9, rbio4.4, rbio5.5, rbio6.8 
Discrete Meyer dmey

Table 1. List of 53 wavelet functions from 6 wavelet families. 

4.2 Decomposition levels 
Next step is the selection of the number of decomposition level of the signal. The 
decomposition level can be varied from 1 (the first level of decomposition) to J=log2N (the 
maximum depth of decomposition) where N is the length in samples of time-domain signal.  

4.3 Threshold selection rules 
Threshold selection rule refers to “how to choose the threshold value”. Generally, most of 
research works have used universal threshold selection rule proposed by Donoho. It has 
been shown that its denoising capability is better than other classical methods such as SURE 
method, Hybrid method, and minimax method (Phinyomark et al., 2009f). The definition 
and description of four mainly threshold selection rules are summarized in Table 2. Hence, 
in our studies, we have interested in numerous modified versions of universal rule (rule 1 in 
Table 2). Six modified universal rules have been proposed as described in the following. In 
this chapter, we provide the specific name to each rule as follows. 
 
Thresholding rule Description
Rule 1: Universal It uses a fixed form threshold (Donoho & Johnstone, 1994) which can be 

defined as 2 log( )UNITHR N , where N is the length in samples of time-
domain signal and σ is standard deviation of noise. The parameter σ can be 
estimated using median parameter which can be calculated as 

 median 0.6745jcD   where cDj is the detail wavelet coefficients at 

scale level j and 0.6475 is a normalization factor. 
Rule 2: SURE Threshold is selected using the rule of Stein’s Unbiased Estimate of Risk 

(SURE). It gets an estimate of the risk for a particular threshold THR, 
where risk is defined by SURE (Stein, 1981). Minimizing the risk in THR 
gives a selection of the threshold. 

Rule 3: Hybrid This rule attempts to overcome limitation of SURE. It is a mixture of the 
universal and the SURE rules. The exact conditions of this algorithm are 
described in Donoho and Johnstone (1995). 

Rule 4: Minimax This method was also proposed in Stein (1981) work. It used a fixed 
threshold chosen to yield minimax performance for mean square error 
against an ideal procedure. 

Table 2. Four main threshold selection rules. 
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1) Length Modified Universal rule (LMU): It was modified by Donoho to be used with soft-
thresholding function (Donoho, 1995). It is defined as 

 LMU
2log( )N

THR
N


 . (3) 

2) Scale Modified Universal rule (SMU): It was modified by Donoho to be used with level 
dependent method (Donoho, 1992). It can be expressed as 

 2
SMU 2 log( ) 2

j J

THR N


  , (4) 

where j is scale level from 1 to J and J is the maximum level. 
3) Global Scale Modified Universal rule (GSMU): It was modified by Zhong and Cherkassky 
(2000) to be used in denoising of image. It is given by 

 2
GSMU 2log( ) 2

J

THR N


  . (5) 

4) Scale Length Modified Universal rule (SLMU): It was modified by Donoho (1992). It is a 
combination between LMU and SMU rules. It is shown as 

 SLMU
2

2 2 log( )

2
J j

N
THR

N






. (6) 

5) Log Scale Modified Universal rule (LSMU): It was modified by Song and Zhao (2001). It 
takes the different thresholds at different scales. It can be defined as 

 LSMU
2log( )

log( 1)
N

THR
j





. (7) 

6) Log Variable Modified Universal rule (LVMU): It was modified by Zhang and Luo (2006). 
It uses the constant d to adapt the value of threshold THR. Experiment of Zhang and Luo 
(2006) showed that the constant d is associated to the wavelet function and the SNR. It 
should be ranging between 0 and 3. In our study, we used d = 3. The equation can be 
defined as 

 
2 log( )

log[ ( 1) ]LVMU d
N

THR
e j




 
. (8) 

4.4 Threshold rescaling methods 
All threshold selection rules can be smoothing their thresholds by using rescaling methods. 
In threshold rescaling, three categories can be identified: global (GL), first-level (FL) and 
level dependent (LD) (Elena et al., 2006; Johnstone & Silverman, 1997). In the first one, 
standard deviation of noise (σ) can be adapted to three categories (GL, FL and LD). While 
the second one, length of wavelet coefficients (N) can be adapted to only GL and LD 
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thresholding. To identify the threshold rescaling methods, GL defines σ as the estimated 
standard deviation of all wavelet coefficients and N as the length of the total wavelet 
coefficients. FL defines σ1 as the estimated standard deviation of the first-level detail 
coefficients (cD1). LD defines σj as the estimated standard deviation for every possible 
decomposition levels and Nj as the length of the wavelet coefficients at decomposition level j. 

4.5 Thresholding functions 
After threshold values are determined, shrinking can be done using wavelet thresholding 
functions. In this chapter, after extensive review of the available literatures, fifteen wavelet 
thresholding functions were described in the following. 
1) Hard function (HAD): It is the simplest function. All wavelet’s detail coefficients whose 
absolute values are lower than threshold are set to be zero and other wavelet’s detail 
coefficients are kept (Donoho & Johnstone, 1994). It is defined as 

 
, | |

0,
j j j

j
cD if cD THR

cD
otherwise
 

   
. (9) 

2) Soft function (SOF): It is an expanded version of HAD (Donoho & Johnstone, 1994). It can 
be done by first zeroing all wavelet’s detail coefficients whose absolute values are lower 
than threshold same as HAD. Then, non-zero coefficients are shrunk towards zero. SOF 
function is determined by 

 
| |sgn( )( ),

0,
j jj j j

j
if cD THRcD cD THR

cD
otherwise

 


, (10) 

where sgn(x) is a sign function that extracts the sign of a real number x. 
3) Mid function (MID): It is an extension of SOF (Percival & Walden, 2000), small wavelet’s 
coefficients are zeroed, and then large wavelet’s coefficients are not affected. However, 
intermediate wavelet’s coefficients are reduced. MID function can be expressed as 

 

2,

2sgn( )( ) ,

0,

j jj

j j j j j j j

cD THRcD

cD cD cD THR THR cD THR

otherwise


     



. (11) 

4) Hyperbolic function (HYP): It is attempted to address the limitation of SOF. It is described 
in Vidakovic (1999) work and its equation is defined same as modulus squared function 
(Guoxiang & Ruizhen, 2001) that is given by 

 
2 2 | |sgn( ) ( ) ,

0 ,
jj j

j
if cD THRcD cD THRcD
otherwise

  
 

. (12) 

5) Modified hyperbolic function (MHP): It combines the advantage of HAD and SOF 
functions. It resembles the variance pattern of HAD and the removing of bias problem of 
SOF. It is modified by Poornachandra et al. (2005) and is shown as 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

116 

thresholding. To identify the threshold rescaling methods, GL defines σ as the estimated 
standard deviation of all wavelet coefficients and N as the length of the total wavelet 
coefficients. FL defines σ1 as the estimated standard deviation of the first-level detail 
coefficients (cD1). LD defines σj as the estimated standard deviation for every possible 
decomposition levels and Nj as the length of the wavelet coefficients at decomposition level j. 

4.5 Thresholding functions 
After threshold values are determined, shrinking can be done using wavelet thresholding 
functions. In this chapter, after extensive review of the available literatures, fifteen wavelet 
thresholding functions were described in the following. 
1) Hard function (HAD): It is the simplest function. All wavelet’s detail coefficients whose 
absolute values are lower than threshold are set to be zero and other wavelet’s detail 
coefficients are kept (Donoho & Johnstone, 1994). It is defined as 

 
, | |

0,
j j j

j
cD if cD THR

cD
otherwise
 

   
. (9) 

2) Soft function (SOF): It is an expanded version of HAD (Donoho & Johnstone, 1994). It can 
be done by first zeroing all wavelet’s detail coefficients whose absolute values are lower 
than threshold same as HAD. Then, non-zero coefficients are shrunk towards zero. SOF 
function is determined by 

 
| |sgn( )( ),

0,
j jj j j

j
if cD THRcD cD THR

cD
otherwise

 


, (10) 

where sgn(x) is a sign function that extracts the sign of a real number x. 
3) Mid function (MID): It is an extension of SOF (Percival & Walden, 2000), small wavelet’s 
coefficients are zeroed, and then large wavelet’s coefficients are not affected. However, 
intermediate wavelet’s coefficients are reduced. MID function can be expressed as 

 

2,

2sgn( )( ) ,

0,

j jj

j j j j j j j

cD THRcD

cD cD cD THR THR cD THR

otherwise


     



. (11) 

4) Hyperbolic function (HYP): It is attempted to address the limitation of SOF. It is described 
in Vidakovic (1999) work and its equation is defined same as modulus squared function 
(Guoxiang & Ruizhen, 2001) that is given by 

 
2 2 | |sgn( ) ( ) ,

0 ,
jj j

j
if cD THRcD cD THRcD
otherwise

  
 

. (12) 

5) Modified hyperbolic function (MHP): It combines the advantage of HAD and SOF 
functions. It resembles the variance pattern of HAD and the removing of bias problem of 
SOF. It is modified by Poornachandra et al. (2005) and is shown as 

 
The Usefulness of Wavelet Transform to Reduce Noise in the SEMG Signal 

 

117 

 

2 | |( ) 1 ( ) ,
6

0 ,

j j
jj

j

cD if cD THRk cD
cD

otherwise

             

, (13) 

where k is the scaling function and, in our studies, we used 1 for the constant k. 
6) Non-negative Garrote function (NNG): It combines Donoho and Johnstone’s thresholding 
function with Breiman’s NNG. The equation is modified by Gao (1998) as 

 

2

| |,

0 ,

j
j jj

j j

THR
if cD THRcD

cD cD
otherwise


 


  

. (14) 

7) Compromising of HAD and SOF function (CHS): It estimates wavelet’s coefficients by 
weighted average of HAD and SOF (Guoxiang & Ruizhen, 2001). For 0<α<1, when α is 0, it 
changed into HAD and when α is 1, it changed into SOF. In our study, we used 0.5 for the 
constant α. It can be expressed as 

 
sgn( )(| | ), | |

0,
j j j j j

j
cD cD THR if cD THR

cD
otherwise

 
  

. (15) 

8) Weighted Averaging function (WAV): It estimates coefficients by weighted average of 
HYP and HAD (Zhang & Luo, 2006). It is given by 

 
2 2 | |(1 )sgn( ) ( ) ( ),

0,
j jj j j j

j
if cD THRcD cD THR cDcD
otherwise

    


, (16) 

where 0<α<1. If α is 0, Eq. (16) will change to HYP and Eq. (16) will change to HAD, if α is 1. 
We used 0.5 for the constant α. 
9) Adaptive Denoising function (ADP): It is modified based on SOF (Tianshu et al., 2002). It 
is given by 

 
2.1

2

1 j j

j
j j j cD THR

THR
cD cD THR

e
  


. (17) 

10) Improved function (IMP): It is attempted to address the deficiency of HAD and SOF (Su 
& Zhao, 2005). It can be defined as 

 
( ) | |sgn( )( ) ,

0 ,

j jTHR cD
j jj j j

j
if cD THRcD cD THRcD
otherwise


   

  

, (18) 

where    and β>1. In our study, we used 15 from the suggestion of Su and Zhao work 
(2005). 
11) Custom function (CUT): Idea of this function is similar to that of NNG function, in the 
sense that CUT and NNG are continuous and can adapt to the signal characteristics. Denote 
0 < γ < THRj and 0 < α < 1. In our studies, we used the same threshold as in Yoon and 
Vaidyanathan (2004) work with α = 1 and γ = THRj/2. The equation can be expressed as 
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12) Firm function (FIM): It remedies the drawbacks of HAD and SOF functions. Gao and 
Bruce (1997) generalize a general FIM function using double threshold values. The THR2 is 
defined by universal rule but THR1 is scoped to range between 0 and THR2. According to the 
previous experiments, Gao and Bruce (1997) suggested that when THR1 equals 2/3THR2, the 
denoised results would be better. FIM can be expressed as follows 
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13) Modified firm function (MFM): It is a modified version of general FIM function. A 
higher order polynomial is used to replace the linear function in the interval [THR1, THR2]. 
This modification enables to get a differentiable thresholding function. The expression (Gao 
& Bruce, 1997) can be defined as 
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, (21) 
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14) Qian function (QIN): It is a compromise shrinkage between HAD and SOF by constant 
parameter Q. Where Q is 1, it is equivalent to SOF and it is equivalent to HAD, when Q is ∞. 
QIN with Q = 2 is suggested from the experiments in (Qian, 2001). It is given by 
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15) Yasser function (YAS): YAS shrinks the wavelet’s detail coefficients which are lower 
than threshold value instead of set to be zero. Moreover, it has a constant parameter γ in 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

118 

 

 
2

sgn( )(1 ) , | |

0 , | | ,

| | | |
3

j j j j j

j j

j j
j

j j

cD cD THR if cD THR

cD if cD

cD cD
THR

THR THR





 
 

 

     

    

  
  
   

4 , otherwise









              

. (19) 

12) Firm function (FIM): It remedies the drawbacks of HAD and SOF functions. Gao and 
Bruce (1997) generalize a general FIM function using double threshold values. The THR2 is 
defined by universal rule but THR1 is scoped to range between 0 and THR2. According to the 
previous experiments, Gao and Bruce (1997) suggested that when THR1 equals 2/3THR2, the 
denoised results would be better. FIM can be expressed as follows 

 
 

 

1

2 1
1 2

2 1

2

| |0,

sgn( ) , | |

, | |

j

j
j j j

j j

if cD THR

THR cD THR
cD cD if THR cD THR

THR THR

cD if cD THR




           
 

. (20) 

13) Modified firm function (MFM): It is a modified version of general FIM function. A 
higher order polynomial is used to replace the linear function in the interval [THR1, THR2]. 
This modification enables to get a differentiable thresholding function. The expression (Gao 
& Bruce, 1997) can be defined as 

   
1

2
2 1 1 1 2

2

0, | |
sgn( ) , | |

| |,

j

j j j j j

jj

if cD THR
cD cD r r cD cD THR if THR cD THR

if cD THRcD

     
 

, (21) 

 
   

2
1 2 2

1 23 3
2 1 2 1

2where and .
THR THR THRr r
THR THR THR THR


 

 
 

14) Qian function (QIN): It is a compromise shrinkage between HAD and SOF by constant 
parameter Q. Where Q is 1, it is equivalent to SOF and it is equivalent to HAD, when Q is ∞. 
QIN with Q = 2 is suggested from the experiments in (Qian, 2001). It is given by 

 
| |,

0,

Q Q
j

jj Q
j j

cD THR
if cD THRcD

cD cD

otherwise

  

  

. (22) 

15) Yasser function (YAS): YAS shrinks the wavelet’s detail coefficients which are lower 
than threshold value instead of set to be zero. Moreover, it has a constant parameter γ in 
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order to apply a nonlinear function to the threshold value. When γ is 3, the good results in 
speech signal are obtained (Ghanbari & Karami-Mollaei, 2006), which can be expressed as 
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, | |
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cD if cD THR
cD cD otherwisecD

THR



 

  


  


. (23) 

5. Review of wavelet denoising in SEMG signal analysis 
Selection of suitable wavelet denoising parameters is critical for the success of sEMG signal 
filtration in wavelet domain, because there is currently no known method to calculate the 
combination of the above wavelet denoising parameters that gives the best results. 
Therefore, many works have tried to find the optimal wavelet denoising parameters which 
lead to maximum filtration performance. All research studies about wavelet denoising 
parameters in analysis of the sEMG signals have been discussed in this section (Guo et al., 
2004a, 2004b, 2005; Hussain et al., 2007, 2009; Jiang & Kuo, 2007; Khezri & Jahed, 2008; Li et 
al., 2010; Liu & Luo, 2008; Luo et al., 2007; Moshou et al., 2000; Ren et al., 2006; Yang & Luo, 
2004; Zhang & Luo, 2006; Zhang et al., 2010) as summarized in Table 3. 
In details, the sEMG signal analysis based on WT has been firstly proposed in 2000 by 
Moshou et al. (2000). Wavelet-based denoising is used to separate coordinated muscle 
activity of the shoulder of a driver related to certain movements that appear during driving 
a car. The denoised signals show clearly the real muscle activity bursts that mean the small 
activity peaks covered by the screen of noises are now observable. In Moshou et al. (2000) 
work, the simplest thresholding function, HAD, is used with a decomposition using db5 at 5 
decomposition levels. Afterwards, Guo et al. (2004a, 2004b, 2005) compared four classical 
threshold selection rules: Universal, SURE, Hybrid and Minimax, and two classical 
thresholding functions: HAD and SOF, with real sEMG signal acquired from normal 
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and extracting procedures. However, the results in Zhang, Luo and Liu works (Liu & Luo, 
2008; Luo et al., 2007; Yang & Luo, 2004; Zhang & Luo, 2006) are also only observed from the 
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figures as same as employed in Moshou et al. (2000) and Guo et al. (2004a, 2004b, 2005) 
works. 
 

Reference Application 
Wavelet denoising parameters 
1 2 3 4 5 

Moshou et al. 
(2000) 

Identifying car 
driver fatigue and 
movement 

db5 5 - - HAD,
SOF 

Guo et al. 
(2004a, 2004b, 
2005) 

Lower limb 
prosthesis control 

sym5 3 Universal, SURE, 
Hybrid, Minimax 

- HAD,
SOF 

Jiang & Kuo 
(2007) 

MUAP detection db2 6 Universal, SURE, 
Hybrid, Minimax 

- 
 

HAD,
SOF 

Zhang & Luo 
(2006) 

Upper limb 
prosthesis control 

sym8 4 LVMU - HAD,
SOF, 
WAV 

Yang & Luo 
(2004) 

Upper limb 
prosthesis control 

sym8 4 Hybrid - SOF 

Khezri & 
Jahed (2008) 

Upper limb 
prosthesis control 

Daubechies 
Symlets 
Coiflet 
Biorthogonal 

6 Hybrid 
Bayes Shrink 

- SOF 

Hussain et al. 
(2007) 

Detecting muscle 
fatigue 

db2, db6, 
db8, dmey 

4 - - HAD 

Hussain et al. 
(2009) 

Determining 
muscle 
contraction 
(walking speed) 

db2, db4, 
db5, db6, 
db8, sym4, 
sym5, dmey 

4 Universal - HAD 

Li et al.  
(2010) 

Upper limb 
prosthesis control 

- 4 - - SOF 

Zhang et al. 
(2010) 

- sym2 5 Minimax - SOF 

Table 3. Applications of wavelet denoising algorithms with the sEMG signal. Note that 
wavelet denoising parameters: (1) the type of wavelet basis function, (2) the decomposition 
level, (3) threshold selection rule (4) threshold rescaling method, and (5) thresholding 
function. 

Later, Khezri and Jahed (2008) proposed a usefulness of classical threshold selection rule, 
called Hybrid, to estimate the denoised upper-limb sEMG signals. It improved the accuracy 
of the sEMG classification compared with the one without denoising pre-processing stage 
and Bayes Shrink threshold selection rule. Following that, in one of our works (Phinyomark 
et al., 2009f), we compared Hybrid with three other classical threshold selection rules. The 
results showed that Universal yields better denoising performance than the others including 
Hybrid. Moreover, Hussain et al. (2007, 2009) suggested that pre-processing stage using the 
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Universal threshold selection rule and HAD thresholding function was able to improve the 
classification of the lower- and upper- limb activities, respectively. All of these introduced 
literatures work well for the surface EMG signal. On the other hand, for the intramuscular 
EMG signal, Ren et al. (2006) developed a technique for extracting and classifying motor 
unit action potentials (MUAPs) for needle EMG signal decomposition. In that technique, 
noise reduction based on threshold estimation calculated in the WT was proposed. The 
needle EMG signal is decomposed by the WT at ninth level with the db5. HAD thresholding 
is implemented with the semi-automatic threshold estimator, which is defined as THR = σ·λ 
where λ is set to be between 8 and 15 by the user in accordance with the SNR and σ is the 
noise energy estimated from the minimum value of the second moment feature in time 
domain. However, this threshold estimator is not suitable for surface EMG signal because in 
the MUAP detection, useful MUAP components have most of their energy in low-frequency 
components. Therefore, threshold obtained by this estimator has a large value (most high 
frequency components could be set to zeros). On the contrary, some high frequency 
components are still important for surface EMG signal, thus proposed technique in Ren et 
al. work (2006) is not included in our study. However, even though the results from most of 
previous works are not presented using the quantitative results, the improving ability in 
those applications based on wavelet denoising algorithm has been definitely established 
(Hussain et al., 2009; Khezri & Jahed, 2008; Ren et al., 2006; Zhang et al., 2010). In order to 
more clearly understand the effectiveness of wavelet denoising algorithm over conventional 
filters, discussion and illustration have been presented in review of Zhang et al. (2010). 

6. Experimental results with real sEMG signals 
The sEMG data that are used to demonstrate and evaluate the wavelet denoising parameters 
in our study were recorded from two forearm muscles and six upper-limb movements. Two 
forearm muscles are flexor carpi radialis muscle and extensor carpi radialis longus muscle 
and six upper-limb movements are hand open, hand close, wrist extension, wrist flexion, 
pronation, and supination. The sEMG signals were recorded by two pairs of surface 
electrodes (3M red dot 25 mm. foam solid gel). Each electrode was separated from the other 
by 20 mm. A band-pass filter of 10-450 Hz bandwidth and an amplifier with 60 dB gain were 
used. Sampling rate was set at 1000 samples per second using a 16 bit A/D converter board 
(IN BNC-2110, National Instruments Corporation). The sample size of each EMG data is 256 
ms for the real-time constraint that the response time should be less than 300 ms (Englehart 
et al., 2001). 
To evaluate the ability of wavelet denoising algorithm, two criteria are usually used based 
on: (1) the difference between signal values implied by a wavelet denoising method and the 
original signal values; and (2) the difference between classification accuracy obtained from 
the denoised signal and classification accuracy obtained from the raw signal (Phinyomark et 
al., 2010b). However, most studies have focused to evaluate the quality of wavelet denoising 
method based on the first criterion. In this chapter, we have evaluated the ability of wavelet 
denoising methods with only the first criterion; however, the relationship between the first 
criterion and the second criterion has been discussed.  
The first criterion is error measure. One of the most popular methods is mean square error 
(MSE) that is also employed in our study. However, there are a lot of error measures; for 
instances, mean absolute error (MAE), mean absolute percentage error (MAPE), mean error 
(ME), mean percentage error (MPE), root mean square error (RMSE), percentage root-mean-
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square difference (PRD), signal-to-noise ratio output (SNRout), and improved signal-to-noise 
ratio (ISNR). Due to the similarity of these measured indices, normally only one of these 
indices is selected to use in evaluating study. Definition of the MSE can be expressed as 
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where fi represents the estimated sEMG signal from the original signal and fei is estimated 
sEMG signal from the noisy signal. The performance of wavelet denoising method is better 
when these indices including MSE are smaller. It means that useful information in the sEMG 
signal is remained and undesirable parts of the sEMG signal are removed. To guarantee the 
best wavelet denoising method achieved and optimized for estimating of useful sEMG 
signals, more than one times of additional noises should be done and in each time the level 
of noises shoud be varied from low noise level to high noise level; for example, 20-0 dB 
SNRs. The effect of different noise levels could be observed through this procedure. 
Example of the original sEMG signal and the sEMG signal with the WGN at 5 dB SNR are 
shown in Fig. 3. The SNR can be calculated by 

 10log clean

noise

PSNR
P

 , (25) 

where Pclean is power of the original sEMG signal and Pnoise is power of the WGN. 
 

 
Fig. 3. Original sEMG signal (gray line) and noisy sEMG signal at 5 dB SNR (black line) with 
random and repeatable six upper-limb movements. 

6.1 Wavelet basis functions 
Firstly, the selection of an optimal wavelet function was done. The MSE calculated from 53 
wavelet functions (in Table 1) were employed. The results are respectively shown in Fig. 4(a) 
and Fig. 4(b) at two levels of noises, low and high noise levels. The figure is plotted in log-
lin type of a semi-log graph, defined by a logarithmic scale on the y axis, and a linear scale 
on the x axis. From the figure, the results of wavelet functions in high and low levels of 
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noises have the similar trend. As SNR increases, the MSE of each wavelet function also 
increases. The smallest MSE is db1, bior1.1 and rbio1.1. Their MSEs are 0.00407, 0.01242, 
0.04090, 0.12739 and 0.41242 at SNR value of 20, 15, 10, 5 and 0 dB, respectively. It produces 
the best denoising wavelets. The db2, db7, sym2, bior5.5 and rbio2.2 provide marginally 
better performance than the rest candidates. Furthermore, the various orders of Daubechies 
(db1-db10), Symlets (sym2-sym8), BiorSplines (bior1.1-bior1.5, bior4.4, bior5.5, and bio6.8), 
Coiflet (coif1-coif2), and ReverseBior (rbio1.1-rbio3.9, rbio6.8) can be used to reduce noises. 
The most terrible wavelet function is bior3.1. Its MSE is as much as seven of the minimum 
MSE. The third order of decomposition of BiorSplines (Bior3.3, bior3.5, bior3.7, and bior3.9) 
and Discrete Meyer (dmey) are worse performance. Its MSE is as much as two of the 
minimum MSE. Moreover, in high noise, the second order of decomposition of BiorSplines 
(bior2.2-bior2.8) and the fifth order of decomposition of ReverseBior (rbio5.5) are not good. 
Therefore, these functions are not recommended to use for denoising sEMG signal. 
 

 
 

 
Fig. 4. MSE calculated from all wavelet functions (mother wavelet no. refer to the wavelets 
in Table I, i.e. #1-Daubechies order 1, #2-Daubechies order 2, …, #11-Symlets order 2, 
…,#18-Coiflet order 1, …, #53-Discrete Meyer) (a) at 20 dB SNR (b) at 0 dB SNR. Note that 
decomposition level is 4, threshold selection rule is Universal, threshold rescaling method is 
GL for N parameter and LD for σ parameter, and thresholding function is SOF. 

If we consider only optimal wavelets for denoising, we can conclude that db1, bior1.1 and 
rbio1.1 are the best ones. However, the ability of these functions in classification viewpoint 
is poor. Hence, for real-world application, these wavelet functions are not recommended. 
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The db2, db7, sym2, bior5.5 and rbio2.2 are prospective to have good performance in both 
denoising and classification performance. At this point we recommend wavelet functions in 
this group to be used in future works. Note that we are not reported the classification results 
in this work because the suitable wavelet functions depend on the classifier types (such as 
neural network, fuzzy logic, neuro-fuzzy classifier, probabilistic classifier, etc.). One of the 
useful results in classification viewpoint is presented in Englehart (1998) work. In Englehart 
study, wavelet coefficients are extracted from upper-limb sEMG signals and are subjected to 
dimensionality reduction method. As a result, classification errors are reported. Within the 
Daubechies, Coiflet and Symlet families, the best performance is db18, coif4 and sym8, 
respectively. Interesting trend is the improvement of classification performance that it tends 
to increase with the order of wavelet function. Hence, if balance between class separability 
and robustness is considered, the db7, sym5 and coif4 are some compromise wavelets. 

6.2 Decomposition levels 
Secondly, the selection of an optimal decomposition level was done. Fig. 5(a) and Fig. 5(b) 
present the effects of decomposition levels for five wavelet functions. When decomposition 
levels are more than seven, the MSE rapidly increases. Therefore, in Fig. 5(a) and Fig. 5(b), 
only first eight levels are shown. We found that the third and the fourth levels are better 
than other levels for low level of noises (20-10 dB SNRs). On the other hand, the fourth and 
the fifth levels are better than the others for high level of noises (10-0 dB SNRs). The effect of 
wavelet function with an optimal wavelet function is a little bit. The decomposition level 4 is 
suggested to be used as a compromise level between high and low level of noises. 

6.3 Threshold selection rules 
Thirdly, the selection of an optimal threshold selection rule was done. For the classical 
threshold selection rules, Universal rule is better than other classical methods as can be 
observed in Fig. 6. Hence, modified versions of Universal threshold selection rule are 
proposed and also evaluated. The MSE of LSMU rule is the lowest, followed closely by 
LVNU, SMU and Universal rules. GSMU rule have slightly larger error, and LMU and 
SLMU rules have a large error. However, in classification viewpoint, GSMU rule is the best 
threshold selection rule (Phinyomark et al., 2009f). 

6.4 Threshold rescaling methods 
Fourthly, the selection of an optimal threshold rescaling method was done. From our 
previous study (Phinyomark et al., 2009f), the optimal rescaling method is dependent on 
type of threshold selection rules. However, the general trend can be observed. For the 
threshold rescaling of N parameter, the GL is better than the LD. For the threshold rescaling 
of σ parameter, the suitable rescaling method is dependent on the level of noises. At very 
high noise, the LD is better than the FL. On the other hand, at medium to low noise, the FL 
is better than the LD. 

6.5 Thresholding functions 
Fifthly, the selection of an optimal thresholding function was done. In Fig. 7, the MSEs of 15 
thresholding functions and no denoising case with only WT are presented. At medium and 
high levels of noises, SNR is lower than 10 dB, all functions are better than WT except MFM. 
However, at low level of noises, 15 dB SNR, CUT, FIM and MFM are worse than WT. In 
addition, HAD, MHP, CUT and MFM are worse than WT at very low noise, 20 dB SNR. 
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Fig. 5. MSE of five wavelet functions with eight decomposition levels (a) at 20 dB SNR (b) at 
0 dB SNR. Note that threshold selection rule is Universal, threshold rescaling method is GL 
for N parameter and LD for σ parameter, and thresholding function is SOF. 

 

 
Fig. 6. MSE of four classical and six modified threshold selection rules at 20-0 dB SNR. Note 
that wavelet function is db2, decomposition level is 4, threshold rescaling method is GL for 
N parameter and LD for σ parameter, and thresholding function is SOF. 
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Fig. 7. MSE of WT and fifteen modified universal thresholding rules at 20-0 dB SNR. Note 
that wavelet function is db2, decomposition level is 4, threshold selection rule is Universal, 
and threshold rescaling method is GL for N parameter and LD for σ parameter. 

As SNR increases, the MSE of each function as well increases. From the experimental results, 
the MSE of ADP is lowest, followed closely by SOF and IMP. It means that ADP is the best 
thresholding function in denoising viewpoint. MSE of WT is seven times the MSE of ADP at 
low noise and is three times the MSE of ADP at high noise. Moreover, in classification 
viewpoint, ADP is also the best thresholding function (Phinyomark et al., 2010b); whereas, 
the classification performance of SOF is not good. 

7. Conclusion and future trends 
Noises contaminated in the sEMG signals are an unavoidable problem during recording 
data; whereas noises are a main problem in analysis of the sEMG signal both in clinical and 
engineering applications. Random noises that have their frequency components fall in the 
energy band of the sEMG signal are the major problem. Conventional filters do not 
effectively remove random noises but wavelet denoising algorithm is not problematical in 
this way. Hence, numerous wavelet denoising methods have been proposed during the last 
decade. Suggestion of five wavelet denoising parameters in a compromise between two 
viewpoints, denoising and classification, is presented in the following: 
 wavelet function: db2, db7, sym2, sym5, coif 4, bior5.5 and rbio2.2; 
 decomposition level: 4; 
 threshold selection rule: GSMU; 
 threshold rescaling methods: LD for N parameter and FL or LD for σ parameter; and 
 thresholding function: ADP. 
Recommendation above can be useful to apply for many sEMG applications. However, for 
analysis of intramuscular EMG signal, re-evaluation of wavelet denoising parameters 
should be done because the purpose in interpretation is different (Ren et al., 2006). 
However, the pre-processing stage based on wavelet denoising algorithm is recommended 
to be implemented in analysis of sEMG signal, especially in multifunction myoelectric 
control system.  
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analysis of intramuscular EMG signal, re-evaluation of wavelet denoising parameters 
should be done because the purpose in interpretation is different (Ren et al., 2006). 
However, the pre-processing stage based on wavelet denoising algorithm is recommended 
to be implemented in analysis of sEMG signal, especially in multifunction myoelectric 
control system.  
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1. Introduction 

Electromyography (EMG) detects electrically or neurogically activated muscle cells on the 
basis of waveform characteristics from a recorded signal. EMG is useful for evaluating 
and recording movement abnormalities. The EMG signals can also detect neuromuscular 
activation level and recruitment order in addition to analyze the biomechanics of human 
or animal movement (De Luca, 1984; Furey, 1963). The EMG signals are generated based 
on superimposed motor action potentials during active movement. The myoelectric 
signals are the instantaneous algebraic summation of all electrical discharges produced by 
a contraction of the muscle fibers. Muscle fatigue is quantified using surface EMG signals 
based on the power spectrum which is the Fourier transform of EMG time series 
(Knowlton et al., 1951; Mannion & Dolan, 1994; Mannion et al., 1997c). Normal electrical 
source is a muscle membrane potential of approximately -90 mV, and measured EMG 
potentials range between less than 50 μV and up to 20 to 30 mV, depending on the muscle 
under observation (Herzog et al., 1987; Nigg et al., 1988). Typical repetition rate of muscle 
motor unit firing is approximately 7–20 Hz, depending on the size of the muscle, previous 
axonal damage, and other factors (Hoffmann, 1968; Rack & Ross, 1975). Therefore, the 
EMG range can be utilized in many clinical and biomechanical applications as a 
diagnostics tool for identifying neuromuscular diseases, assessing low back pain (LBP), 
kinesiology, and disorders of motor control. EMG signals are also used as a control signal 
for prosthetic devices such as prosthetic hands, arms, and lower limbs. It is unknown how 
the median frequency (MF) of an individual depends on posture, extent of physical 
activity prior to measurements, and other attributing factors. Such factors may influence 
the shift of the MF in the fatigue measurement, which is not a consistent indicator for 
injuries to low back muscles. Subjects with LBP have less endurance and thus smaller MF 
during sustained muscle contractions (Mannion et al., 1997a; Roy et al., 1997). The MF of 
the EMG signal is used to characterize physiological aspects of skeletal muscles. The 
signal from surface EMG is the instantaneous algebraic summation of action potentials 
from muscle fibers, and its power spectrum can be estimated from a fast Fourier transform 
of the signal.  
Fourier transform is a linear analysis of a signal and gives the power spectrum P(f) (Hobbie, 
1997). A linear system is described mathematically by equations with oscillatory or 
exponentially growing solutions. In contrast, EMG time series have an irregular pattern so 
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that the signal must be interpreted as “noise.” The noise is due to the interaction between a 
particular muscle and all other biomechanical “units” of the body. In many cases, the power 
spectrum follows an algebraic dependence P(f) ~ 1/f. The case =0 corresponds to “white 
noise” while =2 characterizes diffusive Brownian motion. Therefore, the MF of the EMG 
power spectrum is sensitive to physiological manifestations of muscular dysfunction as an 
alternative assessment tool to identify muscle fatigue (Mannion et al., 1997b; Roy et al., 1997). 
However, there is a lack of research that compares this tool with other nonlinear 
measurements based on pain level or dysfunction. 
During a fatiguing contraction, a compression of the power spectrum of the EMG signal to 
lower frequencies is typically observed (Lindstrom et al., 1974). This phenomenon is 
measured during a contraction as a decrease in the MF of the EMG signal. Individuals with 
better endurance than others exhibit a less precipitous decay rate of the MF (Mannion et al., 
1997b). Thus, it would be necessary to compare the results between Shannon entropy levels 
of the EMG and MF of the spectral quantities following intervention to enhance outcome 
measurements.  
Other results indicated that subjects with LBP show less fatigue than healthy subjects 
(Humphrey et al., 2005; Mannion et al., 2001). Thus, despite considerable efforts by many 
researchers, a link between MF and musculoskeletal pain/dysfunction remains elusive. 
Moreover, the surface EMG is not a scientifically acceptable tool for the diagnosis of 
pain/dysfunction, and further studies are recommended to assess the specificity and 
sensitivity of surface EMG (Pullman et al., 2000). Therefore, a clinical diagnosis and 
evaluation of LBP is still elusive, and the efficacy of therapeutic intervention and assessment 
for LBP cannot be tested reliably. 
The power spectrum analysis provides an objective and noninvasive assessment of muscle 
function since EMG changes are associated with fatigue (De Luca, 1984; Mannion et al., 
1997a). However, contradictory results have been reported in studies using EMG as an 
outcome measure. The power spectrum has a limited dynamic range, and the change of the 
MF does not reflect such long-time correlations. New methods must be designed to capture 
biologically important characteristics from noisy time series. Researchers using nonlinear 
time series analysis have developed several mathematical tools to reveal the presence of 
power-law time correlations.  
Investigations of physiologic time series have led to the understanding that some degree of 
noise is necessary for the proper functioning of biological systems (Belair et al., 1995b; Glass, 
2001; Strogatz, 2001). These systems must respond to external stimuli that may vary both in 
strength and time scale by many orders of magnitude. The “degree of irregularity” of time 
series can be quantified by computing the (information) entropy of the signal. The time-
dependent entropy from the surface EMG signal and the entropy of the signal is lower for 
subjects with LBP than for healthy subjects. Furthermore, the entropy increases rapidly for 
short times [t < 10 ms], reaches a plateau value for intermediate times [10ms < t < 500 ms], 
and then increases diffusely for long times [approximately 500 ms] (Belair et al., 1995a). This 
behavior suggests that the plateau value is relevant for the physiology of skeletal muscles 
(Chialvo, 2002; Goldberger et al., 2002a). In this chapter, some of these methods to surface 
EMG time series are discussed, and the potential use of these methods as a diagnostic tool 
for LBP are explored.  
Therefore, the purpose of this chapter is to explore the potential use of nonlinear time series 
analysis as a tool for the clinical diagnosis of LBP or neuromuscular dysfunction, especially 
low back muscle fatigue. Of particular interest is a comparison between methods based on 
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the power spectrum and nonlinear time series analysis of EMG signals. In order to compare 
quantities derived from the EMG signals, it is important to compare the different types of 
analyses including nonlinear time series between subjects with and without musculoskeletal 
dysfunction/pain. Specifically, it is important to record and analyze the EMG signals for a 
group of subjects with LBP and a control group of healthy subjects using spectral analysis 
and methods from nonlinear time series analysis. Secondly, the reliability of the results 
based on power spectrum analysis and nonlinear time series analysis of EMG signals for 
subjects with and without LBP needs to be investigated. Thirdly, it is necessary to determine 
the sensitivity of the analyses and the distribution of the values of the entropy for a group of 
subjects with and without LBP.  

2. Clinical assessment of LBP 
A clinical assessment of LBP is important as a diagnostic tool since we cannot distinguish 
subjects with genuine pain from those who fraudulently claim to suffer from pain (Chaffin, 
1969). The potential cost to society from malingerers could be quite high. Additionally, the 
effectiveness of various rehabilitation interventions is difficult to assess without a clinical 
diagnosis of LBP. The interpretation of surface EMG data is not as reliable as that from 
needle EMG, for example. A clinical diagnosis based on surface EMG is desirable since it is 
widely accepted by the general population. 
A clinical diagnosis of LBP using EMG should be based on properties of the signal that 
change drastically in the presence of pain/dysfunction. If this is the case, the observed 
quantities from subjects with LBP are expected to be different than those from subjects 
without LBP. Because a shift in the MF of the spectrum is explained by the change in the 
velocity of the action potential, it reflects a quantitative change of the signal during a 
fatiguing exercise. On the other hand, a change in the entropy of the signal reflects a 
qualitative change in the physiologic system.  
Subjects with LBP often have reduced muscle strength and endurance, which compromises 
the functional capacity of the spine and increases the likelihood of re-injury (Cholewicki & 
VanVliet, 2002; Wilder et al., 1996). In most cases, a compression of the power spectrum of 
the EMG signal to lower frequencies is observed during a fatiguing contraction. This 
compression is the result of slower muscle fiber action potential propagation and an 
alteration in shape due to changes in the excitability of the muscle cell membrane 
(Lindstrom et al., 1974; Panjabi, 1992). These phenomena are referred to as “myoelectric 
manifestations of fatigue” and are typically seen during a prolonged muscle contraction. 
Individuals with better endurance are expected to exhibit a smaller shift of the MF (Mannion 
et al., 1997b; Mannion et al., 2001). It has been reported that subjects with LBP exhibit a larger 
shift of the MF than subjects without LBP (Mayer et al., 1989; Roy et al., 1989). 

2.1 Noise in biological systems  
The characterization of the power spectrum with a single frequency indicates that the time 
dependence of the signal is approximated by a simple oscillatory behavior. In contrast, the 
EMG signal looks irregular to the naked eye, and thus cannot be approximated by a periodic 
behavior. Seemingly irregular time series have been observed in many biological systems 
such as the electrocardiography signal of the human heartbeat, the electroencephalogram 
signal in instances of epilepsy and human gait, and others (Costa et al., 2003; Costa, 2002; 
Goldberger et al., 2002a). 
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It has recently been suggested that physiological time series contain “hidden information” 
(Goldberger et al., 2002a). A biomechanical model of the human body emerges in which 
individual “units” interact in a nonlinear fashion such that feedback loops operate over long 
temporal and spatial ranges. This self-regulation leads to reduced variability which is 
important for maintaining physiological control of biological systems. For example, the 
prediction of homeostasis reveals that the output of a wide variety of systems, such as the 
normal human heartbeat, fluctuates in a complex manner even under resting conditions. 
It is generally believed that the irregularity of the signal allows biological systems to 
respond to external disturbances that vary over a wide range of time scales. The velocity of 
the action potential determines the short-time behavior of the surface EMG signal. In 
contrast, the physiologic origin of its long-time behavior is unknown. It is not even clear 
whether observed fluctuations (“noise”) in the signal are external or are intrinsic to the 
physiologic system. Intrinsic noise can be explained by the combined action of inhibitory 
and excitatory “units” or components of the system (Koppell, 2000). The presence of 
external fluctuations can have important consequences for complex systems. It has been 
shown, for example, that a system of oscillators can become synchronized, which may then 
explain the combined action of the entire system (Costa et al., 2003). 
It is not known which model of skeletal muscles explains the presence of intrinsic noise in 
the EMG signal. This is a common situation encountered in many studies of complex 
systems. Nonlinear time series analysis has developed numerous tools to distinguish 
nonlinear or chaotic behaviors within the system from external noise. For chaotic systems, 
the number of dynamic degrees of freedom can be determined from the signal that is 
(roughly) equal to the number of inhibitory and excitatory units in the system.  
In nonlinear time series analysis, the characteristic behavior of a system is extracted from a 
mathematical analysis of the signal. The behavior of the signal is quantified using concepts 
and ideas borrowed primarily from statistical physics and signal processing. In particular, 
the information entropy has been proposed as a measure of the irregularity of the signal 
(Costa et al., 2003; Costa, 2002; Goldberger et al., 2002b; Pincus, 2001). A periodic signal and a 
complete irregular signal (or “white noise”) have zero entropy. A random (or stochastic) 
signal with long-time correlations is characterized by a finite entropy, S>0. For a large 
variety of physiologic systems, it has been shown that dysfunction is associated with a 
decrease in the entropy of the time series. This suggests that physiological dysfunction leads 
to either complete order or excessive disorder.  

2.2 Entropy of electromyography  
In a mathematical description, the signal at (discrete) “time” n, xn, is treated as a random, or 
stochastic, variable (Kantz, 2003; Sprott, 2003). It is assumed that the signal is “stationary,” 
i.e., the quantity i=1t xn-1+i does not depend on the initial time n. The mean-square 
displacement is then defined by (t)=[i=1t xn-1+i ]2, where the average is taken with respect 
to the n. If the signal at time n is uncorrelated with the signal at a different time m, xnxm=0, 
the mean-square displacement increases diffusively, (t) ~ t. This case is generally referred 
to as “white noise.” In the presence of long-time correlations, xnxm~1/|n-m| for some 
exponent >0, fractional Brownian walk follows (t) ~ t2H (Mandelbrot, 1983). Here, the 
Hurst exponent is H=2+1 with 0<H<0.5 for sub-diffusive and 0.5<H<1 for super-diffusive 
"behavior". The presence of long-time correlations implies that the signal has no 
characteristic time scales and looks the same on all time scales. In a certain mathematical 
limit, the mean-square displacement and the entropy are related to each other S~ln .  
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The entropy reflects properties of the signal on many different time scales and, therefore, 
does not have a simple relationship with the velocity of the action potential. It follows that 
properties of the surface EMG signal obtained via nonlinear time series analysis are 
complementary to the analysis of the power spectrum. Entropy has many 
interdisciplinary applications as in aging psychology or macromolecular engineering 
(Allen et al., 1998; Allen et al., 2004). Regarding time series applications, biological time 
series are complex data that need to be distilled to useful information such as assessing an 
illness. Nonlinear analysis using fractal geometry and random walks theory proved to be 
useful in the analysis of a variety of time series such as correlations between global 
temperatures and solar activity (Scafetta & West, 2003), earthquake statistics (Scafetta & 
West, 2004), human heartbeat (Ivanov et al., 1999), and shapes of red cells under flow 
stress (Korol & Rasia, 2003). Recently, nonlinear time series generated by the back 
muscles‘ electrical activity was investigated between subjects with and without LBP 
motivated by the need to develop an evaluation tool for LBP (Lee et al., 2010; Sung et al., 
2005; Sung et al., 2007a; Sung et al., 2010). 
Using random walk concepts, Collins and De Luca have studied the erratic motion of the 
center of pressure of a standing human body (Collins & De Luca, 1994; Collins & De Luca, 
1995). They found a crossover from superdiffusive random walks for short times to 
subdiffusive random walks for longer times. In our entropic analysis of EMG time series 
from back muscles, we observed a crossover from subdiffusive, Hurst exponent H ≤ 0.5, to 
self-organization, Hurst exponent H ≈ 0. The Renyi entropy associated with diffusive 
processes grows linearly with the logarithm of time, and the rate of growth is 
independent of the Renyi parameter (Kaufman, 1985; Kaufman, 2007). The entropy is the 
rigorous measure of lack of information. The information, or Shannon, entropy for a 
particular experimental condition with a set of M possible outcomes is (Gage, 1992; S. 
Shannon, 1997): 

 inf
1

ln( )
M

ormation j j
j
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where pj is the relative frequency of outcome #j. It is uniquely determined from the 
Khinchin axioms: (I) it depends on the probabilities p only; (II) the lowest entropy (S = 0) 
corresponds to one of the p's being 1 and the rest being zero (i.e., total information); (III) the 
largest value for the entropy is lnM and is achieved when all p's are equal to each other (i.e., 
the absence of any information); and (IV) S is additive over partitions of the outcomes. If the 
last axiom is relaxed to consider only statistically independent partitions, Renyi found that 
the information entropy is replaced by a one-variable function (Cybulski et al., 2004): 
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For β = 1, the Renyi entropy equals the Shannon entropy. The Renyi entropy is related to the 
Tsallis entropy which is central to the current massive research effort in nonextensive 
statistical mechanics (Vinga & Almeida, 2004). 
In the continuum limit: ( , )jp x t x  , where x is the random variable, e.g. displacement for  
random walker, and ρ is the probability distribution function. The actual experiment was 
conducted for measuring the electrical signal from back muscles (Sung et al., 2005). Consider 
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a time series xt. Following Scafetta and Grigolini (Scafetta & Grigolini, 2002), the signal xn 
was interpreted as a jump at time n. It was generated at all walks of time length t: 

1

,
0

t

m t j m
j

X x





  . For a given time t, the ensemble of all the walks of time length t was 

considered and distinguished from one another by the initial time m. The range of X was 
divided in M equal bins, and the probability of finding a walker at that location was 
estimated by using the fraction of all X that fall in the bin. The results were obtained for M = 
500 bins. The entropies were computed using Eqs. (1) and (2). The numerical time series 
were analyzed searching for a logarithmic dependence of the entropy.  
Figure 1 indicates the EMG time series from the right thoracic muscle of the healthy 
individual and the entropy associated with walks generated from the healthy right thoracic 
muscle EMG time series as a function of the logarithm of time. At short times, t < 0.01 s, the 
slope is 0.26, 0.32, 0.34 for the Renyi parameter β = 0, 1, 5 respectively. Since the fit was done 
on only ten data points, there is a large uncertainty for those values. Similar slope values 
were extracted from the EMG data from all the muscles (both sides of the thoracic and 
lumbar erector spinae) for both individuals (HEALTHY and LBP subjects). At longer times, 
for 0.01 s < t < 1 s, the entropies exhibit a plateau. The plateau occurs at an entropy value 
well below the maximum possible entropy value lnM. Hence, it is not an artifact of the way 
we estimate the entropy; but it is an intrinsic property of the time series. 
 

 
Fig. 1. Entropy vs. lnt. Top curve β = 0, middle curve β = 1, bottom curve β = 5. a. Subject 
without LBP for the right thoracic erector spinae muscle; b. Random number generator.  

The entropy plateau corresponds to the Hurst exponent H ≈ 0. The power spectrum P(f) ~f-α 
with an exponent α = 2H +1 ≈ 1 follows P(f) ~ 1/f. Self-organization is generally associated 
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with 1/f noise, and this is the reason why the entropy plateau can be interpreted as a 
manifestation of self-organization (Buldyrev et al., 2006). Qualitatively similar dependences 
were observed in the analysis of the erratic motion of the center of pressure of the human 
body (Collins & De Luca, 1994; Collins & De Luca, 1995). Though the details are not 
identical (e.g crossover time and slopes are different), we suspect that this type of crossover 
from large Hurst exponent random walks at short times to small Hurst exponent random 
walks at long times characterizes organized complex systems. In Figure 1b, the qualitatively 
different dependence of entropy on time exhibited by time series was generated with a 
commercial random number generator. The slopes of S versus lnt for the random number 
generator data are 0.38, 0.45, 0.44 for β = 0, 1, 5 respectively. These values are quite close to 
the Brownian diffusion value H = ½. There is no plateau in the random number time series. 
This comparison between the EMG data on one hand and random data on the other hand 
supports the idea that the system responsible for the back muscle signal is complex as 
opposed to noisy. The time evolution of entropy for EMG data also differs qualitatively 
from the time dependence of the entropy of chaotically advected tracers: the latter does not 
exhibit a crossover in time to self-organization, but it does exhibit a substantial dependence 
of the logarithmic amplitude on the Renyi parameter. 
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Fig. 2. Relative Entropy on lumbar right muscle vs. lnt. Top β = 0, middle β = 1, bottom β = 5; 
a. Subject without LBP; b. Subject with LBP. 

The plateau entropy is consistently higher for the healthy individual than for the LBP 
individual. A previous pilot study in our lab also demonstrated similar results involving ten 
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healthy and ten LBP individuals, who were matched by gender, but not by age (Sung et al., 
2007b). The question of whether the plateau entropy constitutes a useful diagnostic tool for 
LBP needs further investigation with large groups of individuals matched by age, gender, 
body mass index, etc. It is worth emphasizing that Costa et al. and Chialvo argued based on 
heart time series that pathology is associated with less variability (lower entropy) as 
indicated in our study (Chialvo, 2002; Costa et al., 2002). 
To better understand the entropy time evolution, we show in Figure 3 the histograms used to 
determine the entropy for the left thoracic muscle of LBP subjects. In Figure 3a, we see the 
widening of the probability distribution with time corresponding to the entropy increase at 
short times t < 10 ms. In Figure 3b, the probability distribution is practically stationary 
corresponding to the entropy plateau at longer times 10 ms < t < 500 ms. In Figure 3c, we show 
the probability distribution at t = 1000 ms, attempting to understand the increase in entropy 
apparent for t > 500 ms. We observe the occurrence of two peaks which may correspond to 
some sort of phase transition. In order to check this hypothesis, we computed the histogram 
using 66,000 data points rather than the 6,000 points window used in all other computations. 
 

 

 
Fig. 3. Probability distributions at short time, intermediate time, and long time for the 
thoracic left muscle in subjects with LBP at: (a) t = 0, 1, 5ms; (b) t = 10, 100, 500ms;  
(c) t =1000ms. 

We reduced the original time series to 6,000 entries by averaging over 10 consecutive entries 
of the original time series. We labeled the resulting time series as xn, where the index n 
(‘time’) runs from 1 to 6,000. Nonlinear time series analysis assumes that the signal is 
stationary. To test this assumption, we calculated the mean and variance of 100 data points. 
The results for the subjects with and without LBP are shown in Figures 4A and 4B, 
respectively. Clearly, the EMG signal is stationary in both cases. Note that the average of the 
mean () is nonzero, which reflects an offset in the calibration. For the numerical analysis 
below, we correct the offset by replacing xn with xn - . For nonlinear systems, signals at 
different times are correlated as shown in a phase portrait where the signal xn+1 at time n+1 
is plotted vs the signal xn at time n. 
For the subject without LBP (Figure 5A), the phase portrait has a circular shape. This 
portrait shows that the signals at consecutive times n and n+1 are statistically independent 
of each other. On the other hand, the phase portrait for the subject with LBP has the shape of 
an ellipse with the long axis directed along the diagonal (Figure 5B). The elliptical shape 
along the diagonal indicates the presence of correlations. Physicists have developed several  
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Fig. 4. Mean (solid line) and standard deviation (dashed line) for (A) subjects without and 
(B) subjects with LBP. 

 

  
             (A)                (B) 

Fig. 5. Phase portrait of (A) subjects without and (B) subjects with LBP. 

methods to quantify the complexity of time series. One method explores the connection with 
random walks, or Brownian motion (Denny & Gaines, 2000). To this end, we interpret the 
signal xn as a jump at time n. It follows that the sum X(t)=xn+xn+1+…+xn+t is the 
displacement between times n and n+t. The average is zero X(t)=0. The mean-square 
displacement is obtained by taking the square and then calculating the average with respect to 
the initial time n, (t) = X2(t). For deterministic motion, (t) ~ t2, while (t) ~ t is for diffusion. 
In the general case, we write (t) ~ t2h so that 0< h < 0.5 and 0.5 < h< 1 correspond to sub-
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diffusive (negative correlations) and super-diffusive (positive correlations) behavior, 
respectively. In Figures 6A and 6B, we show the dependence of (t) vs t in double-logarithmic 
plots. 
A straight line corresponds to power-law behavior, and the Hurst exponent H (Mandelbrot, 
1977) is determined by the slope. For the subject without LBP, we find H=0.5, corresponding 
to diffusive behavior. For the subject with LBP, we have H=0.2, which indicates the presence 
of long-time correlations in the EMG signal, in agreement with the results from the phase 
portrait. The mean-square follows (fractional) Brownian motion only for short-times. For 
long-times, (t) appears to plateau. The determination of the Hurst Exponent is affected by 
large statistical fluctuations. In order to get a more reliable estimate of the Hurst exponent, 
an analysis of the entropy of the time series was undertaken. 
 

     
                                  (A)                                                                       (B) 

Fig. 6. Log-log plot Δvs. t for (A) subjects without and (B) subjects with LBP. 

One can characterize the complexity of time series by using the information (Shannon) 
entropy S=-pjlogpj, where pj is the probability for outcome number ‘j’ of a given 
experiment (Allen et al., 2004; Bezerianos et al., 1995; Bezerianos et al., 2003; Costa et al., 
2003). The above equation is the standard formulation of uncertainty as it has the following 
features: (i) the lowest entropy (S = 0) corresponds to one of the outcomes being certain [i.e. 
probability one] and the others never occurring [i.e. probability zero]; (ii) the largest value 
for the entropy, S=ln(M), is achieved when all outcomes are equally likely [all probabilities 
are equal to each other, pj = 1/M]; and (iii) S is additive over partitions of the outcomes. The 
results reported here were obtained for M = 1000 bins. The variation of S with t is expected 
to be logarithmic: S(t)~Hlnt, where H is the Hurst exponent introduced before. The entropic 
analysis of the time series from the subject without LBP and from the subject with LBP 
shows significant differences in how fast the entropy saturates.  
In addition, there is a difference between the slopes of entropy and time function for 
subjects without and with LBP (Figure 7). The slopes represent estimates for the Hurst 
exponent H. In agreement with the variance of displacement analysis presented, there was a 
difference of the Hurst exponent between the subjects without LBP (H=0.5; Figure 6, A) and 
subject with LBP (H=0.4; Figure 6, B) were indicated. Note that the value of the exponent H 
for the LBP subject refers to short-times, while the behavior for long-times is characterized 
by the value 0.2 quoted before. The difference in the entropy vs time dependence exhibited  
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                                   (A)                                                                         (B) 

Fig. 7. Shannon entropy versus ln(t) for (A) subjects without and (B) subjects with LBP. 

by the healthy and LBP subjects goes beyond the issue of the value of the Hurst exponent. The 
entropy associated with the LBP subject saturates at very short-times; two orders of magnitude 
shorter than for the healthy subject. Furthermore, the long time entropy of LBP is lower than 
for the healthy subject, a result consistent with non-linear analysis of other medical time series 
(Bezerianos et al., 1995). It is generally observed that injuries result in a decrease in the 
complexity of biological systems.  
In conculsion, nonlinear analysis of time series based on entropy can differentiate between 
complex biological sources and random sources of the data. While the EMG signal from an 
erector spinae muscle exhibits an entropy time dependence with a crossover from 
subdiffusive regime at short times to a self-organization regime (plateau) at longer time 
scales, time series generated with random number generators do not exhibit the plateau. The 
Renyi entropy time evolution also differentiates between this complex biological system and 
deterministic processes (e.g. tracers advection in polymer flows). The presence of the 
plateau points to the existence of anti-correlations of EMG signals separated in time by at 
least 0.01 s. Therefore, it is a manifestation of a complex self-organizing system in which 
individual units interact in a nonlinear fashion such that feedback loops operate over long 
temporal ranges (Goldberger et al., 2002a).  

2.3 Reliability of surface electromyography analysis 
The reliability of surface EMG could be different between nonlinear analysis of time series 
and power spectrum analysis. Our previous study results indicated that the measurement of 
back muscle fatigability, especially the erector spinae muscle, indicated that the entropy 
analysis was a more reliable measure than the power spectral analysis (Sung et al., 2008b).  
It is well known that the observed EMG signal depends on anatomical factors, such as 
muscle geometry, subcutaneous fat, gender, and other confounding factors (Lindstrom et al., 
1974; Mannion et al., 1997c; Pullman et al., 2000; Roy et al., 1997; Solomonow et al., 1990). As a 
result, observed quantities from EMG signals show considerable variations even among a 
group of healthy subjects. A clinical diagnosis of musculoskeletal dysfunction using surface 
EMG is based on the assumption that dysfunction changes the values of the observed 
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quantities. This underlying assumption is difficult to prove, however, because the EMG 
signal prior to an injury is generally not available.  
One reliable indicator is MF, which is defined by dividing the area under the spectrum into 
two equal parts. However, use of the MF has led to contradictory results in muscle fatiguing 
experiments. It still remains to be seen whether a shift in the MF differentiates the various 
stages of non-acute LBP. The fatigability of back muscles might predispose individuals to 
LBP. A number of investigators have attempted to classify LBP via changes in the EMG 
signal during prolonged contraction of the paraspinal muscles (Lariviere et al., 2002a; 
Lariviere et al., 2002b; Mayer et al., 1989; Peach & McGill, 1998; Roy et al., 1997; Roy et al., 
1990). The MF of the back muscles is typically of the order of 100 Hz and is determined by 
the propagation of the action potential across the electrodes. That is, the MF reflects the 
behavior of the EMG signal on short-time scales. 
Several studies have suggested that surface EMG power spectrum analysis could be used to 
evaluate patients undergoing rehabilitation in a non-invasive fashion (De Luca, 1984; 
Mannion et al., 1998; Merletti et al., 1999). The connection between fatigue and EMG spectral 
parameters is the basis for the use of EMG as an objective and noninvasive method of 
assessment of back muscle endurance (De Luca, 1984; Mannion et al., 1997a). The original 
study linking LBP with fatigue was presented by De Luca (De Luca, 1984) who found that 
subjects with LBP have less endurance, and thus smaller MF slopes, during sustained 
muscle contractions (Merletti et al., 1999; Roy et al., 1989). However, contradictory results 
have subsequently been reported and have shown that MF slope is not better than chance in 
predicting LBP (Humphrey et al., 2005; Lee et al., 2010; Mannion et al., 2001). Thus, a 
connection between spectral quantities and musculoskeletal pain/dysfunction remains 
elusive despite considerable efforts.  
In recent studies, we applied methods from nonlinear analysis of time series and found that 
the time-dependent entropy calculated from the EMG signal shows a distinct plateau-like 
behavior for intermediate times (Kaufman, 2007; Sung et al., 2005; Sung et al., 2007b). The 
signal from EMG is the instantaneous algebraic summations of action potentials from 
muscle fibers, and its power spectrum is obtained from a fast Fourier transform of the 
signal. Recently, several studies in entropy measurements based on nonlinear time series 
analysis were published without reporting reliability and validity concerns (Goldberger et 
al., 2002b; Kaufman, 2007; Sung et al., 2007b). Therefore, it would be valuable to confirm the 
reliability of measurements for characterizing neuromuscular alterations by investigating 
differences between the power spectrum analysis and nonlinear time series analysis of 
entropy measures.  
It has been found that the degree of randomness is a characteristic property of time series. 
Entropy is generally used to quantify the complexity. In particular, entropy is used to 
characterize non-periodic, random phenomena and indicates the rate of information 
production as it relates to dynamic systems (Richman & Moorman, 2000). Several research 
groups have compared entropy values for subjects with and without illness/dysfunction 
(Chialvo, 2002; Costa, 2002; Goldberger et al., 2002a; Stanley et al., 1992; West, 1990). This 
concept has been used to differentiate healthy subjects from those with heart disease using 
electrocardiogram time series as well; it is generally found that disease is associated with a 
lowering of the entropy. In several papers, we applied these ideas to EMG time series for the 
low back muscles. We found that subjects with LBP have lower entropies than healthy 
subjects, which is in agreement with the general finding. The traditional approach of EMG is 
based within the framework of linear systems for which a given input leads to a well-
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defined periodicity. This connection led to the notion of homeostasis, namely that the 
normal function of physiologic systems operates in a steady state and that fluctuations are 
suppressed. However, contradictory results have subsequently been reported without clear 
understanding of the reliability of entropy measures (Humphrey et al., 2005; Sung et al., 
2008b).  
Our previous studies indicated that the plateau entropy value was consistently higher for 
the healthy individual than for the LBP individual. However, the question of whether the 
plateau entropy constitutes a reliable assessment tool for LBP needs further investigation 
with large groups of individuals matched by age, gender, body mass index, etc. It is 
important to understand that Costa et al. and Chialvo argued that pathology/dysfunction is 
associated with less variability (lower entropy), which was consistent with our findings 
(Kaufman, 2007; Sung et al., 2005; Sung et al., 2007b).  
Nonlinear analysis has proved to be useful in the analysis of a variety of physiologic time 
series such as human heartbeats (Ivanov et al., 1999) and the shapes of red blood cells under 
flow stress (Korol & Rasia, 2003). Based on these empirical studies, it has been found that the 
time series from healthy subjects have higher entropy values than the time series from those 
with pathology/dysfunction. There are also several other studies indicating that traditional 
approaches to measuring the complexity of biological signals fail to account for the multiple 
time scales inherent in such time series. Generally, biological time series are complex data 
that need to be distilled to useful application to assess a pathology/dysfunction. However, 
no study has investigated the reliability of entropy measures to assess pathology/ 
dysfunction. In addition, despite much effort, the MF and the MF slope have not shown 
consistent measurements (De Luca, 1984; Mannion et al., 1998; Merletti et al., 1999; Sung, 
2003).  
In previous studies, we explored the use of entropy derived from time series as an 
alternative quantitative measure of EMG signals that can be used in a clinical assessment. 
We compared the values of the entropy between subjects with LBP and healthy subjects and 
found that healthy subjects have significantly higher entropies than subjects with LBP (Sung 
et al., 2007b). However, it is important to examine the between-day variability of entropy, 
the MF, and the MF slope within the same sample group. In our current study, we 
compared the values of MF, MF slope, and entropy for two different measurements; and the 
results indicated the highest correlation for entropy, while the MF slope and MF 
demonstrated relatively weak correlations.  
The results for the right back muscle are illustrated in Figures 8-13 in order to compare 
values with different measures. The consistent responses of the non-dominant side of the 
back could be less affected by hand dominance. The histogram of the entropy (Figure 8) 
demonstrated consistent distributions between pre- and post- measurement entropy values, 
which are plotted in Figure 9. The points representing the 32 subjects were plotted closely 
along the diagonal line, indicating that the two measurements reveal a relatively high 
correlation (R=0.75).   
The mean and the standard deviations of the MF slope values for two measurements were 
analyzed, and the correlations ranged from 0.15-0.18, which does not indicate a significant 
difference between the MF slopes at two different observations. The intra class correlation 
coefficients (ICCs) ranged from 0.26-0.30, and the standard error of means (SEM) varied 
between 0.03 and 0.04, which were not significantly different for the distributions for two 
different times. Figure 10 compared two measurements of the MF slope for the right back 
muscle, and the number of subjects repeatedly demonstrated less similar results between 
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the two measurements. The Pearson correlation coefficients ranged from 0.15-0.18 and 
were not statistically different. This result confirms the values of the MF slope of the right 
back muscle for post-measurement, which was plotted versus the values of pre-
measurement in Figure 10 and shows no obvious difference. The points representing the 
subjects were distributed rather broadly, which was reflected in the low correlation 
coefficient (R=0.18).  
The distribution of MF values from post-measurement  shifted towards larger values. The 
correlations ranged from 0.38-0.47 and were statistically significant. Thus, there was a 
significant correlation between the distributions of the MF values from the measurements at 
two different times. The ICCs ranged from 0.54-0.64, and the SEM ranged from 3.10-3.60. 
The Pearson correlation coefficients ranged from 0.38-0.47 and were statistically significant. 
In Figure 12, two measurements of the MF for the right back muscle are compared, and the 
number of subjects repeatedly demonstrated less similar results between two 
measurements. Figure 12 depicts the histograms of the MF values. The two histograms 
indicated little difference except for two outliers for post-measurement values. Figure 13 
depicts the MF values of the right back muscle, and the linear regression analysis yielded 
R=0.15. The values of MF for the two measurements were more highly correlated than those 
for the MF slope, although the correlation (R=0.38) was much lower than that for the 
entropy (Sung et al., 2005).  
Overall, the ICC values of entropy for between-day measurements were higher, and the SEM 
for entropy was lower than the MF and its slope. Therefore, the results of this study indicated 
that the entropy analysis could provide reliable measurements for muscle fatigability. 
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Fig. 8. Histogram of entropy measurements for the right back muscle. 
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Fig. 9. The entropy values taken at two different measurements for the right erector spinae 
muscle. The correlation coefficient is R=0.75. 
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Fig. 10. Histogram of median frequency slope measurements for the right back muscle. 
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Fig. 11. The median frequency slope taken at two different measurements for the right back 
muscle. The correlation coefficient is R=0.18. 
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Fig. 12. Histogram of median frequency measurements for the right back muscle. 
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Fig. 11. The median frequency slope taken at two different measurements for the right back 
muscle. The correlation coefficient is R=0.18. 
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Fig. 12. Histogram of median frequency measurements for the right back muscle. 
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Fig. 13. The median frequency for the right back muscle at two different measurements. The 
correlation coefficient is R=0.38. 

Overall, the entropy measurements for back muscles were more reliable than the power 
spectrum measures based on between-day reliability. Although there were no significant 
differences for between-day reliability for both entropy and MF slope, the test-retest 
reliability based on ICC values was higher for the entropy measure. The results of this study 
indicated that the complexity of time series analysis is a more reliable measure for the 
adaptability of biological systems than power spectral analysis.  
A clinical assessment of LBP is important to objectively identify subjects with genuine pain 
and to assess the efficacy of therapeutic interventions. The entropy values from two 
measurements had the highest correlation, and we concluded that entropy is the most 
reliable measure from the low back muscles. The correlation of the MF slope and MF also 
demonstrated weak correlations and were statistically insignificant. Although there is a 
positive correlation between pain level and MF slope in back muscles, it is possible that the 
statistical use of correlation coefficients based on several validation studies was poor for 
reliability studies (Meyer, 1994).  
In conclusion, it is important to compare the difference between nonlinear time series and 
power spectrum analysis regarding the irregularity of signals in biological systems. The 
quantities derived from nonlinear time series analysis of EMG signals will be compared 
with power spectrum analysis between subjects with and without musculoskeletal 
dysfunction/pain.  

2.4 Sensitivity of surface electromyography analysis 
As reported in our previous studies, the complexity of physiologic time series is a sensitive 
measure for muscle fatigability (Lee et al., 2010). However, it is necessary to determine 
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whether the observed Shannon (information) entropy, as compared with MF, was able to 
differentiate fatigability of the thoracic and lumbar parts of the erector spinae muscle 
following the intervention. Previously, our lab investigated tools for evaluating back muscle 
fatigability after spinal stabilization exercises in participants with chronic LBP (Lee et al., 
2010; Sung et al., 2005; Sung et al., 2008a; Sung et al., 2010). The results of our previous study 
indicated that Shannon entropy might be a valuable tool to measure the differences of 
outcomes following the exercise intervention. The results indicated that the participants’ 
pain levels decreased significantly after 4 weeks of spinal stabilization exercises. The 
entropy of the EMG signals also decreased and significantly interacted with pain level. The 
slope of the MF based on power spectrum analysis also decreased but did not demonstrate 
any interaction with pain level. Therefore, the entropy of the EMG signals might be a useful 
tool for measuring LBP. 
In addition, the results indicated that the entropy clearly differentiated the two groups. 
However, the results of power spectrum analysis based on complexity of the EMG signal 
could be calculated with the entropy of the time series. The results indicated that healthy 
subjects revealed significantly larger entropy values than the subjects with LBP. These 
findings consistently demonstrated a connection between physiologic “health” and 
complexity (Costa et al., 2003; Costa et al., 2005; Li & Huston, 2002). Another important 
finding indicated that the entropy levels of the EMG signals demonstrated significant 
interactions between muscles and groups following treatment for muscle endurance. 
However, the MF did not demonstrate this interaction. The significant interaction effect of 
the entropy between muscles and groups following treatment during the one-minute back 
extension test supports the characteristics of the recorded signals that occurs with fatigue 
(Roy et al., 1989). Exercises for graded activity programs can be used to increase trunk 
muscle endurance and to decrease pain (Jorgensen & Nicolaisen, 1986; Jorgensen & 
Nicolaisen, 1987). Undoubtedly, other muscles participated in the load sharing during the 
testing as well as when subjects performed the intervention exercises. The attachment of the 
lumbar muscles, rather than the thoracic back muscles, results in an effective lever arm for 
lumbar stabilization. Therefore, the lumbar muscle is more effective in creating a stabilizing 
moment over the lumbar vertebral segments during the test (Flicker et al., 1993; MacIntosh & 
Bogduk, 1986).  
Research in biology and medicine has shown that fluctuations in physiological systems 
may play a significant role (Costa, 2002; Goldberger et al., 2002a; Liu et al., 2002). In fractal 
physiology, the apparent random, or chaotic, signal is observed on different (time) scales. 
It is found that the signal looks similar, or self-similar. This means that a single time scale 
(e.g., the period of oscillation) is replaced by a family of time scales. It follows that the 
single state of the system is replaced by multiple non-equilibrium states that are 
correlated with each other. If the signal is completely random with no characteristic time 
scale, it would be modeled by “white noise” and the power spectrum would be flat with 
P(f) ~ f0. In general, the frequency spectrum is fitted to a power law P(f) ~ 1/f, with 0 <  
< 2. In this case, the power spectrum does not define a MF. Other studies reported that for 
physiologic systems, a constant “output” requires other variables to fluctuate so that the 
system can adapt to sudden changes in demand or stimulus (Costa et al., 2005). This 
extent of fluctuations in physiologic signals can be quantified by entropy calculated from 
their time series.  
Nonlinear analysis is used to characterize “hidden” properties of physiologic time series. 
Following this approach, we interpreted the EMG signal in terms of a one-dimensional  
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random walk in discrete time. We found that the mean-square displacement increased 
linearly for short times t < 20 ms and is nearly flat for intermediate times 20 ms < t < 400 ms. 
This plateau behavior has been found for other biological systems and implies the existence 
of correlations in the signal (Costa et al., 2005; Goldberger et al., 2002a). However, these 
correlations cannot be explained within a linear model, and thus support the use of 
nonlinear analysis for EMG time series. This may also explain why the MF fluctuates during 
a sustained contraction, and why the connection between MF slope and LBP has proven 
elusive despite considerable efforts. 
In conclusion, the nonlinear analysis to EMG time series was reviewed for low back 
muscles. The Shannon entropy is a standard measure of complexity and has been applied in 
cognitive science research, aging studies, heart failure research, and other fields (Allen et al., 
2004; Costa et al., 2003; Costa et al., 2005; Goldberger et al., 2002a; Liu et al., 2002). The time-
dependent entropy of the EMG signal exhibits a plateau-like behavior which indicates the 
presence of long-time correlations in the signal. The plateau value of the entropy was lower 
for subjects with LBP than for individuals in the control group. This connection might prove 
to be useful in a clinical assessment of LBP. The existence of long-time correlations in the 
signal explains the large variability in the MF obtained from the power spectrum. The 
entropy clearly differentiated the two groups, whereas the MF exhibited significant overlaps 
between the groups.  

3. Conclusion 
This chapter covered comprehensive articles comparing the difference between nonlinear 
time series and power spectrum analysis regarding the irregularity of signals in biological 
systems. A clinical assessment of pain/dysfunction using EMG should be considered on 
properties of the signal that change drastically in the presence of pain/dysfunction. A shift 
in the MF of the spectrum is explained by the change in the velocity of the action potential, 
and it reflects a quantitative change of the signals. A change in the entropy of the signal also 
reflects a qualitative change in the physiologic system.  
In this chapter, the quantities derived from nonlinear time series analysis of EMG signals 
was compared with power spectrum analysis between subjects with and without 
musculoskeletal dysfunction/pain. The fluctuations in physiologic signals can be 
quantified by entropy calculated from the nonlinear time series. The value of the entropy 
reflects the adaptability of biological systems; healthy systems are thus expected to have 
higher values than unhealthy systems. Finally, the distribution of the values of the 
entropy and power spectrum for a group of subjects with LBP and a group of healthy 
subjects was discussed.  
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1. Introduction

Recent advances in physiological studies have demonstrated the importance of muscle fatigue
detection and prediction in various aspects of our lives, including sports, rehabilitation
and ergonomics. Automating muscle fatigue detection/prediction in wearable technology
has the potential to aid in many applications. However, current research has made little
progress towards automating muscle fatigue detection/prediction in computational models.
The work presented in this chapter supports the idea that an automated muscle fatigue
detection/prediction system can be used to aid sporting performance and to avoid injury.
In support of this view, a wearable system that operates based on the detection and
classification of three different stages of muscle fatigue (Non-Fatigue, Transition-to-Fatigue
and Fatigue) has been developed. Current research focuses on only two muscle fatigue
stages (Non-Fatigue and Fatigue); with this limitation in mind, data was analysed with
the aim to develop features that best extract muscle fatigue content, using both statistical
models and evolutionary computations tools to help find the number of muscle fatigue
stages. This enabled the development of an automated muscle fatigue detection system, which
provides true prediction capabilities. In doing so, a third stage of fatigue was identified, the
so-called Transition-to-Fatigue stage, which occurs before the onset of fatigue. By identifying
this transitional fatigue stage, it is possible to predict when fatigue will occur, which
provides the foundation of the automated system. To demonstrate the applicability of the
Transition-to-Fatigue class, the classification performance of the two class (Non-Fatigue and
Fatigue) and three class approaches (Non-Fatigue, Transition-to-Fatigue and Fatigue) were
compared. This chapter will include various studies that identify the most suitable methods
to apply in the real-time autonomous system. The first section of studies developed various
statistical features that best distinguished between the different classes of fatigue, resulting in
new combined feature extraction methods called 1D spectro and 1D spectro_std. The second
section used evolutionary computation, evolving features and creating pseudo-wavelets
improving current state of the art. The various features evolved in this work all produced
high classification accuracy from surface electromyography (sEMG) signals emanating from
the biceps brachii during both isometric and non-isometric contractions. In the third section,
a method to predict the time to fatigue was established using artificial neural network
classification based on the three classes of fatigue. This technique was also implemented in
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the final study that developed a working prototype of the wearable autonomous system. One
of the developed feature extraction methods, 1D spectro, was selected for implementation
into the wearable autonomous system. This chapter presents preliminary empirical evidence
demonstrating that the developed features and methods for fatigue detection/prediction
improve the current state of the art. In this chapter, a definition of muscle fatigue is set, then,
an overview of the detection of muscle fatigue will be given, followed by a discussion of
specific approaches for extracting sEMG features which are related to muscle fatigue. The
chapter then concludes with a summary of challenges for the future of this new and exciting
technology.

1.1 Muscle fatigue definition
The term ‘muscle fatigue’ was first introduced by Bills (1943), who categorised it into
three groups: subjective fatigue, which is influenced by psychological factors such as a
lack of motivation; objective fatigue, which indicates a decline in productivity; and finally,
physiological fatigue, which manifests itself by changes in physiological processes. Chaffin
(1973) introduced the term ‘localised muscle fatigue’ as an example of physiological fatigue,
which refers to the inability of a given muscle to maintain a desired force and is associated
with localised pain.
Studies on localised muscle fatigue have focused mainly on the decline in the force of a muscle
contraction during a sustained activity (Barry & Enoka, 2007), which results in a definition
of fatigue as the inability of a muscle to continue exerting force or power. Barry & Enoka
argue that this definition indicates that fatigue occurs quickly after the onset of a sustained
period of exercise, although the subject may be able to sustain the activity. However, the
muscle impairment will eventually lead to total fatigue, where it is impossible for the subject
to continue performing the task (Bigland-Ritchie & Woods, 1984).
Muscle fatigue is a physiological phenomenon that can only be measured precisely by
invasive means, which is clearly unsuitable for most applications, such as in sport science,
human-computer interaction, ergonomics and occupational therapy. Therefore, non-invasive
techniques have been developed to detect signals that are related to muscle fatigue.
Generally, non-invasive clinical studies of muscle fatigue acquire such signals using two main
techniques: mechanomyography (MMG) and/or electromyography (EMG). Historically,
EMG has been chosen as the most suitable clinical research tool. MMG, on the other hand,
is considered to be a mechanical equivalent of surface electromyography (sEMG), that works
by recording the low-frequency oscillations that are produced by the muscle fibres when the
muscle contracts and expands (Gordon & Holbourn, 1948). Nevertheless, there are other
established techniques that are used to detect localised muscle fatigue, such as near infrared
spectroscopy (NIRS) and ultrasound, and methods for assessing muscle fatigue, such as the
Moore-Garg strain index and the CR Borg scale (Borg, 1970).
It has been known for at least 40 years that the sEMG signal carries information related
to muscle fatigue (Edwards, 1981; Lindstrom et al., 1977), making it a suitable method
for non-invasive muscle fatigue detection. Furthermore, the sEMG signal provides useful
information when measuring and analysing localised muscle fatigue (Hagberg, 1981;
Jorgensen et al., 1988; Petrofsky et al., 1982). Myoelectric manifestations of muscle fatigue can
be seen in changes in signal frequency and amplitude and in the muscle conduction velocity
(CV), while the mechanical factors related to muscle fatigue are manifested in a loss in the
force exerted by the muscle (Asghari Oskœi et al., 2008). The myoelectric manifestations are
perceived as an objective means by which to analyse muscle fatigue, since they disregard
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subjective motivators and, compared to mechanical factors, they provide early indicators of
fatigue. In addition, sEMG is a very portable, easy to use and fairly inexpensive method.

1.2 How can muscle fatigue be detected ?
There are several techniques for signal detection which are often used in conjunction with each
other for the study of muscle fatigue and it may be difficult to determine which to use in a
particular application. Most modern research uses one or more of the methods described here
in conjunction, such as an accelerometer with sEMG electrodes. Usually, the aim of combining
sensors with sEMG or other sensors is validation, labelling or improving the signal to noise
ratio.
To date, no consensus has been reached upon the ideal sensor technology to use for MMG
recordings (Courteville et al., 1998; Gregori et al., 2003; Watakabe et al., 1998). The literature
suggests that accelerometers are more appropriate than condenser microphones due to the
effects of background noise. Also, accelerometers are inexpensive and reliable devices
whereas condenser microphones are more expensive and have a much larger frequency
range (20-2000 Hz) than that needed for accurately recording muscle vibrations (13-35 Hz)
(Armstrong, 2010).
Compared to sEMG data collection, accelerometers are physically bulkier, more susceptible to
noise from sudden movement and are significantly more expensive than sEMG electrodes.
Limitations of NIRS are related to inconsistencies regarding muscle oxygenation during
isometric exercise, making it a less reliable method. NIRS sensors are also very sensitive
to movement, which makes NIRS an unsuitable candidate technique in sports and other
movement-rich scenarios. It is possible to use the goniometer sensor to measure the
development of fatigue in a realistic scenario. However, currently available goniometer
sensors are expensive, have a short lifetime and must be handled with care. Electronic
force gauges are also applicable in measuring fatigue but suffer from fragile construction,
high cost and subject encumbrance in most scenarios. The Moore-Garg strain index and the
modified Borg Scale can be used for fatigue detection in terms of translating facial/body cues
using video processing, but these techniques suffer from privacy issues and can be highly
subjective. In addition the Moore-Garg and Borg methods require a second person to measure
the subjects’ fatigue stages.

1.3 EMG signal pre-processing
Signal filtering is an important process that attenuates unwanted or erroneous electrical
signals picked up by sensors and thus allows the experimenter to focus on a narrow energy
band of interest. In general, filters attenuate signals within certain frequency ranges (the
so-called stopband), thus limiting the frequency spectrum of the recorded signal to that of the
so-called passband (De Luca, 1997). Filters can be categorised into four main types: low-pass,
high-pass, bandpass and bandstop. Modern technologies have enabled the measurement of
EMG signals of low noise and high signal fidelity (i.e., high signal to noise ratio). Filters
can also be characterised by the width of their transition zone (De Luca, 1997), with more
complex filter designs needed to produce tighter transition ranges. In general, the more
complex the filter, the higher is its so-called ‘order’, i.e., a first order filter is a very simple
order filter. The full effective bandwidth of the EMG signal can be measured using differential
amplification. Bandpass refers to the range of frequencies from the low frequency to the high
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which are normally comprised of low frequency components (typically < 10 Hz), are removed
by high-pass filtering, and signal aliasing is avoided by removing high frequency signal
components through the use of low-pass filtering (Gerdle et al., 1999). Merletti (1999) states
that the sEMG signals should be between the range of 5-500 Hz due to negligible contribution
of the signals power density function outside of this range. Invasive EMG, on the other hand,
should have a low-pass cut-off at no less than 1.5 kHz.
EMG signals are filtered by several classical filter types, including the Butterworth filter,
Fourier series, the Chebyshev filter, the Elliptic filter and the Thompson or Bessel Filter, and
filter equations are frequently recursive, such as in the Butterworth filter (De Luca, 1997).
The purpose of the Butterworth filter is to produce a flat as possible frequency response in
the passband, resulting in steep rolloffs in higher order filters, making it an ideal filter for
conditioning the EMG signal (De Luca, 1997). Additionally its maximum passband gain, the
cutoff frequency and the filter order are all clearly specified. In the past, sharp notch filtering
was commonly used to remove power-line (A/C) noise components (i.e., either 50 or 60 Hz).
However, since there are large signal contributions at these frequencies in EMG experiments,
notch filtering results in a loss of information in this setting, and is thus usually avoided (Day,
2010).
Prior to the use of computers in signal processing, signals were mostly filtered by analogue
means. Analogue filters usually employ electronic circuits, making use of three fundamental
components: resistors, capacitors and inductors, which are arranged in circuits designed to
meet particular needs (De Luca, 1997). The performance of an analogue filter is heavily
dependent on the quality of the circuit design and the physical components that are used
in building the circuit.Hence, digital filtering is often considered to be superior to analogue
filtering (Hong & Bartlett, 2008). In the context of this thesis, the versatility of digital filtering
makes it particularly suitable for the filtering of sEMG signals, where they are mostly used
to remove noise, i.e., a band-pass filter, which combines low and high-pass filters, is used to
cut off frequencies from 10-500 Hz. Signals can also be filtered through the application of
a low-pass filter, so that slow changes in the signal amplitude are displayed and the signal
is thus smoothed. According to Basmajian & De Luca (1985), the RMS signal voltage is the
most suited approach to quantify the EMG signal, which is the mathematical equivalent to
the standard deviation of the EMG signal.

1.4 Application of EMG in muscle fatigue research
EMG is an easy to use technique and has therefore been used in a vast range of research on
muscle physiology. Generally, localised muscle fatigue occurs after a prolonged, relatively
strong muscle activity, when a muscle or a group of muscles are fatigued. Due to the
variability of inter-person muscle characteristics, there is no simple function of muscle load
and timing that defines a precise muscle fatigue threshold. Changes in the EMG signals
caused by fatigue are either measured in the time or frequency domain. Integrated EMG
(IEMG) usually uses the time domain, and an increase in the signal period, amplitude and
power reflect a higher muscle fibre recruitment for a fixed external force. The changes in EMG
signal in the frequency domain relate to mean power frequency and median power frequency,
which varies due to a shift towards lower frequencies, a small increase in low-frequency
signal power, a relative decrease in high-frequency signal power, a decrease in low-frequency
spectrum slope and an increase in high-frequency spectrum slope (Eberstein & Beattie, 1985;
Gross et al., 1980; Petrofsky et al., 1982; Sato, 1982; Viitasalo & Komi, 1977). There are several
reasons for these changes in the EMG signal, such as signal synchronisation, modulation of
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the recruitment firing rate, grouping and slowing of the CV (De Luca, 1979; Hermens et al.,
1986; Viitasalo & Komi, 1977).
Although sEMG has been applied in many studies of localised muscle fatigue, it is not
without its limitations, in particular, in studies of dynamic muscle contractions. The use of
sEMG requires proper knowledge of the mechanisms of signal generation and propagation.
Although signal acquisition per se is easy, inaccurate conclusions are easily drawn when
inappropriate experimental methods are used (Merletti et al., 2003).
Most research concentrates on isometric contractions to establish typical sEMG readings when
conducted in controlled settings. Changes in sEMG amplitude and centre frequency have
been studied by Petrofsky et al. (1982), who found a decrease in the centre frequency of the
spectrogram for all muscle groups. Research has also shown that a development in muscle
fatigue correlates with changes in sEMG signal amplitude and MDF (Hagberg, 1981). Muscle
fatigue causes MU recruitment, and the MU firing rate increases as a function of the elapsed
time. These changes are not reflected in the EMG changes which occur during fatiguing
isometric contraction of the arm flexors at 20-30% MVC (Maton & Gamet, 1989). However,
it was recently found that the changes due to fatigue in the sEMG signal (increased amplitude
and decreased frequency) suggest that the recruitment of MU firing rates correlates with
sEMG amplitude (Calder et al., 2008).
Although CV strongly influences the power spectrum density (PSD) and has the highest
inter-person repeatability, it has been argued that fatigue also compresses the frequency
content of the sEMG signal in a proportional manner (Linssen et al., 1993). The PSD
time-dependency can also be analysed, and is usually estimated from the instantaneous
sEMG parameters, although there are shortcomings in the identification of changes in the
short-period sEMG signals. A time-varying autoregressive (AR) model was proposed by
Zhang et al. (2010), which produced a more stable and accurate instantaneous parameter
estimation. Minning et al. (2007) studied differences in the rate of fatigue in the shoulder
muscles during voluntary isometric contractions. They discovered day-to-day inconsistencies
in the rate of fatigue in the middle deltoid muscle, which also fatigued more rapidly than
other muscle groups. However, for the other muscles they found a consistent relationship
between trial, day and muscle type. In a study on the relationship between short-time Fourier
transform (STFT) and continuous wavelet transforms to analyse EMG signals from the back
and hip muscles during fatiguing isometric contractions, it was found that the two methods
reveal similar information regarding EMG spectral variables (Coorevits et al., 2008).
Although the success of sEMG is likely to be more prevalent in isometric muscle contractions,
more recently EMG has been applied to the study of dynamic contractions (Singh et al., 2007).
The analysis of the sEMG spectrum during cycling activities reveals a strong correlation
between the onset of fatigue and the reduction of the MDF in dynamic contractions (Singh
et al., 2007), and sEMG has been validated using biochemical analysis, indicating that the
low-frequency band is a reliable indicator of muscle fatigue in dynamic contractions (Soo et al.,
2009). By analysing the quantitative and qualitative changes in EMG patterns, such as IEMG
and the frequency of the mean power, it has been argued that in dynamic contractions fatigue
is related to qualitative changes in the pattern of MU recruitment, which occurs at a faster
rate when the muscle has a higher degree of fast twitch muscles fibres. For the quantitative
changes, only a small reduction in the amplitude of the IEMG signal was related to a high
percentage of slow twitch muscle fibres (Komi & Tesch, 1979). Masuda et al. (1999) studied
changes in sEMG patterns during static and dynamic fatiguing contractions by looking at the
muscle fibre CV, MDF and mean amplitude in the vastus lateralis muscle. The muscle fibre CV
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appeared to be influenced by the metabolic state in the muscle, as it decreased significantly in
isometric contractions, while it remained constant during dynamic contractions. This suggests
that changes in the MDF cannot be explained wholly by shifts in the muscle fibre CV. Farina
(2006) proposed a technique for detection and processing of muscle CV during dynamic
contractions, and showed that a decline in CV reflects muscle fatigue. Another method for
estimating muscle fatigue during dynamic contraction is to use a source separation technique
related to independent component analysis to test whether the firing of MUs becomes more
synchronised at the onset of localised muscle fatigue. As argued by Naik et al. (2009), it
is widely accepted that lower-frequency sEMG signals indicate muscle fatigue due to MU
synchronisation; however, there is little experimental evidence of this theory. Naik et al.
concluded that during cycling movements, a global matrix is an applicable measurement for
estimating localised muscle fatigue.
Several studies have identified the state of peripheral fatigue (Dimitrov et al., 2006;
Gonzalez-Izal, Malanda, Navarro-Amezqueta, Gorostiaga, Mallor, Ibanez & Izquierdo, 2010).
In a recent study, Gonzalez-Izal, Malanda, Navarro-Amezqueta, Gorostiaga, Mallor, Ibanez
& Izquierdo (2010) compared several EMG parameters to assess peripheral fatigue during
dynamic contractions. In that study, new spectral indices (FInsmX) developed by Dimitrov
et al. (2006) were based on discrete wavelet transforms (DWT) and were compared to spectral
parameters, such as mean average voltage, median spectral frequency and ratios between
different scales obtained by DWT. Results showed the newly proposed spectral indices to be
the best for assessing peripheral fatigue, both in correlation with the power output changes
and in their regression. These new spectral indices have also been shown to be a useful tool
in detecting changes in muscle power output in fatiguing dynamic contractions, and they can
be used as predictors of changes in muscle power output (Gonzalez-Izal, Rodriguez-Carreno,
Malanda, Mallor-Gimenez, Navarro-Amezqueta, Gorostiaga & Izquierdo, 2010).
Detecting muscle fatigue in an automated system requires a real-time measurement of changes
in localised muscle fatigue. Stulen & De Luca (1982) developed a muscle fatigue monitor,
which was a non-invasive device measuring localised muscle fatigue by spectral compression
calculating median frequencies and two other parameters of the spectrum. This study used
the MDF, which the author states is a more reliable analysis feature than other traditional
parameters, e.g. mean or mode frequencies. Kramer et al. (1987) proposed a robust and
relatively reliable parameter of fatigue that could be calculated off-line from computed,
real-time sEMG data obtained from a simple analogue device. Wavelet coefficients can be
used in non-stationary and time-varying signal processing, hence they have been applied in
the assessment of localised muscle fatigue for both static and dynamic contractions using
sEMG signals. The amplitude of approximation coefficients coincide with muscle fatigue
development. Moshou et al. (2005) proposed a method for automating the detection of
muscle fatigue by using NNs, where a two-dimensional self-organising map visualises the
approximation of wavelet coefficients, enabling the visualisation of the onset of fatigue over
time, and thus separating the EMG signal from fresh and fatigued muscles. Tepavac &
Schwirtlich (1997) developed a technique which utilises the processed sEMG signal as an
activation signal that changes the pattern to control a functional electrical stimulation (FES)
system. Their technique is able to notify the user that a rapid drop in the muscle force is
approaching, providing the capability of a simple on-off fatigue detection in FES applications.
In the development of this technique the authors used seven different sEMG parameters,
however the best relationship was established between the MDF and force changes, which
were the parameters used to determine the prediction of the onset of fatigue and detection of
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fatigue. This is an interesting technique although it is not performed in autonomous, real-time
system.

1.5 sEMG signal analysis and feature characterisation
Feature extraction is used in pattern recognition, being a form of dimensionality reduction
(Samet, 2006). This method is used for transforming input data to a certain set of features
which will extract the relevant information from that data. sEMG signals can be analysed to
detect muscle fatigue by examining the changes in EMG measurements. Studies on sEMG
show that an increase in EMG signal amplitude or shifts in the spectrogram are indicators of
muscle fatigue in static contractions (Chaffin, 1973; De Luca, 1997; Duchene & Goubel, 1993;
Kadefors et al., 1968; Lindstrom et al., 1977; Marras, 1990). Hagberg (1981) established that
significant changes in the sEMG signal indicate muscle fatigue. Studies on muscle fatigue
during isometric contraction have established typical sEMG readings when conducted in
controlled settings. Changes in sEMG amplitude and centre frequency were studied by
Petrofsky et al. (1982), who found a decrease in the centre frequency of the spectrogram for all
muscle groups. It has also been shown that a development in muscle fatigue correlates with
changes in amplitude and MDF (Hagberg, 1981). A variety of parameters have been used
to investigate sEMG signals to determine muscle fatigue; however it is common to study the
signal in terms of its frequency at a certain time, in both the time and time-frequency domains.
Table 1 categorized the papers according to the feature extraction methods used by authors.

Feature extraction method Refrence ID
RMS (Basmajian & De Luca, 1985; Kumar & Mital, 1996)
STFT (Merletti & Parker, 2004)
Total Band Power (Welch, 1967)
New spectral parameter FI 1 to FI 5 (Dimitrov et al., 2006)
PSD (Ortengren et al., 1975)
MDF (Kumar & Mital, 1996)
IMDF (Asghari Oskœi et al., 2008; Roy et al., 1998)
Cohen class transformations (Cohen, 1995; Raez et al., 2006; Ricamato et al., 1992)
Gabor Transform (Gabor, 1946)
Wavelet analysis (Kumar et al., 2003; Laterza & Olmo, 1997)
Autogression analysis (Graupe & Cline, 1975; Kim et al., 2005; Tohru, 1992)
Entropy (Jaynes, 1957; Sung et al., 2008)
Recurrence Quantification Analysis (Filligoi et al., 2010; Morana et al., 2009)
HOS (Hussain et al., 2008; Kanosue et al., 1979)
Composite Features (Boostani & Moradi, 2003; Hudgins et al., 1993; Phinyomark et al., 2009)

Table 1. Signal analysis and feature characteristics

1.5.1 Time domain and frequency domain analysis
A signal is acquired, and in some circumstances, analysed, in the time domain where the
signal amplitude/voltage is represented as a function of time. However, for many analysis
techniques, it is the frequency of the signal that is of greater value, and consequently the
signal should be analysed in the frequency-domain, whereby the signal undergoes a Fourier
transform so that it is represented as a function of frequency, rather than time.
Both the average rectified value, which measures the average of the absolute signal value,
and the RMS, which is a measure of the signal power (Kumar & Mital, 1996), are used in the
analysis of the raw EMG signal in the time domain. The RMS of the EMG signal calculates the
square root of the average power of the raw EMG signal over a specific time period (Basmajian
& De Luca, 1985). De Luca’s group acknowledged both the average rectified value and RMS
as appropriate analysis methods, however, several authors prefer the RMS (De Luca, 1997;
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Merletti et al., 2003), since it can be used to obtain a moving average (Basmajian & De Luca,
1985). The moving average approach is used for processing raw EMG signals from dynamic
contractions, as it identifies the rapid changes in the muscle activity during such contractions
by using short duration sampling windows (Payton & Bartlett, 2008). Merletti et al. (2003)
suggested that EMG analysis of dynamic contractions can make use of another processing
method, the ‘linear envelope’, which uses a low pass filter to smooth the rectified EMG.
When a signal crosses the zero amplitude line, it is said to have made a ‘zero-crossing’. When
applied to sEMG data, the general idea is that an active muscle will produce more AP, and
hence generate more zero crossings. However, at the onset of fatigue, the zero crossing
rate drops dramatically due to the reduced conduction of electrical current in the muscle.
Therefore zero-crossings are counted using geometric calculations to give an indication of the
muscle status.
The total band power (TBP) of the sEMG signal can be estimated using the method by Welch
(1967). This method has been used previously in several sEMG fatigue analyses (Cifrek et al.,
2009; Helal et al., 1992) and has proved to be useful in quantifying the power of the EMG
signals.
The frequency content of a signal can be determined by performing a Fourier transform to
reveal its individual frequency components. The fast Fourier transform (FFT), a method for
calculating the discrete Fourier transform, is suitable for use in stationary signals. EMG
signals, which are non-stationary, should be represented in both the time and frequency
domains. Therefore, the STFT, which analyses a small temporal section of the signal, can
be used to determine the frequency and phase evolution of the EMG signal over time.
The time and frequency resolution depend upon the sampling rate and the temporal length of
the signal section. Due to the inverse relationship between time and frequency in the Fourier
transform, it follows that the higher the time resolution the lower the frequency resolution
will be and vice versa (Merletti & Parker, 2004). The spectogram of the signal is the squared
magnitude of the STFT.
Dimitrov et al. (2006) proposed a new spectral parameter with higher sensitivity than
traditional indices for both dynamic and isometric contractions, which is a valid and reliable
tool for the assessment of muscle fatigue. The parameter used the FFT to calculate ratios
between different spectral moments measured over the power spectral density.
Following an FFT, this parameter represents the ratio between the low- and
high-order spectral moments of the EMG power spectrum. Gonzalez-Izal, Malanda,
Navarro-Amezqueta, Gorostiaga, Mallor, Ibanez & Izquierdo (2010) used this index to
measure the changes in muscle power during a high-intensity dynamic protocol, and
compared it to other frequency and amplitude parameters. It was found that the logarithm of
this index detects the changes most accurately by assessing peripheral impairments.
EMG signals can be analysed in the time-domain using the PSD to describe how the power
of a signal is distributed among its frequency components. Significant changes in the power
spectrum indicate muscle fatigue (Ortengren et al., 1975), such that after fatigue onset the
PSD is increased in the low frequency components and decreased in the higher frequency
components.
Two of the most common frequency-dependent features in sEMG analysis are the MF and
MDF. The MF is “the average frequency of the power spectrum and is defined as its first-order
moment” (Asghari Oskœi et al., 2008), while the MDF is an index used in studies of spectral
shifts and can be defined as “the frequency which divides the power spectrum in two parts
with equal areas” (Kumar & Mital, 1996, p. 170). The power spectrum represents the MDF
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of the power, based on a continuous spectrum distribution. Hagberg (1981) stated that if
the MDF decreases along with as the sEMG signal amplitude increases, which is a strong
indication of fatigue.
The spectral frequency can be redefined to represent the non-stationary nature of the signal,
or the instantaneous frequency, of the frequency content of the signal (Karlsson et al., 1999).
The instantaneous median frequency (IMDF) was introduced by Roy et al. (1998). Studies by
Asghari Oskœi et al. (2008) concluded that a significant decline in the IMDF of the signal
is a significant manifestation of fatigue occurrence. In addition, Georgakis et al. (2003)
demonstrated that the average instantaneous frequency is superior to the mean and median
frequencies for the analysis of muscle fatigue during sustained contractions.
Some analysis methodologies use both the time and frequency domains to analyse the
EMG signal. For example, the Cohen class transformation, a time-frequency representation
applied in biomedical signal processing, is well-suited for analysis of signals from dynamic
contractions. It is a distribution function introduced by Cohen (1995) using bilinear
transformations, giving clearer results than the STFT. However, due to its use of bilinear
transformations, the Cohen class is affected by cross-term contamination in its analysis
of several functions, which can be avoided using window functions. The Wigner-Ville
distribution function (WVD), proposed by Wigner in 1936 (Raez et al., 2006), was first used
for corrections to classical statistical mechanics, however, it is also applicable as a transform
in time-frequency analysis. This transform has higher clarity than the STFT and has more
properties than most other time-frequency transforms, using all available information in the
EMG signal. In 1948 Ville revised this function into a quadratic representation of the local
time-frequency energy of a signal (Raez et al., 2006). It was discovered by Ricamato et al.
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continuous wavelet transform resulted in a more precise estimation of EMG signals when
applying various time-scale methods to analyse sEMG signals.

1.5.2 Wavelet analysis
By using a wavelet function (WF), the wavelet transform (WT) decomposes a signal into
numerous multi-resolution components (Kleissen et al., 1998; Laterza & Olmo, 1997). It is
used to detect and characterise the short time component within a non-stationary signal,
providing information regarding the signal’s time-frequency. The WF, being both dilated and
translated in time and a linear function which does not suffer from cross-terms, undertakes a
two-dimensional cross correlation with the time domain sEMG signal, making it an excellent
alternative to other time-frequency parameters (Laterza & Olmo, 1997).
There are a number of so-called ‘mother wavelets’ that can be used for signal decomposition,
including Symm-let, Coiflet, Haar, Morlet, Daubechies and Mexican Hat (Kumar et al., 2003).
To select the most appropriate mother wavelet for a specific application and signal type, the
properties of the WF and the characteristic of the signal should to be analysed and matched.
Certain wavelets have somewhat established guidelines for their use, e.g., Db4 is said to be
suited for signals using feature extractions and linear approximation with more than four
samples, while Db6 is suited for signals that are approximated by a quadratic function over
the support of six and finally coiflet6 is better suited for data compression results (Walker,
2000).
Guglielminotti & Merletti (1992) hypothesised that if the wavelet analysis is selected to fit
with the shape of the MUAP, the WT would give the best energy location in a time-scale.
Kumar et al. (2003) stated that the STFT does not give an optimal time or frequency resolution
for the non-stationary signal, although the relatively short time windows may trace spectral
variations with time. The WT, comprised of numerous WFs, can be used to decompose the
sEMG signal. The output of the power transform domain is calculated and thus functions
as a deciding parameter in selecting the most appropriate WF to give the highest contrast
between sEMG cases. It has been shown that it is possible to detect muscle fatigue status by
determining the Sym4 or Sym5 WFs and decomposing the signal at levels 8 and 9 (out of 10
levels). Kumar et al. (2003) discussed the effectiveness of decomposing the sEMG signal to
measure its power in order to identify muscle fatigue as an automated process.

1.5.3 Autoregression analysis
Regression statistics is used to determine the relationship between an independent variable or
variables and a dependent variable. An autoregressive (AR) model is a random process used
in statistics and signal processing to model and predict natural phenomena. Graupe & Cline
(1975) developed the AR moving average (ARMA) model to represent EMG signals, where
the signals were split into short time intervals and the signal was considered to be stationary.
However, Sherif (1980) replaced this model by a model using the AR integrated moving
average (ARIMA) model, to be used on the non-stationary EMG signals. Hefftner et al. (1988)
exploited the computational speed of the AR model for EMG feature discrimination.
Kim et al. (2005) measured fatigue in the trunk muscle using the first AR model, and
concluded that the model was capable of assessing fatigue in static exercises, being sufficiently
sensitive to detect fatigue at low force levels. Several authors have revised the AR parameters,
adding a non-linear element (ARMA) (Bernatos et al., 1986) and a non-stationary identifier
(Moser & Graupe, 1989). However, the ARIMA model is complex with a high computational
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cost and Tohru (1992) argued that more accurate models (ARMA and ARIMA) are not needed
for studies on dynamic contractions.

1.5.4 Entropy
Entropy is a function that can be used in various fields, such as thermodynamics,
communication and computer science. In physics, entropy is a statistical measure of disorder
in a system, representing the probability that a certain outcome exists, while in information
theory the basis of entropy relates to the randomness in a signal or in a random event
(Jaynes, 1957). This is also applicable to a general probability distribution, rather than a
discrete-valued event. Sung et al. (2008) argue that entropic measures reveal part of the sEMG
signals that are not included in the power spectrum, and can be a useful tool in detecting
muscle fatigue in gender differences.

1.5.5 Recurrence quantification analysis
Recurrence quantification analysis, a method of nonlinear data analysis which is used for
the investigation of dynamical systems, is highly effective in detecting changes in the sEMG
signal and is almost equivalent to the frequency domain analysis of the signal in non-isometric
contractions (Filligoi et al., 2010). Morana et al. (2009) recently used recurrence quantification
analysis in a study of muscle fatigue and stated that this method can be used to detect
peripheral muscle fatigue.

1.5.6 Higher-order statistics
Higher-order statistics (HOS), a technique based on probability theory, characterises and
analyses the nature of a random process, making it appropriate for use in the random
time series produced by EMG signals. Due to the nature of the EMG signals, in particular
when fatigue components are present in the signal, HOS will give more insight in terms
of analysing the complexity of the EMG signal. In muscle fatigue HOS is used due to the
increasing complexity of the EMG signal, the second order HOS (and higher orders) are used
to detect non-gussian/non-linear properties of the signal. This is particularly useful method
in muscle fatigue studies, which is an alternative of using the Gaussian/linear processes, such
as the power spectrum of a signal giving the distribution of power among signal frequency.
Moments and cumulants define the HOS of a signal. When analysing deterministic signals,
moments are of great importance, while cumulants are useful for stochastic type signals
(Gündoğdu et al., 2006). It has been used in sEMG studies to estimate the amplitude and
the number of new MUAPs, as proposed by Kanosue et al. (1979). Several authors have
studied HOS in sEMG signal processing, in particular testing it for Gaussianity and linearity,
coherence and coupling of the signal. Their findings showed that during contractions at low-
and high-force activity, HOS features are non Gaussian, while during the mid-level force the
distribution is maximally Gaussian (Hussain et al., 2008; Raez et al., 2006; Shahid, 2007). HOS
is also used to suppress Gaussian white noise in the sEMG signal (Hussain et al., 2008).

1.5.7 Composite features
The term ‘composite features’ relates to the use of a combination of common features to
develop a new feature that aids in the analysis of sEMG signals. MacIsaac et al. (2006)
presented a mapping function that maps segments of multiple myoelectrical signals for
fatigue estimation of dynamic contractions, where the inputs are time domain features. This
function is tuned by ANNs and is capable of use in real-time applications. Results show
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that this function better maps the sEMG signals than either the MF or the IMDF for different
conditions.
Although combining features is a fairly new approach in the field of localised muscle fatigue
research, there has already been work on multiple features utilised for myoelectric control
of prosthetics. The concept of multiple features was introduced to overcome the stochastic
nature of the the EMG signal, which makes it difficult for only one parameter to reflect the
uniqueness of the EMG signal to a motion command. Hence various features are used for
extraction at different times of the signal. Hudgins et al. (1993) used this method first for
time domain features, such as mean absolute value, mean absolute value slope, wavelength
form, zero crossings and slope sign changes, which were then classified using an ANN. This
new method of control increased the number of prosthetic functions which can be controlled
by a single channel of myoelectric signal without the amputee having to increase his/her
effort. Other researchers have also applied this multiple function technique. Phinyomark
et al. (2009) calculated two novel features by modifying the mean and median frequencies.
Instead of calculating the power spectrum, they calculated the mean and median of the
amplitude spectrum (MMNF). Then they used a combination of the MMNF, a histogram
of EMG and Willison amplitude as a feature vector in a classification task, giving a better
classification recognition result of the EMG in noisy environment than other features. Boostani
& Moradi (2003) aimed at selecting the best features which would give a high rate of motion
classification for controlling an artificial hand. Nineteen EMG signal features were taken into
account, including combining the WT with other signal processing techniques. The results
of this study showed that the best features for motion classification were wavelet coefficients
of EMG signals in nine scales, and the cepstrum coefficients. Although the above-mentioned
studies do not investigate muscle fatigue per se, they all use a combination of features of the
EMG signal to improve the classification outcome.

2. Feature selection

Feature selection is an important process that ensures that the selected features contain
class related information, since most features do not hold such information. In machine
learning and statistics, as well as pattern recognition and data mining, feature selection is
a technique whereby a subset of relevant features is selected from the data, which is then
applied in a learning algorithm (Sewell, 2010). Feature selection typically creates a model
that facilitates the generalisation of the unseen dimensions and may substantially enhance the
comprehension of the classifier model which is produced (Kim & Street, 2010). In supervised
learning, which has been thoroughly investigated, the aim is to select a feature subset which
produces high classification accuracy (Kim & Street, 2010). However, for unsupervised
learning the goal is to identify an optimal subset that produces high quality clusters for a
set number of clusters. There are two main types of feature selection: the wrapper approach
and the filter approach.

2.1 The wrapper approach
The wrapper approach uses a classification method to evaluate the most optimal feature or
feature sub-set. This model, often used in machine learning, is excellent for improving the
performance of the classifier due to using the same bias for both the feature selection and the
learning of the classifier (Kohavi & John, 1997). The wrapper method searches for the optimal
feature subset or a near-optimal subset that will best suit a certain algorithm and a domain,
and it differs from other approaches as the measure of relevance is defined as the accuracy
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obtained by nonlinear regression (Kohavi & John, 1997). The wrapper approach goes through
two phases (Liu & Motoda, 1998). In the first phase, which is the feature sub-set selection, the
best sub-set is selected based on the classifier’s accuracy. It is only the optimal features with
highest accuracy which is kept for use in the second phase. Learning and testing is the second
phase, where a classifier learns and trains from the optimal sub-set and then tests it on the test
data to obtain its predictive accuracy. Cross-validation is then used to estimate the accuracy
as the accuracy of the training data may not ensure accuracy in the testing data. Although
cross-validation may help in the difficult task of estimating the true accuracy, it will lengthen
the process of feature selection. Other disadvantages of the wrapper approach is linked to
being unable to handle great sizes of data and to the limitation in choice of classifiers (Liu &
Motoda, 1998). As the classifier is rebuilt for each feature sub-set in the first phase it eliminates
the use of classifiers which requires great computational resources.

2.2 The filter approach
The filtering approach has been linked to data mining, when a classifier cannot be directly
linked with the data set and where the aim is data reduction (Liu & Motoda, 1998). In this
model the relevance measure is defined independently from the learning algorithm. In the
filtering approach the subset selection procedure is like a preprocessing step (Kojadinovic
& Wottka, 2000). Even this model consists of two phases. Firstly, the feature selection
uses separation index or other measures such as distance, dependency, consistency and
information to get the best feature sub-set. Secondly, the classifiers learns from the training
data set and tests it on the testing data set. This model can handle huge data sets due to the
feature selection process in phase one, which is a less complex and time consuming method.
The filter approach also tend to be much faster and cheaper than the wrapper approach,
however, the disadvantage is that the best subset of variables may not be independent of the
representational biases of the algorithm used in the learning phase (Kojadinovic & Wottka,
2000).
In research on localised muscle fatigue, feature selection is used to facilitate the pattern
recognition and classification of the features analysing the sEMG signals (Tamil et al., 2008;
Yan et al., 2008). Various methods have been applied in this process, however, the DBI for
measuring clustering selection is commonly used for EMG pattern recognition (Huang &
Chen, 1999; Petrofsky, 1981; Wang et al., 2004)
Clustering is generally considered as an unsupervised algorithm for grouping a
heterogeneous population into a set of homogeneous classes. However, this strategy does
not always ensure grouping similar classes together.

2.2.1 Davies-Bouldin index
Cluster validity is an important measurement of how well clusters are related to other
clusters generated by clustering algorithms. In most applications the clustering result needs
validation. The number of clusters is determined as a user parameter in the majority of
clustering algorithms. There are many methods of finding the best number of clusters,
however Davies & Bouldin (1979) developed the Davies-Bouldin index (DBI), which measures
the ratio of the sum of within-cluster scatter to between-cluster separation, so that it uses both
the clusters and their sample means. The DBI evaluates the cluster quality by utilising the
average error of each class, serving as a measure of cluster quality by calculating the distance
of the cluster members to the cluster centroids and the distances between the cluster centroids.
In the DBI small values indicate that clusters are compact with their centres far apart. Hence,
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the optimal number of clusters is considered as the number that minimises the DBI. The
formulation of the modified DBI proposed by Sepulveda et al. (2004) can be used to measure
cluster quality. For data based on real numbers, the DBI always yields a real value ≥ 0. The
DBI is a measure of the standard deviation of the signal. A small DBI indicates well separated
and grouped clusters, which means that the lower the DBI the more separable are the classes.
There are several methods to measure cluster quality, but the DBI has been applied in research
on muscle fatigue (Boostani & Moradi, 2003). The DBI is related to the performance of the
linear Fisher discriminant classifier to pairwise clusters.

3. Classification methods

Classification methods, used in statistics and computational problem solving, are supervised
machine learning procedures where individuals are grouped according to their characteristics,
which can also be called traits, variables, characters, etc. This method bases its training
set on previously labelled individuals. There are many ways of classifying a signal. Signal
classification methods can be in continuous time or discrete time, analog or digital, periodic
or aperiodic, finite or infinite, and deterministic or random. Discrete/continuous classification
is determined by whether the signal is countable (discrete) or continuous.
There are numerous ways to classify the sEMG signals, although the non-stationary nature
of the signals make classification more complicated (Khezri & Jahed, 2007). A number of
classification methods used for sEMG fatigue related signals are described below.
One common method for sEMG classification is to measure the Euclidean distance between
the waveform of an MUAP; where a shimmer is generated in the representation of
time-triggered and non-overlapping MUAPs (Raez et al., 2006). The shimmer is influenced by
external factors, such as background noise and noise from offsets. In addition, the shimmer
of the MUAP is affected by the variance within a class as well as the distance between the
classes.
Christodoulou & Pattichis (1995) suggested using an ANN as a classification method, which
can be implemented in three phases. The first phase is unsupervised learning, which is built
on competitive learning and on a one-dimensional self-organising feature map. In the second
phase the learning vector is quantified, which is a self-supervised learning method which aids
classification performance. Finally, the third phase is that of classification. The fuzzy approach
has been compared with the ANN method on four subjects, and very similar classification
results were obtained. It is superior to the latter in at least three points: slightly higher
recognition rate, insensitivity to over-training and consistent outputs demonstrating higher
reliability (Chan et al., 2000). Table 2 categorized some papers according to the classification
methods used by authors.

Classification method Refrence ID
GP (Holland, 1975; Koza, 1994; Poli et al., 2008)
GA (Koza, 1994; Michalewicz, 1996; Raikova & Aladjov, 2002; Wang, Yan, Hu, Xie & Wang, 2006)
ANN (Bishop, 1995; Xie et al., 2010; 2009)
Fuzzy systems (Chan et al., 2000; Kiryu & Yamashita, 2007; Takagi & Sugeno, 1985)
LDA (Balakrishnama & Ganapathiraju, 2010; Fisher, 1936)
Support Vector Machine (Gunn, 1998; Hsu et al., 2003)
One Clause at a Time (Torvik et al., 1999)
Cross validation (Kohavi, 1995; McLachlan et al., 2004)
Confusion matrix (Kohavi & Provost, 1998)

Table 2. Classification Methods

170 EMG Methods for Evaluating Muscle and Nerve Function



14 Will-be-set-by-IN-TECH

the optimal number of clusters is considered as the number that minimises the DBI. The
formulation of the modified DBI proposed by Sepulveda et al. (2004) can be used to measure
cluster quality. For data based on real numbers, the DBI always yields a real value ≥ 0. The
DBI is a measure of the standard deviation of the signal. A small DBI indicates well separated
and grouped clusters, which means that the lower the DBI the more separable are the classes.
There are several methods to measure cluster quality, but the DBI has been applied in research
on muscle fatigue (Boostani & Moradi, 2003). The DBI is related to the performance of the
linear Fisher discriminant classifier to pairwise clusters.

3. Classification methods

Classification methods, used in statistics and computational problem solving, are supervised
machine learning procedures where individuals are grouped according to their characteristics,
which can also be called traits, variables, characters, etc. This method bases its training
set on previously labelled individuals. There are many ways of classifying a signal. Signal
classification methods can be in continuous time or discrete time, analog or digital, periodic
or aperiodic, finite or infinite, and deterministic or random. Discrete/continuous classification
is determined by whether the signal is countable (discrete) or continuous.
There are numerous ways to classify the sEMG signals, although the non-stationary nature
of the signals make classification more complicated (Khezri & Jahed, 2007). A number of
classification methods used for sEMG fatigue related signals are described below.
One common method for sEMG classification is to measure the Euclidean distance between
the waveform of an MUAP; where a shimmer is generated in the representation of
time-triggered and non-overlapping MUAPs (Raez et al., 2006). The shimmer is influenced by
external factors, such as background noise and noise from offsets. In addition, the shimmer
of the MUAP is affected by the variance within a class as well as the distance between the
classes.
Christodoulou & Pattichis (1995) suggested using an ANN as a classification method, which
can be implemented in three phases. The first phase is unsupervised learning, which is built
on competitive learning and on a one-dimensional self-organising feature map. In the second
phase the learning vector is quantified, which is a self-supervised learning method which aids
classification performance. Finally, the third phase is that of classification. The fuzzy approach
has been compared with the ANN method on four subjects, and very similar classification
results were obtained. It is superior to the latter in at least three points: slightly higher
recognition rate, insensitivity to over-training and consistent outputs demonstrating higher
reliability (Chan et al., 2000). Table 2 categorized some papers according to the classification
methods used by authors.

Classification method Refrence ID
GP (Holland, 1975; Koza, 1994; Poli et al., 2008)
GA (Koza, 1994; Michalewicz, 1996; Raikova & Aladjov, 2002; Wang, Yan, Hu, Xie & Wang, 2006)
ANN (Bishop, 1995; Xie et al., 2010; 2009)
Fuzzy systems (Chan et al., 2000; Kiryu & Yamashita, 2007; Takagi & Sugeno, 1985)
LDA (Balakrishnama & Ganapathiraju, 2010; Fisher, 1936)
Support Vector Machine (Gunn, 1998; Hsu et al., 2003)
One Clause at a Time (Torvik et al., 1999)
Cross validation (Kohavi, 1995; McLachlan et al., 2004)
Confusion matrix (Kohavi & Provost, 1998)

Table 2. Classification Methods

170 EMG Methods for Evaluating Muscle and Nerve Function sEMG Techniques to Detect and Predict Localised Muscle Fatigue 15

3.1 Evolutionary computation
Genetic programming (GP), which implements a learning engine based on Darwin’s theory
of the natural selection of the fittest, was founded by Koza (1994). GP is based on the
concept of evolutionary algorithms introduced in 1954 by Nils Aall Barricelli, who applied
it to evolutionary simulations. GP optimises a computer program in order to solve tasks
and creates computer programs as part of the solution (Holland, 1975). The optimal
program (fittest) is selected from three standard genetic operators (crossover, mutation
and reproduction), which modify the GP’s structure and create new (and often improved)
offspring (generations) (Michalewicz, 1996). GP is closely related to genetic algorithms (GAs)
(Holland, 1975), however, GP actually creates computer programs as part of the solution. GP
uses a tree structure to represent the computer programs it produces and reproduces when
a genetic program is run (Koza, 1994). The tree structures represent the population and the
new generations which are created and is similar in construction (and appearance) to what is
commonly known as a family tree. Setting a maximum tree depth avoids excessive growth of
(tree-based) individuals during the evolutionary process (Koza, 1994). GAs and GPs also work
according to the strategy of the survival of the fittest, this time searching the solution space
of a function. GAs have proved to be a useful means to solve linear and nonlinear problems,
where the areas of the state space are explored through mutation, crossover and selection
operations applied to individuals in the population (Michalewicz, 1996). GAs and GP use the
determination of six fundamental components: solution representation, selection function,
genetic operators, initialisation, termination and a fitness function. This will be explained in
the following sub-sections.

3.1.1 Solution representation
In order to describe each individual in the population of interest, GAs us a chromosome (or
individual) representation in which each individual is made up of a sequence of genes. This
scheme decides which genetic operators it should use, in addition to determining the structure
of the problem (Houck et al., 1996). Each individual consists of a sequence of genes from a
specific alphabet. Binary digits, floating point numbers, integers, symbols etc. can make up
the alphabet. In this thesis, GAs are utilised that use an alphabet consisting of floating point
numbers. Research shows that better solutions are produced with a more natural problem
representation, and it is also more efficient (Michalewicz, 1996). Hence, bounded floating
point numbers are a useful representation of individuals for function optimisation.

3.1.2 Selection function
In a GA, individuals are selected to produce successive generations. The selection is based
upon the fitness of an individual, where the fittest individuals have an increased probability
of being selected and any individual can be selected more than once (Nordin & Banzhaf, 1996).

3.1.3 Genetic operator
Genetic operators are the basis for the search mechanism of GAs. Based on present solutions in
the population, the operators are utilised to establish new solutions. The two main operators
are crossover and mutation. Crossover uses two of the existing individuals to reproduce
two new individuals, while mutation randomly changes the genes in one individual to get
a single new solution (Michalewicz, 1996). A reproduction operator selects a parent based
on its fitness and creates identical copies of that parent in the next generation (Koza, 1994).
There are several options for applying genetic operators to a multi-tree representation. It
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is possible to apply a particular operator that is selected to all trees within an individual.
Another possibility is to iterate over the trees in an individual and select a potentially different
operator for each. Finally it is possible to constrain crossover to occur only between trees at the
same position in the two parents or it was possible to let evolution freely crossover different
trees within the representation.

3.1.4 GA Initialisation and GA termination
An initial population must be provided for the GA and it is common for it to be randomly
generated. Since GAs have the ability to produce exciting solutions, the initial population may
sometimes be seeded with specifically chosen individuals amongst the otherwise randomly
generated individuals. To obtain a termination the GA goes from generation to generation
to select parents and reproduce offspring, which then go on to become the next generation
of parents (Houck et al., 1996). One possible termination strategy is to use the population
convergence criteria, where most of the whole population is forced to converge to a single
solution. However, the most popular termination strategy is to decide on a specified
maximum number of generations.

3.1.5 Fitness function
The fitness function is an important concept of GAs as this is the indicator for how well a
generated solution solves a specific problem; it evaluates the quality of the individuals and
guides the evolution to uncover progressively improved solutions during a system run, while
the fitness measure specifies what needs to be done (Koza, 1994). In order to select the best
suited individuals, a fitness measure is determined by the user and the program will measure
the fitness based on a fitness function. The fitness function is objective and quantifies the
optimality in solutions. There are two main classes of fitness functions: one where the fitness
function can mutate and one where it cannot. In order to calculate the fitness the program may
need to run several times with a variety of parameters so that the output can be evaluated
(Garner, 2010); this is termed ‘training’. One common way to represent the fitness is to
measure the difference between the theoretical or ideal value and the actual value, which
means that a low fitness value indicates less error.

3.2 Artificial neural networks
An artificial neural network (ANN), also called neural network (NN), is an information
processing model inspired by how biological neural networks process information (Bishop,
1995). The key element of ANN is its structure, consisting of interconnected groups of
artificial neurons that processes information by a connectionist approach to computation,
solving a specific problem. It is called an artificial neural ‘network’ as the network describes
the basis of the system with inter-connected neurons in various layers. ANNs are adaptable
systems where the structure is changeable depending on internal and external information
flowing through the network in the learning phase, and are capable of modelling complex
relationships. ANNs are used in classification, in particular for pattern recognition, but also
in data processing (e.g. filtering, clustering, blind source separation and compression) as well
as for robotics, and regression analysis.
One of the advantages of ANNs is their ability to find meaning in complicated data (Bishop,
1995). In pattern recognition, where trends are complex and cannot be derived by humans or
linear computer models, they act as an expert analysing the problem. In addition, ANNs have
other capabilities such as creating their own organisation of information given in the training
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phase and learning tasks simply by training experience. ANNs are also a useful method in
real-time operations, where computations are executed in parallel, hence special hardware
devices can be used in order to take advantage of this capability.

3.3 Fuzzy systems
Fuzzy logic, a form of logic that is tolerant to contradictory data, is used in biomedical
signal processing and classification to overcome problems where signals are stochastic and
therefore may be contradictory in nature (Chan et al., 2000). Fuzzy systems can be trained
to identify patterns which are not identifiable by other methods. Fuzzy systems determine
fuzzy operators, which may be unknown, on fuzzy sets, requiring the use of ‘IF-THEN’ rules.
Fuzzy systems are used to model or classify problems with variables and rules that can be
analysed by a human user. A fuzzy classifier is an algorithm that labels objects by class, and
it is argued that the classifier can predict the class label. Kucheva et al. (2000) argued that any
classifier that uses fuzzy logic in its training set can be considered to be a fuzzy classifier. A
fuzzy system has a vector that contains the values of the features for a specific task, and the
system runs a training algorithm and a training data set. Once the system is trained it can
be applied to unseen objects. There are several models of fuzzy classifiers, and the simplest
method is a rule-based approach that works as an ‘IF-THEN’ rule system, where the class
label is the consequent part of the rule. If the consequent part of the rule contains linguistic
values the output will be a soft label with values from the discriminant function. Takagi &
Sugeno (1985) identified a fuzzy classifier where the function is the consequent. This method
also works according to the IF-THEN rule, however, the rule is a regressor over the feature
data space.

3.4 Linear discriminant analysis
Linear discriminant analysis, (LDA), also related to Fisher’s linear discriminant, is a
technique applied in statistics, pattern recognition and machine learning which finds a linear
combination of features for the characterisation or separation of two or more classes. The
result can be used as a linear classifier or for dimensionality reduction in later classification.
This model is closely related to other techniques, e.g. regression analysis, analysis of variance
and principal component analysis, however, in LDA the variance is categorical. LDA can
easily execute cases with unequal within-class frequencies, whose performance is examined
on randomly produced test data (Balakrishnama & Ganapathiraju, 2010). In this method
the ratio of between-class variance to the within-class variance is maximised in any data set,
which ensures optimal separability.
There are two different approaches for the transformation of data sets and classification of
test vectors in the transformed space: class-dependent transformation and class-independent
transformation (Balakrishnama & Ganapathiraju, 2010; Fisher, 1936). The class-dependent
transformation involves maximising the ratio of between-class variance to within-class
variance. The main aim is high class separability, which is obtained by maximising this
ratio. The data sets are transformed independently by the use of two optimising criteria.
The class-independent transformation maximises the ratio of overall variance to within-class
variance. In this method, only one optimising criterion is used to transform the data sets,
which means that data points are transformed regardless of their class identity. In this
approach, each class is considered as a separate class against all other classes. LDA is often
used for the characterisation of two classes. Here the sample set is considered to be a training
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set which will find a good predictor for the second class. The following linear transformation
describes the classification where the LDA maps the data (feature vector) x:

y = wtx + w0, (1)

where w and w0 are determined by maximising the ratio of between-class variance to
within-class variance to guarantee maximal separability. The LDA uses two classes that are
classified at one time:

X ∈
{

Class 1, if y > 0 ,
Class 2, if y < 0 .

(2)

3.5 Support vector machine
A support vector machine (SVM) is essentially a supervised learning method which can be
used in classification and regression. By undergoing training, the SVM uses an algorithm to
develop a model that will predict which category the examples in the training set belongs to.
SVMs are a useful technique of data classification (Gunn, 1998; Hsu et al., 2003).

3.6 One clause at a time
One clause at a time (OCAT) is a classification function developed by Torvik et al.
(1999), where the aim was to create a flexible, but simple prediction function. In their
study on predicting if a muscle is fatigued or rested by investigating the peaks and
characteristics fractile frequencies in the EMG signals, they found, in their comparison with
other classification methods, that OCAT achieved the highest accuracy. Although ANNs
also showed great accuracy they need subjective fine tuning and are complex in their
interpretation. Nevertheless, they acknowledged that the more classical methods might be
more powerful as long as valid assumptions are made, which is why they stated that more
research is needed. This is an interesting but fairly dated approach that attempts to predict
localised muscle fatigue.

3.7 Research on classification of EMG signals
There are several approaches to signal classification, but for EMG signal processing, NNs,
described in section 3.2, have often been suggested. More specifically, the dynamic recurrent
NN, which has two different adaptive parameters using fully interconnected neuron-like units
and which maps the relationship between arm movement and EMG muscle activity, was
proposed by Cheron et al. (1996). Del Boca & Park (1994) suggested ANNs as a suitable
technique for real-time applications of EMG. Their method can precisely identify the features
of the EMG signals, and the EMG features are extracted by Fourier analysis, using a fuzzy
algorithm for clustering. The operations are undertaken in real-time by an FFT performed by
the multipliers in a digital signal processor. The use of fuzzy systems, as described in section
3.3, is also a classification method that has been used in muscle fatigue research as a fatigue
index, showing better results than conventional fatigue indices (Kiryu & Yamashita, 2007).
Xie et al. used a fuzzy approximate entropy analysis of sEMG signals (Xie et al., 2009) and a
cross-fuzzy entropy (Xie et al., 2010) as means by which to assess muscle fatigue.
As mentioned in section 3.1, GP, a specialisation within the field of GAs (Holland, 1975) and
based on Darwin’s theory of evolution, finds the best suited computer program to perform
a set task. Whereas GAs search the space of a function to find an optimum solution, GP
creates computer programs as part of the solution. Raikova & Aladjov (2002) used hierarchical
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genetic algorithms (HGAs) to investigate the motor control for muscle forces during dynamic
conditions. The HGA used genetic operators to find the moments of neural stimulation of all
the MUs, which are the variables in genetic terms, so that the sum of MU twitches fulfills the
set goals. Results showed that HGAs are a well suited method to examine motor control.
Wang, Yan, Hu, Xie & Wang (2006) have carried out several studies on classification of EMG
signals using the wavelet packet method. One such study developed a classification method
for sEMG signals based on discrete harmonic wavelet packet transform (DHWPT). Firstly,
the relative energy of sEMG signals in each frequency band was extracted using DHWPT,
and, secondly, a GA selected appropriate features that reduced the feature dimensionality.
An NN would classify four types of prosthetic movement, utilising the selected features as
the input vectors. This method produced high classification accuracy, in addition to saving
computational time due to the fast algorithm in the DHWPT. In a similar study, Wang, Wang,
Chen & Zhuang (2006) improved this sEMG signal classification method by using an optimal
wavelet packet (OWP) method based on the DBI. Principle component analysis was applied
for a reduction of the feature dimensionality of the outputs of the OWP decomposition. By
using a neural network classifier to discriminate between the classes, the mean classification
accuracy was 93.75%, outperforming the previous method developed by Wang, Yan, Hu, Xie
& Wang (2006). Despite the fact that these two methods are based on EMG classification used
for prosthetic movement, the classification methodologies are inventive and are of interest if
they are applicable to sEMG signal classification of localised muscle fatigue.

3.8 Validation of classification
A statistical method for validation is cross validation, which evaluates how the classification
results are applicable to an independent data set (Kohavi, 1995). Cross validation is based
on an evaluation on the learning algorithm used for the applied classification technique.
In cross validation the data is divided into two parts, out of which one is used for the
training set and the other for the testing set (to validate the applied technique). There are
several cross validation methods, such as repeated random sub-sampling validation, K-fold
cross-validation, k x 2 cross-validation and leave-one-out cross-validation (Kohavi, 1995).
Repeated random sub-sampling validation involves a random separation of the dataset into
training and validation data. In every separation, the model fits the training set and predicts
the outcomes for the data in the testing set (which is unseen). This strengths of this method
are that it does not take long to compute compared to the other models and the proportion of
the data set separation is not dependent upon the iterations (folds), however, some of the data
may never be selected in the validation sub-sample while other data may be selected several
times (Refaeilzadeh et al., 2008). K-fold cross validation partitions the original data set in for
K sub-samples, out of which one subset is used for the validation process and the rest is used
for the training set. This process is repeated K-times (iterations), ensuring that each of the K
sub-samples are only used once in the validation and all of the observations are used for both
training and validation (McLachlan et al., 2004). This is an advantage of this method, while
the disadvantage is that the training algorithm needs to re-run several times, which means
it requires a lot of time before it can make an evaluation. K × 2 cross validation is a variant
of K-field validation, and this method is useful for large data sets, where the user randomly
assign the data into two equal sets. Leave-one-out cross validation involves using a single
observation from the original sample as the validation data, and the remaining observations
as the training data. This is repeated such that each observation in the sample is used once
as the validation data. This is the same as a K-fold cross-validation with K being equal to
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the number of observations in the original sample. Leave-one-out cross validation is also a
method similar to K-fold classification, however, the number of iterations are equal to the
number of data points in the sets, and each observation is used once as the validation data.
This is an expensive method due to the number of times the training process is rerun.

4. Approaches in labeling the sEMG

In labelling the sEMG signal, only the kinematic data (the elbow angle and its standard
deviation) were considered as they are reliable indicators in healthy individuals when
assessing muscle fatigue onset (Barry, 1992; Guo et al., 2008; Herberts et al., 1980; James et al.,
1995; Jarić et al., 1997; Taimela et al., 1999; Tho et al., 1997; Vedsted et al., 2006). The use of the
kinematic variables defines the boundaries (Non-Fatigue, Transition-to-Fatigue and Fatigue)
of the sEMG signal, providing the basis for training the sEMG classifier.
As the onset of muscle fatigue is diffuse, the use of fuzzy-logic classification is appropriate
for setting the boundaries when labelling the sEMG. This study used both a fuzzy classifier to
automate the labelling and human experts to verify the outcome of the fuzzy classifier. The
two main criteria in labelling the sEMG signal are described below using fuzzy logic terms.
The fuzzy classifier had two inputs (elbow angle and its standard deviation) and a single
output. The labelling by the fuzzy classifier was verified by a human expert using Table 3 as
a guide. The changes in the elbow angle and their indication of fatigue is based on a study by
Van Roy et al. (2005). This study claims that changes in the elbow angle of 1.8 +/- 2.9 degrees
in men indicates fatigue.

• Figure 1 indicates the fuzzy set input for the elbow angle provided by the goniometer
(0 to 180◦): Angles of 89◦ and above indicate Non-Fatigue, while angles below 86.5◦
indicate Fatigue. The figure also has a superimposed illustration of a single goniometer
trial signal giving an example of how the fuzzy classifier identifies the boundaries to enable
the labelling of the sEMG signal.

• Figure 2 indicates the fuzzy set input for the arm oscillations (Hristovski et al., 2010) (i.e.,
the standard deviation of the elbow angle), which was also provided by the goniometer:
An increase in the standard deviation of the goniometer signals indicates either low
angular oscillation or high angular oscillation. Calculation of the standard deviation was
performed using a four-second non-overlapping window of the goniometer signal, then
re-sampled to match the original signal size. Further examination of Figure 2, with the
superimposed standard deviation signal, reveals that for this particular signal, at around
110 seconds, which resides at 0.6 standard deviations, the subject underwent the transition
from the class of Non-Fatigue to that of Transition-to-Fatigue and at around 200 seconds
indicates a Fatigue state at 1.0 standard deviations.

As with all fuzzy classifiers, only a single label was chosen as the final output (Slezak et al.,
2005). Table 3 defines the rule base; the rule with the greatest firing strength was selected.
The above fuzzy classifier inputs (elbow angle and amplitude of arm oscillation), when used
in conjunction, were found to assist in finding the boundaries of the classes. Both inputs
were used to define a 6 rule type-1 fuzzy classifier, using both triangular and trapezoidal
antecedents and product inference.
Preliminary tests showed that the average sEMG signal in this data set was comprised
of the muscle fatigue classes in the following estimated proportions: Non-Fatigue 54.5
%; Transition-to-Fatigue 43.18 % and Fatigue 2.32 %. These proportions varied between
participants, with the only common feature being that the relative sizes and order of each
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Fig. 1. The fuzzy set input for the angular position of the elbow.

Fig. 2. The fuzzy set input for the angular oscillation (i.e., elbow angle standard deviation).

IF THEN
Rule Input 1 Input 2 Output

(Elbow angle) (Oscillation)
1 Non-Fatigue Low Non-Fatigue
2 Non-Fatigue High Transition-to-Fatigue
3 Transition-to-Fatigue Low Transition-to-Fatigue
4 Transition-to-Fatigue High Transition-to-Fatigue
5 Fatigue Low Fatigue
6 Fatigue High Fatigue

Table 3. Rule base for signal labelling.

signal component were always the same: Non-Fatigue component > Fatigue component >
Transition-to-Fatigue component. For illustration purposes, Figure 3 shows an outcome of the
labelling process for a single trial.
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Fig. 3. An illustration of the sEMG signal after labelling (Blue=Non-Fatigue,
Green=Transition-to-Fatigue and Red=Fatigue).

5. Conclusion

The defintion of localised muscle fatigue in the current litrutre has diffrent schools of thought,
this chapter brought forward these definition to the reader. The chapter also looked at
current state of the art in detecting, processing and calssification of sEMG for localized
muscle fatigue. The novel concept of a three-phase approach to muscle fatigue(non-fatigue,
transition-to-fatigue, and fatigue) was presented in this chapter.
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1. Introduction 
A transient suppression of muscle activation was produced by electric stimulation to the 
innervating nerve during continued effort. This period of electrical inactivity, designated the 
mixed nerve silent period, results from several physiologic mechanisms (Kimura, 2001). On 
the other hand, the silent period during tonic muscle contraction demonstrated on 
electromyography is due to the rapid voluntary movement during tonic and mild muscle 
contraction (Ikai, 1955) and is elicited by cutaneous electrical stimulation of supplying nerve 
during muscle contraction (Higgins & Lieberman, 1968). In many previous studies about 
silent period, it was generally classified into three categories: (1) the quiet period of bursting 
wave activity on electromyography, recorded before the rapid motion in response to visual, 
auditory, light and/or sound stimulation (Yabe, 1976); (2) a transient suppression of muscle 
activation following electric stimulation of the mixed nerve innervating that muscle during 
continued effort (Kimura, 2001); (3) a pause of the muscle activity following the motor 
potential elicited by cortical magnetic stimulation during voluntary target muscle 
contraction (Calancie et al, 1987). In this study, we used the second category, according to 
which the silent period consists of several waves, including M wave, F wave and Long 
Latency Reflex (LLR).  
The silent period in this article, which classified in the second category, is the duration of the 
inhibitory period of muscle contraction detected on surface electromyography, which is due 
to electrical stimulation at the innervating nerve during tonic muscle contraction (Figure 1). 
We have considered that the silent period of lower extremity is the total circuit time from 
the peripheral nerve stimulus point to the central nervous system (i.e., brainstem or motor 
cortex), because the M wave, F wave and LLR are included in the silent period on evoked 
electromyography. M wave is affected by the conductive condition of peripheral nerve and 
the muscle state (i.e. rest or contraction, length, volume and so on) (Fuglevand et al, 1993, 
Cupido et al, 1992, Behm & St-Pierre, 1997). F wave is influenced by the excitability of the 
spinal motor neuron function (Suzuki et al, 1993). LLR in the lower extremities is affected by 
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the excitability of the spinal cord, brainstem or motor cortex (Roby-Brami & Bussel, 1987, 
Upton et al, 1971, Kuroiwa, 1986). Therefore, it has been thought that a variation of the silent 
period may be able to become an index of the degree of facilitation of the brainstem or 
motor cortex. So, the origin of silent period that we used in this study is thought to be 
influenced by muscle spindle function, afferent inhibited impulse from Golgi tendon organ 
or Ia fiber, recurrent inhibition in the spinal cord, inhibitive mechanism of cerebral cortex 
(Higgins & Lieberman, 1968, Upton et al, 1971, Anastasijevic & Vuco, 1980). And we have 
tried to apply the silent period to clarify the magnitude of facilitation of the brainstem or 
motor cortex in the field of physical therapy. In previous study, we had studied the 
neuromuscular function of healthy subjects in various conditions (i.e. control of degree of 
muscle contraction and alteration of postural condition) with a silent period using an 
electro-physiological method (Daikuya et al, 2003.). Though LLR may be included in silent 
period, LLR was usually distinguished under the supra-maximal stimulation, which was 
used to record the silent period. In addition, if the fluctuation of silent period was large, it 
was thought that it shown the possibility of having arrived in the level where electric 
stimulus differs every stimulus.   
 

 
Fig. 1. Schematic Silent Period. 

While, the state of improvement process after reconstruction of anterior cruciate ligament of 
the knee (ACL), following parameters were usually used as the index of recovery of physical 
function; muscle strength, range of motion (ROM), quality of sports performance, and so on. 
However, it is thought that results of their index and ability or disability of sports 
competition have little correlation, because we have experienced some cases with instability 
and/or a strange sensation of the knee during sports activity, although their muscle strength 
and ROM were good enough. Whereas, we have also experienced some cases without any 
problems, although their muscle strength and ROM were not enough. Therefore, we 
considered that as the index of recovery degree after reconstruction of ACL, only their 
parameters were not sufficient. And, we emphasized the necessity of evaluation of 
neuromuscular function after reconstruction of ACL. So, we had considered the 
neuromuscular function of healthy subjects in various conditions (i.e. control of degree of 
muscle contraction and alteration of postural condition.) with a mixed nerve silent period 
using an electro-physiological method (Daikuya et al, 2003.) and have attempted to apply 
the alteration of silent period aspects for the evaluation of the neuromuscular function of a 
lower extremity after reconstruction of ACL.  
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2. Silent period in healthy subjects; its aspects in relation to strength of tonic 
muscle contraction and postural alteration 
Silent period aspects in healthy subjects were displayed as preliminary findings, which 
demonstrated the tendency of the change of the duration of silent period with an alteration 
of the strength of tonic muscle contraction, and the relationship between the duration of 
silent period and postural change in upper and lower extremity for application in the field 
of sports medicine. 

2.1 Effect of electric stimulating condition on silent period recording 
The effect of electric stimulation on silent period measurement was studied, in non-athlete, 9 
healthy subjects with a mean age of 25.1 years (9 healthy subjects, 18 extremities, 8 males 
and 1 female). The experimental landscape was shown in Figure 2. The silent period was 
recorded from the opponens pollicis muscle under the following 3×3 electric stimulation 
conditions: 0.2Hz, 0.5Hz and 1.0Hz of frequency; 80%, 100% and 120% of intensity in 
maximal amplitude of M-wave. In this article, we defined the silent period as the duration 
from artifact produced by electrical stimulation of the muscle re-bursting on EMG, and the 
silent period was calculated the duration from the artifact due to electrical stimulation to 
reappearance or uninterrupted voluntary tonic muscle activity under the 200 or 500μV/div 
on a screen. The duration of silent period was expressed as the average of the latencies of all 
waves recorded.  
 

 
Fig. 2. Experimental landscape in upper extremity study. 

The results were as follows; when the electric intensity was changed, the duration of silent 
period did not vary significantly. However, the silent period was become clearly with 
increase of intensity of the stimulation (Figure 3) and this mechanism was involved the 
“collision” effect. And more, with a faster frequency of stimulation, the duration of silent 
period became significantly shorter (Table 1). The present findings suggested that in silent 
period measurement, supra-maximal electric stimulation is most suitable. However, for 
frequency of electric stimulation, 1.0Hz stimulation is not suitable because there is the 
possibility that CNS is facilitated by the electric stimulation. 
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Fig. 3. Silent period due to 80% and 120% electric stimulus of intensity evoked the maximal 
amplitude of M-wave.  
The upper shows typical 5 raw waves and the lower demonstrated the overlaid them.When 
the weak stimulus was provided, the starting point of muscle bursting was not clear (part of 
the circle on left figure) compared with providing the strong stimulus (part of the circle on 
right figure). 

 

 
Table 1. Effect of electric stimulating condition on silent period recording.  
Silent period was shortened with increasing stimulation frequency (ANOVA and Tukey: 
p<0.05). 

2.2 Silent period aspects in the strength change of background tonic muscle 
contraction 
2.2.1 Upper extremity 
We studied the silent period and its relation to isometric contraction in 15 healthy subjects, 
who were not athletes. Their mean age was 21.4 years. The silent period was recorded from 
opponens pollicis muscle by electrical stimulation followed by 25%, 50%, 75% and 100% of 
strength of tonic contraction with the maximal voluntary effort (MVE) under following 
conditions: subjects were in supine position at rest. The experimental landscape was also 
shown in Figure 2. Electrical stimulation (intensity: supra-maximal; duration: 0.2ms; 
frequency: 0.5Hz) was administered to median nerve at wrist. Recording electrode was 
placed on the opponens pollicis muscle and the reference electrode was put on the distal 
part of the first proximal phalanx, and samplings were repeated 20 times.  
The acquired typical waveforms were demonstrated on Figure 4. Overall average, dominant 
side average and non-dominant side average in all subjects, the duration of silent period 
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The acquired typical waveforms were demonstrated on Figure 4. Overall average, dominant 
side average and non-dominant side average in all subjects, the duration of silent period 
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showed significant differences in all combinations. In particular, the duration of silent 
period at 75%MVE was shortest (paired t-test; p<0.05, Table 2). This suggests that CNS may 
be more facilitated during 75%MVE of isometric contraction compared to other levels, and 
that the 75% level may be most suitable for preparing some types of movements. 
 

 
Fig. 4. Typical waveforms of silent period in upper extremity study.  
The left figure shows typical 20 raw waves and the right figure demonstrates the overlaid 
them. Silent period on this figure was recorded at 25%MVE (Maximal Voluntary Effort). 

 

 
Table 2. The duration of silent period in the strength change of background tonic muscle 
contraction in upper extremity. 

2.2.2 Lower extremity 
The study was performed on the soleus muscles of 10 healthy non-athletes (20 lower 
extremities of healthy 8 males and 2 females, their mean age 25.2±2.7 years). The silent 
period was recorded from soleus muscle with same conditions of muscle contraction and 
sampling numbers as upper extremity. Subjects were in supine position with the hip and 
knee joints of the recorded side flexed at 45 degrees, and with the ankle joint kept 0 degree 
(Figure 5). Electrical stimulation was administered to tibial nerve at popliteal fossa with 
same condition as upper extremity. Recording electrode was placed on the soleus muscle 
and the reference electrode was put on the ipsilateral Achilles tendon.  
The acquired typical waveforms were demonstrated on Figure 6. Similar to the results of 
upper extremity, the results indicated that the duration of silent period was the shortest 
during 75% of maximal effort (paired t-test; p<0.05, Table 3). It was considered that the 
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supra-spinal inhibition was remarkably released during sub-maximal effort level; in other 
words, CNS was most facilitated during sub-maximal effort. 
 

 
Fig. 5. Experimental landscape in lower extremity study. 

 

 
Fig. 6. Typical waveforms of silent period in lower extremity study.  
The left figure shows typical 20 raw waves and the right figure demonstrates the overlaid 
them. Silent period on this figure was recorded at 25%MVE (Maximal Voluntary Effort). 

 

 
Table 3. The duration of silent period in the strength change of background tonic muscle 
contraction in lower extremity. 
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2.3 Silent period aspects in relation to postural change 
2.3.1 Creeping posture 
We measured the silent period in 10 healthy right-handed subjects (9 males and 1female), 
who were not athletes. Their mean age was 24.9±2.6 (range; 21-31) years and mean height 
was 169.7±7.8 (range; 152-182) cm. The silent period was recorded in the abductor pollicis 
brevis muscles (APB) of the dominant side. The subjects were asked to adapt 3 positions as 
follows in a shielded room. The 3 positions were all fours with bilateral elbows not bent 
(position 1), all fours with bilateral elbows bent at 45 degrees (position 2) and all fours with 
using the only dominant upper extremity (position 3). 
 

 
Fig. 7. Typical waveforms of silent period in relation to creeping posture. 
The left figure shows the schematic three kinds of creeping postures and the right figures 
demonstrates the overlaid waveforms of the silent period on each posture. 

And we confirmed that amplitudes of background EMG of APB were almost same in all 
positions. The silent period was recorded at APB with electrical stimulation of the median 
nerve in each position. The position sequence was randomized, and we let subjects take 
sufficient inter-test intervals to exclude the influence of contraction and electric stimulation 
of the previous test or muscle fatigue. Monopolar electrodes were used to measure surface 
EMG on median nerve stimulation at the wrist, and the sweep lime was 200ms. Electrodes 
were attached to the APB (recording), and the distal part of the proximal phalanx 1 
(reference). The stimulus conditions were as follows; intensity: 1.2 times that which evoked 
maximum M wave, frequency: 0.5Hz, duration: 0.2ms, and number of recordings: 20 limes.  
A representative pattern of the silent period is shown in Figure 7.  
Table 4 summarizes the duration of silent period data in each position. The duration of 
silent period changed with alterations in posture. The duration of silent period in position 3 
was the shortest. This finding indicates that the amount of weight bearing has an effect on 
the silent period and CNS function, because the amount of weight borne by the upper-
extremity was the most in position 3. 
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Table 4. The duration of silent period from APB in the alteration of creeping postures. 
The duration of silent period in position 3 was the shortest. And the one in position 2 is 
shorter than in position 1 and longer than in position 3 (Paired t-test, p<0.05). 

2.3.2 Standing posture 
Subjects were 8 healthy males, with a mean age of 23.5±2.2 (21-27) years and a mean height 
of 170.8±2.4 (167-175) cm. Every subject's dominant leg was the right leg. The silent period 
by single stimulation to tibial nerve at the popliteal fossa was recorded from the dominant 
side soleus and gastrocnemius muscles during ten kinds of standing postures regulated by 
visual information, supporting or not by a finger and a width of base of support (Figure 8). 
And the silent period of each muscle was recorded during above ten kinds of standings 
under the following stimulus and recording conditions. The stimulating condition for  
 

 
Fig. 8. Ten kinds of standing postures. 
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recording the silent period was as follows; intensity of supra-maximum, duration of 0.2ms, 
frequency of 0.5Hz and numbers of 30 times. As to the recording conditions of silent period, 
recording electrodes were placed on soleus and gastrocnemius (lateral head) muscles and 
reference electrode was put on the ipsilateral Achilles tendon. Sweep time on recording was 
200ms. The raw data were amplified with a band pass between 20Hz and 2000Hz and 
averaged 30 times by a Nicolet Viking IIe. The silent period was calculated the duration 
from the artifact due to electrical stimulation to reappearance of uninterrupted voluntary 
tonic muscle activity under the 100μV or 200 μV/div on a screen. The difference of soleus 
and gastrocnemius silent periods was compared with the postural alteration as the ten kinds 
of standings. And a one-way analysis of variance (one-way ANOVA) was used as the 
statistical method to compare the data. 
 

 
Fig. 9. Typical waveform of silent period on natural standing (posture 1). 
Each arrow shows the re-bursting of the muscle activity. Each silent period was calculated 
the duration from starting of a waveform to a point demonstrated by arrow (22 y.o., male. 
Gain of amplitude: 100μⅤ/div, Sweep: 200ms, Averaged: 30 times.). 

Typical wave forms on natural standing of soleus and gastrocnemius silent periods were 
demonstrated on Figure 9. The duration of silent period on each standing was demonstrated 
on the Table 5. Both soleus and gastrocnemius silent periods did not change among 10 kinds 
of standing (One-way ANOVA, F = 1.797, F = 1.786). It is thought that a variation of the 
duration of silent period may reflect the magnitude of facilitation or disinhibition of the 
CNS including spinal, brainstem or motor cortex. As the result of this study in healthy 
persons, it was suggested that the degree of facilitation or disinhibition of CNS related to 
silent period from soleus and gastrocnemius was not different on ten kinds of standings 
regulated by visual information and a width of base of support. 

3. Silent period application in the field of sports medicine - Silent period from 
soleus muscle as an index in a neuro-muscular function after reconstruction 
of anterior cruciate ligament 
To clarify that silent period from soleus muscle may become an index expressed neuro-
muscular function after reconstruction of anterior cruciate ligament (ACL), we studied the 
alteration of silent period from the soleus muscle in the patient with ACL reconstruction. 
Subjects of this study were three patients with anterior cruciate ligament (ACL) 
reconstruction, with two male athletes (case A and B) and one female sport instructor (case 
C). They have consented to be performed an electrophysiological study and to report their  
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Table 5. The duration of silent period on each standing. 

own data in this study. Case A was a college soccer player for competition level. In 
rehabilitation process, he remarkably brought his nonl0Perative side lower extremity into 
the practice of running and cutting. Case B was a high school basketball player for 
competition level. Much instruction was need to alter his incorrect motion image related to 
sports activity on time, when his activity was growing in his rehabilitation process. Both 
case A and B was performed the left side ACL reconstruction immediately after the injury, 
and they reached to competition level in 6 months after operation. Case C was a sports 
instructor, and ACL reconstruction was provided to bilateral knee followed a conservative 
therapy for a few years after ACL tear. Rehabilitation after the operation was focused to 
acquired ability of her daily life, and she had no trouble when she returned to her 
occupation.  
Rehabilitation protocol after ACL reconstruction was following (Figure 10). Hard type knee 
brace have been used for two weeks. Four weeks after, full weight bearing was permitted. 
Following the permission of full weight bearing, such various activities were trained as 
ambulation, jogging, running, cutting, splinting, jumping, and landing and so on with an 
adequate graded acquisition of sports activities. For the time of acquisition of sports 
activities, adequate grading was very important and was emphasized from the point of a 
dynamic energy and/or an Injury mechanism. Concretely, we have set the rehabilitation 
protocol as follows; stepping exercise for all direction and slow and fast stamping without 
sway for up and/or down and left or right were introduced at post eight weeks. From three 
to four months later, jogging and running without neither starting dash nor sudden stop, 
and side step cutting were started. At five months, exercises for jumping and landing were 
introduced. Post six months, which was final stage, following activities were acquired; a 
pursuit, a flight, a hopping and a contact under a therapist's control.  
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Fig. 10. Rehabilitation protocol after reconstruction of ACL. 

Silent period from soleus muscle were recorded at every month after ACL reconstruction 
from post one month after operation (see Table 6). Silent period from soleus muscle were 
evoked by single stimulation to tibial nerve at the popliteal fossa on prone position with a 
tonic slight voluntary contraction of ankle plantar flexion. The stimulating conditions for 
recording the silent period were as follows; Intensity of supra-maximum, duration of 0.2 ms, 
frequency of 0.5 Hz and numbers of 16 times. As to the recording conditions of silent period, 
recording electrodes were placed on soleus muscle (leg medial and 4 or 5cm upper from 
ankle joint) and reference electrode was put on the ipsilateral attachment of Achilles tendon 
(calcaneus). Sweep time on recording was 200 ms. The raw data were amplified with a band 
pass between 20 Hz and 2000 Hz by a Nicolet Viking quest. And we determined a 
coefficient of variation of the duration of silent period in each recording.  
 

 
Table 6. Recording sessions of silent period in Case A, B and C. 
Silent period was recorded for each subject at monthly intervals after ACL reconstruction as 
frequently as possible from one to six months post-surgery.  
All subjects were able to return to sporting competition or her occupation at six months after 
their operations.  (m: months) 
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Acquired raw waveforms, and the duration and the coefficient of variation of silent period 
in every subject were demonstrated in Figure 11-16. With case A, silent period of non-
operative side shortened and a coefficient of variation of silent period increased in time of 2 
months and 4months after the ACL reconstruction. In case B, bilateral silent period had no 
tendency in the mean value, however as for a coefficient of variation of silent period, it was 
little on non-operative side and it was large on operative side. Also, on operative side from 
one month to four months after ACL reconstruction, the fluctuation of silent period became 
large, and after four months it became the same as one of non-operative side. Furthermore, 
from one month after the operation, the long latency reflex (LLR) appeared in silent period  
 

 

 
Fig. 11. Typical waveform of silent periods in Case A (Upper: non-operative side, Lower: 
operative side). 
In non-operative side, a shortening of the duration and an increase in the coefficient of 
variation of the silent period were observed at 2 and 4 months post-surgery, when his 
overuse of the non-operative lower extremity was detected during sporting activity.  
In operative side, no remarkable finding was observed and it was clarified that his neural 
functions related to soleus on the operative side did not change during the course of 
rehabilitation (Arrows show re-bursting points of voluntary muscle activation. The silent 
period was identified by the duration after the arrow). 
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recording, and it became most remarkable in four months and disappeared in six months 
after ACL reconstruction. With case C, remarkable and characteristic finding was not 
obtained in both duration and coefficient of variation of silent period. 
 

 
Fig. 12. The duration and coefficient of variation of silent period in Case A. 
Coefficient of variation of the silent period increased at two and four months after ACL 
reconstruction. 
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Fig. 13. Typical waveform of silent periods in Case B (Upper: non-operative side, Lower: 
operative side). 
In non-operative side, no remarkable finding of the silent period was not observed. 
In operative side, the appearance of LLR was the most clearest at 4 months post-surgery. 
After 4 months was the period when the patient had to re-acquire various activities at a 
higher rate and involved rapid step cutting in various directions. Large silent period 
variations indicated that this activated various neural functions (i.e., polysynaptic reflex on 
spinal and/or supra-spinal nervous system). 
Arrows show re-bursting points of voluntary muscle activation. The silent period was 
identified by the duration after the arrow. 
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Fig. 14. The duration and coefficient of variation of silent period in Case B. 
The large variation in the silent period from one to five months after operation needed to 
activate various neural functions (i.e., polysynaptic reflex on spinal and/or supra-spinal 
nervous system) for ankle plantar flexion in the prone position. 
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Fig. 15. Typical waveform of silent periods in Case C (bilateral reconstruction, Upper: right 
side, Lower: left side). 
No remarkable findings of the silent period were observed on the non-operative side 
(Arrows show re-bursting points of voluntary muscle activation. The silent period was 
identified by the duration after the arrow.) 
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Fig. 16. The duration and coefficient of variation of the silent period in Case C. 
There was no typical finding. 
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From a result of this experiment, non-operative side silent period in case A presented a 
shortening of the duration and an increase of coefficient of variation of silent period when 
we could see his overusing activity of non-operative lower extremity in the sports activity. 
From the results of the shortening of the duration of silent period in case A, following 
speculation about neuro-muscular function of case A was acquired. When his overusing 
activity of non-operative side was observed, the excitability of spinal neural function has 
increased and supra-spinal neural function also has affected by his overuse. In operative 
side of case B, the appearance of LLR and the increase of coefficient of variation of silent 
period in simultaneous period were observed when much guidance was required in order 
to correct motion image in operative side. The appearance of LLR in operative side was 
most remarkably four months after the operation. As for the rehabilitation for the patient 
with ACL reconstruction, from operation to four months later, various activities has to be 
acquired; i.e., from no to full weight-bearing ambulation, squatting, jogging, and cutting. 
Therefore, they have to acquire the various activities rapidly within four months after the 
operation. With case B, his large silent period variation within four months after the 
operation indicated that it needed to activate various neural functions (i.e., polysynaptic 
reflex on spinal and/or supra-spinal nervous system) for ankle plantar flexion on prone 
position, which is easy and simple task. In case C, remarkable problem related to acquire the 
activity of daily life and to return her occupation did not appear, and she did not have any 
clinical findings in silent period. As for this, it was thought that neurological function 
related to silent period from soleus muscle did not affect with ACL reconstruction due to a 
long term conservative therapy and a sequential reconstruction in both side. Like above, it 
has been verified that silent period from soleus muscle has the possibility of reflecting the 
neural function according to recovery situation after the ACL reconstruction from three 
cases findings. Concretely, it has been cleared that silent period can become an index 
expressed neuro-muscular function during a process of acquisition the various activity, the 
motor learning and the adaptation after ACL reconstruction with a recovery state from 
injury and operation. 

4. Conclusion 
4.1 Clinical findings from healthy subject 
From the examination in the healthy person, following findings were existed;  
1. The duration of silent period was changed by strength of tonic muscle contraction. 
2. The duration of silent period was also altered by intensity of muscle contraction of 

remote parts.  
3. The duration of silent period was affected with amount of load of weight to extremity 

including recording muscle. 
4. The duration of silent period was also affected with amount of load of weight to remote 

part. 

4.2 Clinical application of silent period in the field of sports medicine 
About the clinical application of silent period for the evaluation of neuro-muscular function 
in the field of the sports medicine and rehabilitation, we mention like below based on the 
experiment aimed at healthy subjects and its application to the patient with ACL 
reconstruction. 
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4.2 Clinical application of silent period in the field of sports medicine 
About the clinical application of silent period for the evaluation of neuro-muscular function 
in the field of the sports medicine and rehabilitation, we mention like below based on the 
experiment aimed at healthy subjects and its application to the patient with ACL 
reconstruction. 
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The silent period from soleus muscle has become an index expressed neuro-muscular 
function of lower extremity and supra-spinal function in the patient after reconstruction of 
ACL. From the examination in cases after the reconstruction of ACL, following findings 
were existed; 
1. The duration and aspects of silent period have become the proof of observation view of 

case’s sports activity and were able to become the index of the neuro-muscular function 
in the recovery phase after ACL reconstruction. 

2. Silent period can apply to the evaluation of CNS function in the field of sports science, 
because the fluctuation of silent period was useful to search the adequate condition of 
readiness of sports activity and was able to clear the clinical and observational 
impression about athletes’ sports activity. 
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1. Introduction 
1.1 Middle and long latency auditory evoked potentials and their usage in 
fibromyalgia 
FM is a chronic syndrome that occurs predominantly in women and is marked by 
generalized pain, multiple defined tender points, fatigue, disturbed sleep, cognitive 
difficulty, and numerous other somatic complaints. The etiology and pathophysiology of 
FM remain unclear. Despite extensive research, no structural pathology has been identified 
in muscles or other tissues. The general and widespread nature of pain in FM strongly 
suggests the involvement of central mechanisms (Williams et al., 2006). Although 
psychological factors associated with chronic distress appear to be important for the 
development of FM in many patients, abundant evidence now indicates that pain in FM 
reflects abnormal pain processing in the central nervous system (ie. central sensitivity) 
(Herrero JF et al., 2000, Staud R. et al, 2001). Recent research suggested that FM patients 
might have deficiencies in central inhibitory mechanisms, such as diffuse noxious inhibitory 
control or the endogenous pain inhibitory system. Nevertheless, little is yet known about the 
brain mechanisms involved in the processing of nonpainful somatosensory information in 
FM (Monyoto P et al., 2006, Julien N. Et al., 2005). 
Central mechanisms related to pathophysiology and hypervigilance have long been 
discussed for fibromyalgia. Nevertheless, research into this issue has been inconclusive so 
far. Our aim to design this study (Turker et al., 2008) was to determine whether central 
mechanisms played an important role in fibromyalgia via examining brain activity elicited 
by auditory evoked potentials in patients with FM and to assess relationship with clinical 
variables. 
Middle latency evoked potentials (Middle Latency Auditory Evoked Potentials) are 
composed of several components that can be recorded from 10 to 50 msec after stimulus 
onset. The most stable components are Na and Pa, with latencies between 16-30 msec and 
30-45 msec, respectively. Most of the MLAEP complex is thought to originate near the 
auditory cortex, although No, Po and Na may be generated by subcortical structures. 
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1.2 Patients and methods  
33 female patients with a diagnosis of FM and 37 healthy women participated in the study. 
All patients met the American College of Rheumatology (ACR) criteria for FM (Wolfe et al., 
1990).  
Eighteen tender points accepted by the ACR for FM were evaluated. Each tender point was 
rated from 0 point (no pain) to 3 points (most severe pain). The sum of the 18 tender points 
was calculated as the total myalgic score (TMS). Other symptoms of FM were evaluated by 
using the Fibromyalgia Impact Questionaire (FIQ) and Health Assesment Questionary 
(HAQ) (Küçükdeveci et al.,2004,Bennett et al.,2005). The HAQ functional disability index 
was used to assess functional status. The instrument asks 24 questions regarding 8 activities 
of daily living areas. 
The FIQ is a 20-item, self report instrument that measures multiple symptoms, functioning, 
and overall well-being. The first 10 items comprise a physical functioning scale; each item is 
rated on a 3-point Likert-type scale. On items 11 and 12, subjects indicate the days that they 
feel well or miss work because of fibromyalgia symptoms. Items 14 through 20 rate the 
difficulty in performing their job responsibilities, pain, fatigue, morning tiredness, stiffness, 
anxiety, and depression on a 10-cm visual analog scales (VAS). All subscores with the 
exception of the two work-related scores and physical function score were summed to yield 
the total score of fibromyalgia impact, which ranges from 0 (no impact) to 70 (maximum 
impact). Global disease severity was assessed with visual analogue scale (VAS) (0=very 
good, 10=very poor). The Hamilton Rating Scale for Depression and Hamilton Rating Scale 
for Anxiety were used to evaluate the affective condition of patients with FM (Hamilton et 
al., 1967). 
Patients were excluded if they had evidende of traumatic injury, inflammatory rheumatic 
disease, a history of seizure, head trauma, or cerebrovascular disease; a lifetime history of 
pyschosis, or dementia; alcohol or substance dependence; if they received psychiatric 
treatment in the last 3 weeks or if there was a history of auditory impairment.  

1.3 Evoked potentials recording procedure 
All recordings of MLAEPs were performed at Dantec Keypoint. Electrode montage was 
adjusted as active electrode placed on ipsilateral mastoid and reference and ground 
electrodes at Cz and Fz, respectively. Silver surface electrodes were used for reference and 
ground electrodes. A scalp needle electrode was used as active electrode. Alternating clicks 
of 100 μsec duration were used and polarity was adjusted as vertex. The frequency of 
stimulation was 10/sec and the filtering was chosen as 10 Hz–200 Hz. Analysis time (sweep 
length) and sensitivity were 100msec and 0,2 µv/d, respectively. The intensity of the stimuli 
was chosen according to the auditory threshold. The ipsilateral ear was stimulated with an 
intensity of stimulus such as hearing threshold plus 60 DB, while the contralateral ear was 
masked with white noise. Averaging of 1000 signals was performed twice and overlapped 
for each ear. No, Po, Na, Pa, Nb, and Pb were sampled and latencies and amplitudes of each 
potential were determined and compared with age and gender matched controls. MLAEPs 
recordings were performed bilateraly i.e. 30 recordings were performed for patients and 30 
recordings were performed for controls making a total of 60 recordings. No artifact rejection 
was employed. As hearing impairment can alter the MLAEPs, prior to beginning testing, the 
external ear canal was checked with an otoscope to assure that the canal was not blocked by 
cerumen. Patients with hearing problems assessed by otologic tests were excluded. MLAEPs 
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are known to be affected by medications, however all patients were under treatment and 
there was no other way to investigate them. 
Recordings of MLAEPs and LLAEPs (Long latency auditory evoked potentials) were 
performed for both patients and controls, using an active electrode placed on ipsilateral 
mastoid and reference and ground electrodes at Cz and Fz, respectively. Binaural 
stimulation was performed for LLAEPs. No, Po, Na, Pa, Nb, and Pb were sampled for 
MLAEPs. N1, P1, N2 and P2 were sampled for LLAEPs. Latencies and amplitudes of each 
potential were compared with those of controls and correlation between clinical and 
electrophysiological parameters were investigated statistically. Our study was approved by 
the local committee of ethics. 

1.4 Statistical methods 
Statistical evaluation of data was performed via using descriptive statistical methods such as 
mean and standard deviations while student T test was used for quantitative data showing 
normal statistical distribution. Pearson and Spearman’s correlation analysis methods were 
used to investigate the correlation between latencies of MLAEP and clinical parameters. The 
results were evaluated at a confidency interval of 95% and a statistical significancy of p< 
0.05. Comparisons between groups were made using the chi-square test for categorical 
variables. No statistically significant differences were recognized in the comparison of 
demographical data (age, disease duration, education, occupation, education level and 
marital status) between the groups. Clinical measures of patients are shown in table 1. 
 

Clincal parameter Mean SD 
HAQ (0-3) 0,87 0,48 
Number of tender points(11-18) 14,90 4,14 
Total myalgia score 35,09 13,22 
Anxiety score 23,06 9,75 
Depression score 19,15 8,94 
Global disease severity(0-10) 6,72 1,89 
 Mean SD 
FIQ Total (0-70) 51,57  15,08 
Physical function score  (0 – 30) 11,63  5,49 

HAQ: Health Assesment Questionary FIQ: Fibromyalgia Impact Questionaire 

Table 1. Clinical measures of patients. 

1.5 Results 
The latencies of Na, Nb and Pb of MLAEPs in the patient group were statistically longer 
when compared with those of the healthy controls (p<0.05, p<0.01 and  p<0.01 respectively). 
However No, Po and Pa did not show any statistical significant difference between the 
groups (Student t test). Latency of Na had statistically significant positive correlations with 
disease duration, FIQ total score, physical score and number of tender points (p<0.05). 
Latency of Pa had statistically significant positive correlations with age, disease duration, 
FIQ total score, physical score and FIQ 2, FIQ 3, FIQ 4 and FIQ 6 (p<0.05, p<0.01, p<0.05, 
p<0.05, p<0.01, and p<0.05 for the rest respectively) (Figure 1). Latency of Nb had 
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statistically significant positive correlations with disease duration (p<0.05) (Figure 2), FIQ 
total score (p<0.05), FIQ 2 (p<0.01), FIQ 6 (p<0.05), global disease severity (p<0.05). Latency 
of Pb had statistically significant positive correlations with FIQ total score (p<0.05), FIQ 2 
(p<0.05) and global disease severity (p<0.05) (Pearson and Spearman’s correlation tests). 
Evaluation of groups regarding parameters of LLAEP showed that latencies of P1, N2 and 
P2 were statistically longer when compared with those of the healthy controls (p<0.05, 
p<0.01 and p<0.01 respectively) whereas N1 did not show any statistical significancy 
between the groups (Student t test). 
 

 
Fig. 1. Correlation analysis of Pa latency and disease duration. 

Correlation studies of latencies of LLAEPs with clinical parameters showed that FIQ total 
score had a positive and statistically significant correlation with latency of N2 (p<0.05), 
while the same was valid for physical score and FIQ2 with latency of N1 (p<0.05). FIQ 5, 7 
and 8 were positively correlated with latency of N2 (p<0.05, p<0.01 and p<0.01 respectively), 
while FIQ 9 and 10 were positively correlated with latency of N1 (p<0.01,  
p<0.05 respectively). HAQ and anxiety score had positive correlations with latency of N2 
(p<0.05). 
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The amplitudes of Po, Pa and Nb of MLAEPs and P1, N1, P2 and N2 of LLAEPs in the 
patient group were statistically significantly very low when compared with those of the 
healthy controls (p<0.01) (Student t test). However, there were not any statistical significant 
differences of amplitudes of MLAEPs and LLAEPs between patients having different 
disease durations. Patients suffering from fibromyalgia for five or more than five years did 
not show statistically higher or lower amplitudes when compared with patients having the 
disease for less than five years. Patients having myalgia scores equal or more than 40 also 
did not show any statistical differences of amplitudes of MLAEPs and LLAEPs when 
compared with patients having myalgia scores less than 40. Patients having anxiety scores 
equal or more than 25 were also compared with the ones having scores less than 25 and no 
statistically significant differences of amplitudes were found. Same results were obtained 
when patients were compared regarding latencies of both MLAEPs and LLAEPs. 
 

 
Fig. 2. Correlation analysis of Nb latency and disease duration. 

A LLAEP trace of one of the patients with long latencies is shown in Fig. 3. 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

214 

 
Fig. 3. A LLAEP trace of one of the patients with long latencies. 

Correlation studies of amplitudes of LLAEPs with clinical parameters did not point out to 
any results of statistical significancy, whereas only one electrophysiological parameter in 
MLAEP amplitudes did. Amplitude of No showed a negative correlation with number of 
tender points (p<0.05) (Figure 4). 
 

 
Fig. 4. Correlation analysis of number of tender points and amplitude of No. 
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Fig. 4. Correlation analysis of number of tender points and amplitude of No. 
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Latencies of Na, Nb and Pb were statistically significantly longer in the patient group when 
compared with controls (p<0.05 and p<0.01 respectively).  
The most important results for our study pointed out that Na, Pa and Nb latencies had 
positive correlations with disease duration which were statistically significant (p<0.05, 
p<0.01 and p<0.05 respectively) while the correlations between Na and HAQ and myalgia 
scores were positive although statistically insignificant (p>0.05). On the other hand, the 
number of tender points had a statistically significant positive correlation with Na (p<0.05). 
FIQ2 scores had negative and statistically very significant correlations with Pa and Nb 
(p<0.01 for both) while FIQ3 and FIQ scores had statistically positive correlations with Pa 
(p<0.05).  

1.6 Discussion 
Since 1990s, some possible explanations for the involvement of central pathways in 
fibromyalgia are discussed in various papers, though their number is still limited. To our 
knowledge, correlation of clinical parameters of fibromyalgia with MLAEPs has not been 
studied before.  
In 1995, Johansson et al., reported significant focal flow decreases in dorsolateral frontal 
cortical areas of both hemispheres of fibromyalgic patients (Johansson et al., 1995). The 
AEPs also showed signs of dysfunction at least at the brainstem level. A large group of 
fibromyalgia patients were studied electrophysiologically by Rosenhall et al. in 1996 and 
significant differences were found in the study group regarding absolute and interpeak 
latencies in short latency AEPs, when compared with normals (Rosenhall et al, 1996). 
However sensorineural hearing loss was reported in 15% of patients. Bayazit et al., also 
studied short latency AEPs in fibromyalgia patients with and without cochleovestibular 
symptoms and reported no statistical difference of AEP abnormalities in these subgroups 
indicating that FM patients might complain of otologic symptoms without having a 
detectable ear disease and that a neural disintegration or some other events related to neural 
mediators might be the mechanism involved (Bayazit et al.,2002). Our group of patients did 
not have otological symptoms, however their MLAEPs showed statistically significant 
differences when compared with normal controls. This result of our study may be 
considered as being in agreement with the above study. Fann et al. studied MLAEPs in a 
similar patient group (chronic low back pain) and found a trend of increased latencies and 
lower amplitudes of P50 potential in the study group reporting also a decreased habituation 
of this very potential (Fann et al.,2005). Our study also indicated that Na, Nb and Pb 
(namely N16, N40 and P50 potentials) had longer latencies in the patient group when 
compared with normals. The origins of MLAEPs are still controversial. Most authors share 
the opinion that Pa potential (P30) is generated in the supratemporal auditory center of each 
hemisphere, but it is not clear that Pa represents the earliest cortical auditory response. Na 
and Pa are believed to be related with the activation of of the primary auditory cortex. Some 
authors imply that Pa is generated in the auditory cortex while Na is originated 
subcortically. No, Po and Na have origins of subcortical structures while most other MLAEP 
potentials have origins generated from sites near the auditory cortex. In 1991 Erwin RJ et al. 
reported that P50 (Pb) was generated in thalamus (Erwin RJ et al., 1991). In a review of 
functional MRI (Magnetic resonance imaging) findings in FM, decreased rCBF (regional 
cerebral blood flow) in the thalamus and in the caudate nucleus was reported as results of 
various studies, nevertheless indicating the fact that this finding was not unique to FM. 
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Latency, on the other hand, has been shown to reflect the efficiency and speed of 
information processing in cognitive function (Gracely et al., 2002). 
Thus results of our study may well be interpreted that FM patients show a slower speed of 
information processing in areas which are responsible for complex auditory perceptions 
related highly to cognitive functions. In 2006 Montaya et al. found significant amplitude 
reductions in FM patients for the auditory but not the somatosensory modality and 
suggested also that there was abnormal information processing in FM patients characterized 
by a lack of inhibitory control to repetitive nonpainful somatosensory information during 
stimulus coding and cognitive evaluation (Montoya et al., 2006). Roth et al. also stated that 
women with chronic pain were particularly vulnerable to cognitive dysfunction in a study 
designed as a cross-sectional survey (Roth et al., 2005). 

1.7 Conclusion 
Our results may be interpreted that central mechanisms may be important in the evolution 
of fibromyalgia. CNS dysfunction may be both an etiological factor in the fibromyalgia 
syndrome and a pathophysiological mechanism explaining the clinical symptoms and signs. 

2. The relationship between middle latency auditory evoked responses, and 
the neuropsychological profile in patients with schizophrenia  
2.1 Introduction 
Although variable time ranges are described for MLAEPs, recent reliable sources report that 
the middle latency auditory evoked responses (MLAEPs) are far-field potentials that appear 
between 10-50 ms following an auditory stimulus and are recorded on vertex. The upper 
range limit is also reported as 80-100 ms in some sources (Buchwald et al., 1989; Buchwald et 
al., 1991; Erwin et al., 1986; Erwin et al., 1987; Mauguire et al., 2007). Far field potentials are 
generated by movement of the charge, but the electrode sees the moving front of 
depolarization and repolarization rather than the direct charge flow between regions of 
depolarization and repolarization. Most evoked potentials are generated by charge 
movement in nerve tracts to and from the relay nuclei and are far-field potentials because of 
the depth of the neural generators. The near-synchronous volley of action potentials in the 
nerve tracts produces far-field potentials that are recorded at scalp electrodes (Mauguire et 
al., 2007). 
In literature, it has been assumed that MLAEPs are composed of six waves; No, Po, Na, Pa, 
Nb, Pb. No and Po are the the earliest responses. Pa and Pb (P1, P50) are defined as positive 
waves occurring in the 29 msec and 45 msec after a stimulus, while Na and Nb are negative 
deflections in the 25 msec and 50 msec, respectively. The neural sources of these waves are 
still controversial (Misulis et al., 2001, Cacace et al., 1990). Most of the MLAEP complex is 
thought to originate near the auditory cortex, although No, Po and Na may be generated by 
subcortical structures.  
Among components of MLAEPs, the most commonly studied wave is the Pb (synonyms: P1 
or P50). The P1 potential is blocked by the muscarinic anticholinergic drugs. It is present 
during waking and rapid eye movement sleep and does not exist during deep slow wave 
sleep. It has also been reported that the P1 component may be associated with cognitive 
processes, especially attention and state. Abnormalities of MLAEPs have been reported in 
some neurodegenerative and psychiatric diseases such as Alzheimer’s disease, Parkinson’s 
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Latency, on the other hand, has been shown to reflect the efficiency and speed of 
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disease, schizophrenia, Huntington disease and autism (Buchwald et al.,1989, Woods et al., 
1987, Green et al., 1995). 
It has been assumed that latency in evoked potential studies reflect the efficiency and speed 
of information processing. Thus, the prolonged latency may reflect that the information 
processing speed slowed. Amplitude abnormalites, on the other hand, refer to axonal loss in 
related areas and show the overall efficiency of neural structures mediating a response. 
Over thirty years, various MLAEP studies have been performed in patients with 
schizophrenia. In most of these studies, the sensory gating paradigm has been investigated 
and they demonstrated the P1 habituating phenomenon, recovery cycle abnormalities and 
P1 suppression deficiency (Aminoff et al., 1990; Buchwald et al., 1992; Dickerson et al., 1991). 
However the relationship between the P1 latencies, amplitudes and neurocognitive status 
stil remains unclear. In this study (Sahin et al, 2005; Turker et al., 2008) we investigated 
whether the MLAEPs correlated with the performances of neuropsychological tests in 
patients with schizophrenia and healthy controls.  

2.2 Methods 
2.2.1 Subjects 
We examined 15 patients (8 female and 7 male) with schizophrenia, who met diagnostic 
criteria of DSM-IV for schizophrenia and compared them with control subjects (9 females 
and 6 males). Patients and control subjects were matched for age, gender, education levels 
and handedness.  
Subjects who had other neurological or psychiatric disease, history of substance abuse and 
head trauma were not included in the study. All patients were psychiatrically stable (there 
were no psychotic symptoms and medication changes within at least two weeks prior to the 
assesment). Psychopathological symptoms severity in patiens was assessed by Positive and 
Negative Syndrome Scale (PANSS) (First, 1997). Informed consent was obtained from 
patients and control subjects before the study. 

2.2.2 Evoked potentials recording procedure 
All recordings of MLAEPs were performed at Dantec Keypoint. Electrode montage was 
adjusted as active electrode placed on ipsilateral mastoid and reference and ground 
electrodes at Cz and Fz, respectively. Silver surface electrodes were used for reference and 
ground electrode while a scalp needle electrode was used as active electrode. Alternating 
clicks of 100 μsec duration were used and polarity was adjusted as vertex. The frequency of 
stimulation was 10/sec and the filtering was chosen as 10 Hz-200 Hz. Analysis time (sweep 
length) and sensitivity were 100msec and 0,2 µv/d, respectively. The intensity of the stimuli 
was chosen according to the auditory threshold. The ipsilateral ear was stimulated with an 
intensity of stimulus such as hearing threshold plus 60 dB, while the contralateral ear was 
masked with white noise. Averaging of 1000 signals was performed twice and overlapped 
for each ear. No, Po, Na, Pa, Nb, and Pb were sampled and latencies and amplitudes of each 
potential were determined and compared with age and gender matched controls. MLAEPs 
recordings were performed bilateraly i.e. 30 recordings were performed for patients and 30 
recordings were performed for controls making a total of 60 recordings. No artifact rejection 
was employed. 
In MLAEP recording procedure, latency and amplitude measurements are usually done on 
the display, either manually or by an automatic peak detection algorithm that seeks the 
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maximum value between preset time values. The amplitude can be expressed as a peak to 
peak value between adjacent positive and negative components or the peak value can be 
measured against some baseline, usually taken just before the stimulus is presented. Latency 
for MLAEPs can be described as the time till the peak of the negative or the positive 
potential has evolved and this may be labelled on the display after the click (Erwin et al., 
1987) 
As hearing impairment can alter the MLAEPs, the external ear canal was checked with an 
otoscope to assure that the canal was not blocked by cerumen before the test. Patients with 
hearing problems assesed by otologic tests were excluded. MLAEPs are known to be 
affected by medications, however all patients were under treatment and there was no other 
way to investigate them. 

2.2.3 Neuropsychological evaluation 
An extensive neuropsychological test battery was used to assess the cognitive functions; 
attention, language, visuospatial functions, verbal and visual memory, executive functions 
(Table 3). 

2.2.4 Statistical methods 
The age, gender, handedness, education, the latencies and amplitudes of MLAEPs the 
neuropsychological test parameters of the patients and controls groups were compared with 
student-t test. The pearson correlation coefficient was used to determine the correlation 
between PANNS scores, the neuropsychological test parameters, and disease duration.  

2.3 Results 
The demographic features of patient and control groups are presented in Table 2. There 
were no statistically significant difference between age, gender, handedness, and education 
levels of patient and control groups.  
 

 Patients (n = 15)  Controls (n = 15) p 
Age  32.9 ± 10.6 29.8±2.3 NS  
Education 12.1 ±  3.7 12.6±2.6 NS  
MMSE 28.1 ± 2.7 29.6±0.8 S  
Gender  8M. 7F 9M. 6F  NS 
Duration of disease (month) 135.3± 112.1 (-)  (-) 

Table 2. Demographic Features. 

2.3.1 Neuropsychological tests 
Results are summarized in Table 4. Generally, in all the neuropsychological tests, 
performance of the patient group was poor when compared to control group. MMSE scores 
of the patient group were statistically significantly lower than those of the control groups.  
There were statistically significant differences regarding the attention and the language 
tests. The scores of the tests assessing visuospatial functions, except BLO, were significantly 
different between patient and control groups. Also, patients got statistically significant 
lower scores on memory tests, and executive functions when compared with controls. 
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Mini mental state examination (MMSE) 
Attention 
    WAIS-R Digit Span (DS) 
    Verbal Fluency (K-A-S Test) 
Language 
    Boston Naming Test (30-items) 
Visuo-spatial Functions 
    Benton’s Line Orientation Test (BLO) 
    Benton’s Facial Recognition Test (BFR) 
    WAIS-R BlocK Design (BD) 
    Hooper Visual Organization Test (HVOT) 
    Clock Drawing 
Verbal Memory 
    California Verbal Learning Test (CVLT) 
Visual Memory 
    WAIS-R subtest 
Executive Functions 
    Wisconsin Card Sorting Test (WCST) 
    Stroop Test 
    Trail Making Test A and B (TMT A-B) 

WAIS = Wechsler Adult Intelligence Scale. 

Table 3. Neuropsychological Test Battery. 

 
 Patients (n = 15) Controls (n = 15)  
 Mean SD Mean SD p 
MMSE 28.1 2.7 29.6 0.8 S 
Attention 
WAIS-R DS-fwd 6 1.06 7.2 1.01 S 
WAIS-R DS-bwd 3.6 1.29 5.2 1.08 S 
Verbal Fluency (K-A-S Test) 35.07 13.96 48.47 12.18 S 
       K-A-S perseveration 0.67 0.81 0.07 0.25 S 
Language  
Boston Naming Test (30-items) 27.60 2.79 29.27 1.28 S 
Visuo-spatial Functions 
BLO 23.43 7.94 26.40 2.99 NS 
BFR 18.07 3.38 21.93 2.63 S 
BD 21.14 11.43 30.20 9.59 S 
HVOT 17.79 4.04 21.00 1.89 S 
Clock Drawing 9.26 0.79 9.93 0.25 S 
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 Patients (n = 15) Controls (n = 15)  
 Mean SD Mean SD p 
Verbal Memory 
CVLT 
      Total of 5 trails 38.71 10.57 51.46 6.94 S 
      Long-delay free recall 7.92 2.97 12.53 2.06 S 
      Long-delay cued recall 8.21 2.96 13.20 1.65 S 
      Perseverations 5 4.11 3.40 3.08 NS 
      Free recall intrusions 2 2.21 1 1.81 NS 
      Cued recall intrusions 1.21 1.67 0.67 1.11 NS 
      Recognition 13.21 3.01 15.13 1.06 S 
      Discriminability (%) 88.09 9 96 3.5 S 
      False positive 1.5 1.6 0.46 1.06 S 
Visual Memory 
WAIS-R subtest 8 3.2 11.67 1.1 S 
Executive Functions 
WCST 
       Total number of responses 117.50 18.25 95.6 15.37 S 
       Total categories completed 3.57 2.10 5.93 0.25 S 
       Number of perseverative responses 43.36 36.23 12.67 4.25 S 
       Total number of errors 51.64 25.42 22.67 8.30 S 
       Total number of correct responses 65.86 14.72 72.93 8.40 NS 
Stroop 3 14.3 4 11.1 2.7 S 
Stroop 5 27.9 9.6 25.1 8.2 NS 
TMT A 69.72 25.7 35.35 13.18 S 
TMT B 146.44 91.55 75.56 25.13 S 

Table 4. Neuropsychological Test Results. 

2.3.2 Evoked potentials 
The results indicated that most of the MLAEPs data elicited from the patients showed 
statistically significant differences from controls. The pathological responses from both sides 
of the brains of patients did not differ significantly from each other as both right and left 
sides generated MLAEPs which were statistically significantly different from controls (Table 
5–6). Apart from NoR and PaL, all latencies of other parameters of MLAEPs were prolonged 
in the patient group (Table 5). Apart from PbR, amplitudes of parameters of MLAEPs were 
statistically significantly lower in the patient group when compared with the control group, 
(Table 6).  
We also found no correlations between PANSS scores, the scores of neuropsychological 
tests, the duration of disease, and the latencies and amplitudes of MLAEPs. 
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2.3.2 Evoked potentials 
The results indicated that most of the MLAEPs data elicited from the patients showed 
statistically significant differences from controls. The pathological responses from both sides 
of the brains of patients did not differ significantly from each other as both right and left 
sides generated MLAEPs which were statistically significantly different from controls (Table 
5–6). Apart from NoR and PaL, all latencies of other parameters of MLAEPs were prolonged 
in the patient group (Table 5). Apart from PbR, amplitudes of parameters of MLAEPs were 
statistically significantly lower in the patient group when compared with the control group, 
(Table 6).  
We also found no correlations between PANSS scores, the scores of neuropsychological 
tests, the duration of disease, and the latencies and amplitudes of MLAEPs. 
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 Patients  (n=15) Control (n=15)  
 Mean SD Mean SD p 
NoR 
NoL 
PoR 
PoL 
NaR 
NaL 
PaR 
PaL 
NbR 
NbL 
PbR 
PbL 

10.67 
11.18 
18.05 
19.14 
29.22 
29.98 
40.16 
43.01 
53.44 
55.66 
68.37 
66.54 

3.52 
3.26 
1.55 
3.87 
2.63 
3.55 
3.32 
6.35 
6.73 

10.09 
7.84 

11.07 

8.48 
8.04 

15.71 
15.36 
26.26 
26.65 
37.70 
39.77 
48.01 
48.97 
59.19 
59.35 

2.64 
2.25 
2.39 
2.38 
2.21 
2.79 
2.64 
3.31 
5.37 
3.58 
7.94 
5.76 

NS 
S 
S 
S 
S 
S 
S 

NS 
S 
S 
S 
S 

Table 5. Latencies of MLAEPs (Millisecond). 

 
 Patients  (n=15) Control (n=15)  
 Mean SD Mean SD p 
NoR 
NoL 
PoR 
PoL 
NaR 
NaL 
PaR 
PaL 
NbR 
NbL 
PbR 
PbL 

0.17 
0.22 
0.22 
0.22 
0.39 
0.39 
0.26 
0.26 
0.28 
0.25 
0.27 
0.19 

0.15 
0.15 
0.13 
0.15 
0.35 
0.29 
0.27 
0.25 
0.30 
0.22 
0.29 
0.10 

0.4 
0.47 
0.49 
0.56 
0.86 
0.76 
0.65 
0.58 
0.55 
0.50 
0.48 
0.50 

0.2 
0.27 
0.25 
0.32 
0.50 
0.34 
0.51 
0.33 
0.38 
0.33 
0.38 
0.31 

S 
S 
S 
S 
S 
S 
S 
S 
S 
S 

NS 
S 

Table 6. Amplitudes of MLAEP Potentials (Microvolt). 

2.4 Discussion 
In this study we found that the many parameters of MLAEPs except NoR and PaL for 
latency and PbR for amplidute, were significantly abnormal in the patient group. Also, the 
neuropsychological test performances of the patient group were poor when compared with 
normals. 
According to our data, there were not any correlations between PANSS scores, the scores of 
neuropsychological test, the duration of disease, and the latencies and amplitudes of 
MLAEPs. 
Although the neural sources of MLAEPs are still controversial, the studies suggest that Pa, 
Pb and Nb components of MLAEPs have a cortical generator (primary auditory cortex and 
adjacent areas) while No, Po, and Na have a brainstem-subcortical generator (medial 
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geniculate body, polysensory thalamic nuclei) (Deiber et al., 1988; Diaz et al., 1990) It is well-
known that human Pb (P1) potential is blocked by scopalamine, muscarinic cholinergic 
antagonists, and due to lesions including cholinergic pedunculopontine nucleus (Diaz et al., 
1990) 
In patients with schizophrenia, the abnormalities in auditory evoked potentials have been 
reported by other studies. Erwin et al. reported that the recovery cycle of the P1 component 
of auditory midlatency evoked potential is abnormal (Erwin et al.,1991). Boutros and 
coworkers suggested that there were morphological abnormalities of the MLAEPs in 
schizophrenia patients (Boutros et al.,2004). Clementz et al.showed that P50 suppression 
was deficient in these patients, indicating sensory gating abnormality (Clementz et al., 1997). 
All these findings were interpreted by authors as a deficiency of generators of MLAEPs, 
underlying neural structures and neurotransmitter systems in patients with schizophrenia. 
We investigated the latency and amplitude features of MLAEPs recorded on dominant and 
non-dominant hemisphere in patients with schizophrenia but not the recovery cycle and 
sensory gating features. All patients and control subjects were strongly right-handed 
according to Edinburgh Inventory (Oldfield et al., 1971). 
Our results revealed statistically significant differences both in latency and amplitudes of 
MLAEP components in the patient group when compared with the normal group.   
Lateralization seems to be important in schizophrenic patients since some symptoms of the 
disease emerge when specific parts of the brain are involved. It was hypothesized that 
hypermetabolism of the left temporal lobe seemed to occur only if the patient was actively 
hallucinating for example (Mesulam et al., 1990). 
In our study the pathological responses elicited from both sides of the brains of patients did 
not differ significantly from each other as both right and left sides generated MLAEPs which 
were statistically significantly different from controls. We believe this is an important 
finding since all our patients and controls were strongly right-handed. Thoma et al. 
concluded in one of their studies that converging evidence from EEG, MEG and 
neuropsychological measures pointed to left hemisphere dysfunction related to the well 
established sensory gating in schizophrenia (Thoma et al., 2003). 
It has been assumed that latency in evoked potential studies reflect the efficiency and speed 
of information processing. Thus, the prolonged latency may reflect that the information 
processing speed slowed. 
Amplitude abnormalites, on the other hand, refer to axonal loss in related areas and show 
the overall efficiency of neural structures mediating a response.  
Amplitude abnormalities in evoked potentials of patients with schizophrenia have been 
reported with much more consistency than latency abnormalities. Munkundan and 
coworkers observed amplitude and recovery abnormalities but normal latencies of MLAEPs 
in schizophrenia patients (Munkundan et al., 1986). Williams and coworkers similarly found 
no latency abnormalities in a group of medicated schizophrenia patients (Williams et al, 
2000). However, Boutros and coworkers demonstrated that schizophrenia patients had 
significantly longer latencies for the P50 and N100 components (Boutros et al., 2004). Our 
findings agree with results of the researchs in literature. 
The many previous studies investigated the neuropsychological profile of the patients  
with schizophrenia. Almost all of these studies demonstrated the neuropsychological 
impairments in the multiple cognitive areas etc. memory, attention, language, executive 
functions (Bozikas et al., 2006; Brazo et al., 2005; Mohamed at al., 1999). However, it is still  
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unknown whether there is a relationship between the neuropsychological impairments and 
neuroanatomical changes. Also, it is unclear whether the negative and positive symptoms 
are associated with a spesific brain region and/or neuropsychological deficits. Andreasen et 
al. and Weinberg et al. have reported that the negative symptoms reflected primarily frontal 
lobe dysfunction (Andreasen, 1986; Weinberger, 1987). Berman et al. observed that negative 
symptoms associated with poor performances on cognitive tests reflected poor frontal lobe 
functions while positive symptoms were associated with poor attention representing 
widespread neural network (Berman et al., 1997). Liu et al. demonstrated that the negative 
schizophrenic patients had executive function deficits and lower rCBF perfusion in left 
prefrontal lobes (Liu et al, 2002). On the other hand, Morrison-Stewart et al. found no 
correlation between frontal lobe assessing neuropsychological tests and negative symptoms 
(Morrison et al., 2002). Addington et al. reported that there was no relationship between 
attention and negative and positive symptoms (Addington et al., 1997). 
The results of our study showed that the cognitive functions assessing the comprehensive 
neuropsychological test battery were statistically significantly worse in the patient group 
when compared with the control group.  
Schizophrenia is a heterogeneous mental disease which is characterized with thought 
disorder, hallucination, delusion and cognitive deficits.45 Postmortem studies showed low 
neuron density, cortical volume reduction, pyramidal cell disarray, neurotransmitter 
disturbances such as glutamate, GABA, dopamine, and acetylcholine (Harrison et al.,1998; 
Sarter et al.,1998; Simpson at al, 1998). The longitudinal studies support that schizophrenia 
is largely a static disorder while others suggest a deteriorating course (Harrison et al.,1998; 
Gur et al., 1998; Vita et al., 1997). 
The spectrum of disease duration of our patients was fairly widespread (min: 50 months 
max: 440 months). In our study there were no correlations between the disease duration, 
severity of the disease (by PANSS), EP measures, and neuropsychological profiles. This may 
perhaps support that schizophrenia is a static disorder rather than progressive.  
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1. Introduction 
Neuromuscular diseases are defined as pathological changes of the peripheral nerves 
(neuronal disorders), the neuromuscular junctions or the muscle fibres (muscular disorders). 
Since they are accompanied by weakness commonly, they have essential impact on the 
patient’s movement performance. Especially in childhood, the consequences are serious and 
early diagnosis is essential for an adapted and task orientated therapy. The main aim in 
diagnostics of neuromuscular diagnosis is to distinguish between patients without any 
morbid changes in the MUs, patients with muscular disorders, and patients with neuronal 
disorders. Here, diagnostics avail on the fact that changes in the skeletal muscles, which take 
place during the progress of the disorder, are mostly on the level of single motor units 
(MUs). The MU is the smallest unit of the muscle, which can be activated independently by 
the central nervous system [Basmajian 1985]. Muscular disorders, for example, are 
characterised by a loss of single muscle fibres. This results in the fact that less muscle fibres 
contribute to an affected MU than to a healthy one. This is in contrast to neuronal disorders 
in which the motor neuron is destroyed. Consequently, complete MUs are affected. In this 
case the number of muscle fibres contributing to a MU is unchanged but the number of MUs 
available for force generation is reduced [Jerusalem 1979, Dubowitz 1991]. 
In human movement and locomotion the voluntary and active contraction of a muscle is 
initiated by the electrophysiological excitation of a pool of MUs. Since Electromyography 
(EMG) detects the electrophysiological signal generated by the muscle during excitation, it is 
a well established procedure utilised in studies of muscle function [Basmajian 1985]. During 
the last years surface electromyography (sEMG) has become more and more important. It 
offers a number of advantages when compared to invasive EMG procedures, like needle- or 
wire-EMG. For example, it causes no discomfort or risk of infection due to the insertion of 
the needle or the wire and it does not require the supervision by a physician. Compared to 
invasive measurements, the repeatability of surface EMG measurements is superior, and 
long term monitoring is possible, [Jonsson 1968]. In addition, the conventional needle-EMG 
is not suitable for investigations of the excitation spread. Compared to the needle EMG the 
wire EMG is less painful and allows the detection of the excitation spread. But after 
insertion the wire electrode tends to migrate within the muscle tissue even during isometric 
contraction [Jonsson 1968, Komi 1970]. Consequently, the reproducibility of the EMG signal 
detected with wire electrodes is limited. 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

228 

The conventional sEMG has a limited spatial resolution and detects, therefore, a 
superposition of a large number of MUs. The separation of the activity of single MUs from 
simultaneously active adjacent ones is hard to achieve with surface electrodes. This task still 
needs highly specialised acquisition techniques, [Merletti 1989]. Consequently, sEMG is 
mainly used to obtain ’global’ information about the muscle activation, like timing or 
intensity of the muscle activation. Therefore, for diagnostic purpose of neuromuscular 
disorders, the conventional sEMG techniques are not suitable, since information about the 
single MUs is needed to distinguish between patients without any morbid changes in the 
MUs, patients with muscular disorders, and patients with neuronal disorders. This is why in 
clinical practice still invasive Needle-EMG techniques are used, which gain the needed 
information about the single MU activity. The diagnostic selectivity of the commonly used 
Needle-EMG-procedures has been determined by comparing the Needle-EMG diagnosis 
and the result of a muscle biopsy [Hausmanova 1971, Black 1974, Buchtal 1982]. The most 
significant work is that of Buchtal and Kamieniekwa, which establishes a diagnostic 
selectivity of the Needle-EMG procedure of 77% in muscular disorders and 91% in neuronal 
disorders. However, in addition to the non-convincing diagnostic selectivity, the Needle-
EMG methods are invasive and, consequently, painful for the patient.  

2. High-spatial-resolution-EMG 
In contrast to the conventional surface EMG techniques, the High-Spatial-Resolution EMG 
(HSR-EMG) allows the non-invasive detection of the single MU activity even during 
maximal voluntary contraction of the muscle. The methodology is based on the use of a 
multi-electrode array in combination with a spatial filter processing [Disselhorst-Klug 1998, 
Disselhorst-Klug 2000].  
During a voluntary excitation of the muscle by the central nervous system, a time variable 
potential distribution is generated on the skin surface. Multi-electrode arrays can be 
beneficially used for the detection of the spatial potential distribution generated. From this 
information about the localisation of the source and its movement in time can be gained. 
Multi-electrode arrays are commonly used in electroencephalography and are recently 
becoming more popular in sEMG. In sEMG they have been described first by Rau 
[Rau1985], Masuda et al. [Masuda1985], De Luca et al. [de Luca 1987] and Reucher et al. 
[Reucher1987] and have been advantageously used in the fields of neurology, ergonomics, 
and biomechanics during the last years [Disselhorst-Klug 2000, Rau 2004]. Commonly used 
multi-electrode arrays consist of several (up to 240) pin-electrodes arranged either in a row 
or two-dimensionally with an inter-electrode distance of only a few millimetre. A multi-
electrode array consisting of 16 gold-covered pin-electrodes (Figure 1) for example is used 
for the diagnostics of neuromuscular disorders. In this case the electrodes have a diameter of 
0.5 mm and are springing-fitted to provide optimal contact with the skin surface. They are 
arranged two-dimensionally and have an inter-electrode distance between 2.5 mm and 5 
mm depending on the muscle being investigated [Disselhorst-Klug 2000].  
The potentials detected by the different electrodes of the array can be regarded as 
instantaneous spatial samples of the potential distribution generated on the skin surface by 
the excitation of the muscle fibres. To this potential distribution contribute different MUs in 
a different way. A small number of MUs, which are located very close to the skin surface, 
contribute to the resulting potential distribution with a spatially steep and high potential. 
On the contrary, MUs which are located more far away from the skin surface contribute  
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0.5 mm and are springing-fitted to provide optimal contact with the skin surface. They are 
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The potentials detected by the different electrodes of the array can be regarded as 
instantaneous spatial samples of the potential distribution generated on the skin surface by 
the excitation of the muscle fibres. To this potential distribution contribute different MUs in 
a different way. A small number of MUs, which are located very close to the skin surface, 
contribute to the resulting potential distribution with a spatially steep and high potential. 
On the contrary, MUs which are located more far away from the skin surface contribute  
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Fig. 1. HSR-EMG. 
Multi-electrode array for the detection of the single motor unit activity during maximum 
voluntary contractions of the m. abductor pollicis brevis. By using an NDD-filter the single 
MU activity can be isolated in the signal. Adapted from [Disselhorst-Klug 2000]. 

lower and spatially more widened potential (Figure 2) [Disselhorst-Klug 1998]. This is due 
to the fact that caused by the electrical characteristic of the tissue between the source and the 
skin surface spatially high frequencies in the signal are more suppressed the deeper the 
source is located in the body [Lynn 1978]. Figure 2 shows an example of the potential 
distribution generated on the skin surface by two MUs located in different depth. If both 
MUs are excited at the same time. The potential distribution generated on the skin surface is 
equal to the superposition of the contributions of both MUs. Conventional sEMG 
applications are based on a bipolar lead with an inter-electrode distance of about 20 mm 
[Hermens 2000]. Due to this relatively large inter-electrode distance such an electrode 
arrangement detects the absolute value of the superimposed potential distribution, to which 
both MUs contribute in the same manner (Figure 2).  
The volume conductor between the excited MU and the skin surface acts like a spatial low-
pass filter. On the other hand, a spatial high-pass filter with an adequate cut-off frequency 
would transmit spatial frequencies higher than its cut-off frequency and would suppress 
spatially lower ones. Thus, by using a spatial high-pass filter the spatially high frequency 
contribution of MUs located close to the skin surface will be amplified and the contribution 
of MUs located more distantly will be reduced. 
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In a first approach, the simplest spatial high-pass filter - a bipolar lead with an inter-
electrode distance in the mm-range and arranged in parallel to the muscle fibres - was used 
to improve the spatial selectivity of the non-invasive EMG-recording techniques (Figure 2) 
[Lynn 1978]. The bipolar lead differentiates the spatial potential distribution in the direction 
of the electrode arrangement. Due to this differentiation the bipolar lead enhances spatially 
steep components and reduces more flat ones (Figure 2). However, particularly at high force 
levels the bipolar lead with a small inter-electrode distance is not sufficient to discriminate 
the single MU activity in the signal course. Therefore, the principle of spatial filtering has 
been extended to more complex electrode arrangements. 
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Fig. 2. Potential Distribution. 
Potential distribution generated on the skin surface by two MUs located in differed 
distances from the skin surface. By using electrode distances d in the mm-range the 
contribution of the MU located close to the skin surface can be emphasised and the 
contribution of the more distantly located MU can be suppressed. Adapted from 
[Disselhorst-Klug 2000]. 

From image-processing it is known, that Laplace filters - which give the second spatial 
derivative - are well suited for the detection of edges perpendicular to the direction of 
differentiation. A one-dimensional Laplace filter can be realised with three electrodes 
arranged in a row. The central electrode has to be weighted with a factor of –2 and the two 
outer electrodes with a factor of 1. Such double differentiating filters have been first used in 
sEMG by Broman et al., [Broman 1985], and are now frequently used by different other 
groups. A higher spatial selectivity of the recording set-up can be achieved with two-
dimensional Laplace filter arrangements [Reucher 1987, Disselhorst-Klug 1998]. It has been 
shown that a weighted summation of five cross-wisely arranged EMG leads forms the 
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second spatial derivative of the potential distribution in two orthogonal directions (Normal-
Double-Differentiating-Filter). To perform a NDD-Filter the central electrode is weighted 
with a factor of –4 and the surrounding electrodes with a factor of +1. The NDD-Filter 
amplifies only the activity of MUs located directly below the centre electrode of the filter 
and reduces the signals of more distantly located sources. In this way, the activity of single 
MUs becomes clearly distinguishable in the signal course (Figure 1). Thus, the HSR-EMG 
allows the non-invasive detection of the single MU activity and seems, consequently, to be 
suitable for a non-invasive diagnosis of neuromuscular disorders [Disselhorst-Klug 1994, 
Farina 2003].  
In initial clinical investigations the HSR-EMG has been validated in children suffering from 
Duchenne Muscle Dystrophy (Duchenne) or Spinal Muscle Atrophy (SMA) [Ramaekers 
1993, Huppertz 1995, Rau 1997, Disselhorst-Klug 2000]. The investigations show that the 
HSR-EMG allows the detection of changes in the electrical activity of the muscle which are 
typical for each disorder and which might allow a reliable distinction between healthy 
volunteers and patients with neuromuscular disorders as well as between patients with 
muscular disorders and patients with neuronal disorders (Figure 3). In contrast to the HSR-
EMG of healthy volunteers, the HSR-EMG pattern of patients with neuronal disorders 
shows high and isolated peaks within the signal course. However, the HSR-EMG pattern of 
patients with muscular disorders is characterised by low and wide MU action potentials, 
which are hard to distinguish within the signal course. 
 

Healthy MuscularNeuronal

 
Fig. 3. Pathodological Changes. 
Typical pathological changes in the HSR-EMG signal. Represented are four spatially filtered 
channels. 

3. Quantitative evaluation of pathological changes in the HSR-EMG  
Due to the first clinical experience with the HSR-EMG the question arises, whether the 
methodology allows a reliable distinction between healthy volunteers and patients with 
neuromuscular disorders as well as between patients with muscular disorders and patients 
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with neuronal disorders. For that purpose a set of parameters has to be introduced, which 
allow a quantitative evaluation of the changes in the HSR-EMG pattern typical for each 
disorder. This can be understood as a classical feature extraction process. By an adapted 
classification procedure, which is based on extracted features, each patient can be assigned 
to one of the three disorder groups. In this way, the diagnostic selectivity of the non-
invasive HSR-EMG can be determined. 
Altogether seven parameters have been used for the validation of the typical differences in 
the HSR-EMG pattern of healthy volunteers, patients with muscular disorders and patients 
with neuronal disorders. The parameters can be divided into three groups regarding the 
excitation spread, the entire signal course in time as well as the shape of isolated peaks 
within the signal [Huppertz 1997]. Most of the parameters are well established in the field of 
signal processing and data analysis. 

3.1 Parameters characterising the HSR-EMG signal in time 
This group of parameters describes the entire signal course in time. In this way, the 
interaction of all MU located within the recording area of the spatial filter is regarded. The 
parameters belonging to this group are the signal entropy (H), the first zero crossing of the 
auto-correlation function (ACFzero), the Chi-value () as well as the number of values 
exceeding the RMS (TRMS). 
The signal entropy (H) is a parameter well known in the field of signal processing. It 
describes the relation between the amplitude values of each sample within one 
measurement. Thus the entropy quantifies the predictability of the next measured 
amplitude value and characterises, in this way, the stochastic variability of the signal.  
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xi = measured value 
p(xi) = occurrence probability of xi 
min = smallest measured value 
max = largest measured value 
Comparable to the signal entropy the first zero crossing of the auto-correlation function 
(ACFzero) quantifies the stochastic variability of the signal too. The auto-correlation function 
(ACF) describes how similar different signal parts are. In the case of non-deterministic 
signals, like the HSR-EMG signal, the first zero crossing takes at higher values place, if the 
signal becomes more equal to itself. 
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s(t) = HSR-EMG signal 
 = time variable 
T = smallest measuring duration 
t = time 
The Chi-value () is based on the frequency distribution of the sample values. The 
frequency corresponds in this case to the probability that a sample with an amplitude within 
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a given range is appears in the signal. The shape of the frequency distribution can be 
quantified by means of the 2-test which checks the probability that the frequency 
distribution is Gaussian. Here, as a quantifying parameter the Chi-value has been 
introduced. It corresponds not to the probability but to the absolute deviation to a Gaussian 
distribution. 
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K = Number of different amplitude values 
Xi = Frequency of a certain amplitude in the HSR-EMG signal 
Ni = Frequency of a certain amplitude, when a Gaussian distribution is assumed 
The parameter values exceeding the RMS (TRMS) has been defined as the number of 
samples with amplitude higher than the root mean square of the signal. To be independent 
from the recording time the parameter has been normalised to the total number of samples 
belonging to the signal. 

1

1 n

RMS i
i

T t
T 

   with 
1
0

i

i

t x RMS
t x RMS
 
 

 

n = number of samples 
T = measuring duration 
t = time 

3.2 Parameters regarding the isolated peaks 
The excitation of a single MU can be identified in the signal by isolated peaks. Therefore, to 
the second group belong parameters describing the shape of isolated peaks. A signal part 
has been identified as a peak, if the following criteria are satisfied:  
 The maximum amplitude must be higher than three times the RMS of the signal. 
 Between the peak maximum and the adjacent minima the signal has to be continuous 

increasing respectively decreasing. 
 The signal part identified as a peak is limited by the first crossing of the baseline before 

the minimum left to the peak maximum and by the first zero crossing of the baseline 
after the minimum right to the peak maximum 

In initial investigations it has been shown that two parameters are sufficient to characterise 
the changes in the HSR-EMG pattern [Huppertz 1997]. These parameters are the slope of 
the peak (S) and the peak amplitude frequency distribution (PAFD).  
The parameter slope of the peak has been defined as the amplitude difference between the 
left minimum of the peak and its maximum divided by the time delay between both points. 
The parameter has been calculated for each peak detected within the HSR-EMG signal. The 
median value of all slops has been used standing in for all peaks which occur in the signal. 

min max
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P = number of peaks 
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The peak amplitude frequency distribution (PAFD) counts the number of peaks which 
have maximum peak amplitude within in a given interval. Similar to the frequency 
distribution of sample values the peak amplitude frequency distribution corresponds to the 
probability that a peak with maximum amplitude in a given interval can be found in the 
HSR-EMG signal. The PAFD of patients with muscular disorders shows high values for low 
amplitude peaks and low values for high amplitude peaks. This is in contrast to patients 
with neuronal disorders in which a typical biphasic shape of the PAFD can be found 
[Ramaekers 1993]. As a parameter describing the shape of the peak frequency distribution, 
the centroid of area has been calculated. The centroid of area is defined as the amplitude 
interval which divides the peak frequency distribution in two areas of the same size. 
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Ni = Frequency of maximum peak amplitudes within the interval i 
A = Number of intervals 
a = interval width 
a = PAFD = bound which satisfies the inequality 

3.3 Parameters regarding the excitation spread 
The most significant parameter describing the excitation spread along the muscle fibres is 
the conduction velocity in single MU (MUCV). The MUCV can be determined from the 
delay between the maximum amplitude of one peak in two adjacent and parallel to the 
muscle fibres orientated channels and their spatial distance (Figure 4). Since the conduction 
velocity depends on the temperature of the muscle, all MUCV values have been normalised 
to a temperature of 33°C [Rau 1997]. It has been shown earlier by Ramaekers et al. that the 
conduction velocity in single MUs is decreased in muscular disorders but unchanged in 
neuronal disorders [Ramaekers 1993].  

3.4 Classification process 
The parameter set can be used as a basis for the classification of the patients in healthy 
volunteers, patients with muscular disorders, and patients with neuronal disorders. Therefore, 
a classification procedure has been introduced based on a Fuzzy-approach [Kamel 1991].  
Since the parameters have different diagnostic selectivity, the classification procedure has to 
be adapted to this specific classification task. This has been done by introducing weighting 
factors between 0 and 50 for each parameter. The weighting factors regard the contribution 
of each parameter to the classification result. They have been optimised by classifying a 
training data set generated with an especially developed muscle model [Disselhorst-Klug 
1998]. This was to separate the training data set from the data set used for validation. The 
training data set consists of different simulated HSR-EMG signals regarding muscle 
structures with no pathological changes, muscle structures where a loss of muscle fibres 
takes place (muscular disorders), and muscle structures where a loss of entire MUs takes 
place (neuronal disorders) [Disselhorst-Klug 1998].  
Performing the Fuzzy classification process, in a first step, all parameter values have been 
normalized to mean zero and variance 1. Starting the classification process, three clusters 
have been defined using a hierarchical cluster process like the nearest neighbourhood  
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Fig. 4. Conduction velocity. 
The conduction velocity of single motor units MUCV can be detected by several NDD-
filtered channels arranged parallel to the muscle fibres. 

algorithm. These three clusters represent the groups “neuronal disorder”, “muscular 
disorder” and “healthy”. The centroid of each cluster has been used to characterise its 
position in the feature space. After that, the Euclidian distances between the features of each 
HSR-EMG signal and the centroid of each cluster have been calculated. According to the 
Fuzzy classification process introduced by Kamel et al. [Kamel 1991], membership-values vij 
have been calculated: 
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vij = membership-values 
m = 2: controlling the degree of fuzzyfication 
dij = Euclidian distance between the HSR-EMGi and the centroid of the clusterj 
dik = Euclidian distance between the HSR-EMGi and the centroid of the clusterk 
z = 3: Number of clusters 
Afterwards a new centroid for each cluster Zj has been has been determined following: 
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n = 7: Number of parameters 
xi = set of parameter values calculated from the HSR-EMGi 
Due to the weighting of the set of parameter values calculated from the HSR-EMG signals 
with the membership-values, this iteration converges. The iteration process has been 
stopped when the following abort criterion is fulfilled: 
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 = 0.9: defined value 
Next the membership-ship values have to be normalised with: 
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And finally, each HSR-EMG signal has been assigned to the cluster with the highest 
membership-value. 
The training data set, consisting of simulated HSR-EMG signals and representing the 
different types of disorders, has been classified with all possible combinations of weighting 
factors. The optimal combination of weighting factors was found when a maximum number 
of simulated HSR-EMG signals were classified correctly. The weighting factor combination 
as a result of the optimisation process is shown in Table 1.  
 

Parameter Weighting-factor 
Signal entropy 2 
First zero crossing of ACF 1 
Values exceeding the RMS 19 
Chi-value 19 
Slope of the peak 2 
Peak frequency distribution 9 
MUCV 40 

Table 1. Weighting of the parameter. 
Optimised weighting factors for each parameter. The weighting-factors take the diagnostic 
selectivity of each parameter into consideration. [Disselhorst-Klug 1998] 

The same classification algorithm can be used to classify HSR-EMG signals recorded in 
patients suffering from neuromuscular disorders. Here, in a first step the parameter values 
have to be multiplied by the related weighting-factor. Afterwards the classification 
procedure has to be executed as described above. 

4. Clinical validation 
The HSR-EMG has been recorded at isometric, maximum voluntary contraction of the m. 
abductor pollicis brevis. The used electrode array consists of 16 gold covered pin electrodes 
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(0.5 mm diameter) in a two-dimensional arrangement. Due to the low distance between the 
m. abductor pollicis brevis and the recording side, the inter-electrode distance has been 
chosen to 2.5 mm. Directly at the electrode array, each of the 16 EMG-leads has been 
amplified and, later, transmitted to a recording unit. It consists of a band-pass filter (1 – 500 
Hz) and a second amplifier. All 16 EMG-leads have been stored on a PC with a sampling 
frequency of 4000 HZ each. The spatial filtering of the EMG-data has been performed on the 
PC by specially developed software. From each spatially filtered channel, all evaluation 
parameters have been calculated. The value of each parameter has been averaged over all 
NDD-filtered channels. After determination of the parameter values, the HSR-EMG signal of 
each patient has been assigned to one of the three groups by the described Fuzzy 
classification process.  
For the quantitative evaluation of the typical HSR-EMG patterns altogether 97 subjects, 
healthy volunteers (41) and patients with neuromuscular disorders (56), aged between the 
infancy and 25 years, have been investigated. The group of patients investigated consists of 
35 patients with Duchenne Muscle Dystrophy (muscular disorder) and 21 patients with 
Spinal Muscle Atrophy (neuronal disorder). The diagnosis of the patients has been proofed 
by muscle biopsy. The parameters have been calculated in three different HSR-EMG 
recordings of each child. Afterwards, the median value of each parameter has been used, 
accounting for the typical HSR-EMG pattern. Some of the parameters, such as the 
conduction velocity in single MUs depend significantly on the age of the investigated child 
[Huppertz 1997]. Those parameters have been normalised to an age of eight. 
 

Diagnostic selectivity of the HSR-EMG: 97% 
 Duchenne Healthy SMA 
classified as muscular disorder 35 0 0 
classified as healthy 0 41 3 
classified as neuronal disorder 0 0 18 
    

sensitivity 100% 100% 90% 
specificity 100% 95,1% 100% 
positive prediction 100% 93,2% 100% 

Table 2. Diagnostic selectivity of the non-invasive HSR-EMG in children with Duchenne 
muscle dystrophy and spinal muscle atrophy. Shown, are the numbers of patients which 
have been classified in each group. Adapted from [Disselhorst-Klug 2000] 

The result of the classification which was based on the weighted evaluation parameters is 
summarised in Table 2. With the classification, 100% of all investigated healthy children, 
100% of all investigated patients with muscular disorders, and 87% of all investigated 
patients with neuronal disorders have been correctly identified. That mean, that on the 
average, in 97% of all investigated children the diagnosis by means of the non-invasive 
HSR-EMG was correct. 

5. Conclusions 
The High-Spatial-Resolution EMG provides information about the single MU activity in a 
non-invasive way even during maximum voluntary contraction of the muscle. Therefore,  
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the methodology could be suitable for a non-invasive diagnosis of neuromuscular disorders. 
Earlier investigations of healthy children and children with Duchenne Muscle Dystrophy or 
Spinal Muscle Atrophy have shown, that there is a typical change in the HSR-EMG signal 
course in each patient group. These typical changes in the HSR-EMG pattern can be 
evaluated by seven parameters regarding the signal course in time, the shape of isolated 
peaks, and the excitation spread in single MUs. Based on these evaluation parameters and 
an especially developed classification procedure, it is possible to classify correctly 97% of all 
investigated children. That means, in this patient group, the diagnostic selectivity of the 
HSR-EMG is in the same range or even better than the commonly used needle-EMG 
techniques. This result could be reached, though the HSR-EMG methodology is limited to 
superficial muscles and MUs. Therefore, the HSR-EMG promises to be a suitable tool for a 
non-invasive diagnosis of neuromuscular disorders in clinical application. 
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1. Introduction 
Carpal tunnel syndrome (CTS) is one of the most common compressive neuropathies in the 
upper extremities (Bland, 2007) and a frequent cause of pain, paresthesias and impaired 
hand function. A syndrome is, by definition, a collection of signs and symptoms. Its clinical 
symptoms depend on duration and degree of the compression of the median nerve (MN). 
At first the sensory nerve fibres are affected, but as the compression persists, large calibre 
myelinated nerve fibres (sensory and motor) undergo damage as well. Clinical symptoms 
and signs alone are not sufficient to confirm the diagnosis and surgical release, 
electrodiagnostic methods are needed for this purpose (Rosenbaum & Ochoa, 2002). 
Within the last decades, CTS reached epidemic proportions in many occupations and 
industries. It represents a large expense because of absence from work and wage 
compensation due to temporary incapacity for work. For this reason numerous researches, 
not only in the field of medicine, are looking for a non-invasive diagnostic method for 
determining those loads in workplaces that facilitate the development of CTS (Ammer, 1999, 
2003; R.T. Herrick & S.K. Herrick, 1987; Schartelmüller & Ammer, 1996; Tchou et al., 1992). 
Intelligent systems have turned out to be useful and successful aids in medicine for 
determining, classifying, sample searching, data analysis, and new knowledge discovery 
(Haas & Burnham, 2008). But thermography, on the contrary, did not receive due attention 
(American Academy of Neurology, 1990) in the area of determining entrapment 
neuropathies, despite its advantages (completely safe, passive investigation, without 
contact, painless and can be easily repeated with low costs of use) (Hackett, 1976). 

1.1 Thermography 
Thermography is a procedure for remote determination of temperature of objects, based on 
the detection of infrared radiation that the observed objects emit. As the name itself implies, 
thermographic or infrared cameras detect electromagnetic radiation below the frequency of 
red light. The range of wave lengths of infrared radiation includes lengths ranging from 700 
nm to 1 mm, while thermographic cameras operate within an even narrower spectre, 
ranging from approx. 900 nm and 14 μm. As all objects emit infrared radiation, 
thermographic camera can determine an object’s temperature on the basis of object’s energy 
flux density. In this manner it can create a thermal image of observed objects (Fig. 1), where 
warmer objects usually appear in a warmer and lighter colour (light red to white) and colder 
objects appear in a colder and darker colour (blue to black) (Gaussorgues, 1994).  
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Fig. 1. Thermographic image of a patient’s hand. 

The possibility of detection of warmer objects on a colder background resulted in the 
development of thermography primarily for military and surveillance purposes, but with 
the decrease in prices of (initially very expensive) cameras, thermography established its 
position in numerous other areas too, such as industry, medicine, meteorology, and 
archaeology (Ring, 1995b). 
Thermography, as we know it today, started to develop as late as the second half of the 20th 
century. Before this, remote temperature measurement was not possible, so surface 
measurements performed with various thermometers were used. The invention of the first 
thermometer is ascribed to the Venetian scientist Santorio Santorio, who improved Galileo’s 
thermoscope in the beginning of the 17th century and equipped it with a scale, whereby 
enabling reading of ambient temperature. The precision of this thermometer was poor, 
because it was filled with air, and the effect of air pressure on the thermometer was not 
taken into account. The following improvement occurred in the mid 17th century – the use 
of alcohol in a closed bottle somewhat improved precision. The first mercury thermometer 
was made in 1714 by Gabriel Fahrenheit, who also takes credit for the first standardized 
temperature scale. He used the recently discovered freezing point and boiling point as 
reference values, and divided the intermediate interval to 180 degrees. He also added 
additional 32 degrees for values below the freezing point and set the lowest temperature 0, 
because this was the lowest temperature, which he achieved in his laboratory with a mixture 
of ice, water, and salt. In 1742, a Swedish scientist Anders Celsius developed his own scale 
by dividing the interval between the boiling point and the freezing point to 100 degrees. 
Interestingly enough, 0° was used to mark the boiling point, and 100° for the freezing point. 
The following year, Jean Pierre Cristin reversed the Celsius’s scale and called it the 
hundred-degree scale. This name was in use until 1948, when it was renamed into the 
Celsius scale by international agreement. In 1848, a Scot William Thomson, later known as 
Lord Kelvin, proposed an absolute temperature scale with absolute zero at the lowest 
theoretical temperature the body can have -273.15°C. The standard unit for temperature is 
named after him – Kelvin (K). 
At the end of the 16th century, a Neapolitan Giambattista della Porta was the first to notice 
the consequences of thermal radiation. In working on experiments with the concave glass he 
established that warmth or coldness can also reflect from glass, after placing candle flame 
and snowball in front of the glass. Almost two decades later, in 1790, a Swiss physicist, 
Pierre Prevost, introduced a theory, according to which all bodies, both warm and cold, 
thermally radiate, and that the quantity of radiation depends on body temperature. Only a 
few years later, a British astronomer of German descent, William Herschel, while diverting 
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sunrays by means of prism discovered radiation beyond a still visible, red part of the light 
spectrum (Ring, 1987). With the thermometer he detected higher temperature beyond the 
red part of the spectrum and predicted that there is invisible light. 
Herschel published his results in 1800, and named the invisible radiation “heat rays”. The 
name infrared radiation was established as late as the second half of the 19th century. This 
was followed by the period of new developments in the area of thermodynamics. Firstly, in 
1859, Gustav Kirchhoff introduced his law of thermal radiation, followed by Stefan (1879, by 
means of experiments) and Boltzmann (1884, with theoretical derivation) with the black 
body radiation law. In 1893, Wilhelm Wien introduced his relation between the wave length 
of the strongest radiation of black body and its temperature, which lead to Planck’s black-
body radiation law published in 1901. These laws represent physical background, which 
serves as the basis for the functioning of thermographic cameras. 
One of the first steps in the development of the measurement of thermal radiation was the 
discovery of thermoelectric effect or the Seebeck’s effect, named after his inventor, Thomas 
Johann Seebeck, Estonian physicist of German origin. In 1821 he discovered that voltage 
exists between two ends of metal rods, when these ends are at different temperatures. This 
resulted in the discovery of thermocouple. For measuring the created voltage he had to 
connect a metal rod to a conductor, which resulted in voltage opposite to the initial one. By 
using a different metal he was able to take advantage of the difference in both voltages, 
since it depends on the material used. He measured the created voltage and with it, 
indirectly, the temperature difference. Increase in temperature difference also increased the 
measured voltage, and this enabled him to calibrate the thermocouple and use it as a 
thermometer. Italian physicists Leopoldo Nobili and Macedonio Melloni increased the 
precision of temperature measurement by connecting several thermocouples. But in 1878, 
Samuel Pierpont Langley, an American astronomer, took a step further, as he invented a 
bolometer. 
Langley used two platinum strips, covered with soot, as the ends of the Wheatstone bridge 
or the electrical resistance meter, equipped with a sensitive galvanometer and battery. One 
of the strips was exposed to infrared radiation, which caused the strip to warm up. This 
altered its resistance, which he was able to measure with his circuit. Thus he created the first 
temperature sensor, which exploits predictable variations of platinum resistance as the 
result of temperature variations. In the 20th century, the discovery of new combinations of 
materials lead to increasingly more precise and smaller bolometers, which in the mid 1980s 
resulted in the invention of the microbolometer – fields of temperature sensors made of 
silicon or vanadium oxide or amorphous silicon (Fig. 2). It was invented by the American 
corporation Honeywell for the US Department of Defense. After 1992 the technology 
became available to the wider public and is now used as the detection field in 
thermographic cameras of numerous producers (Cuthbertson, 1995). 
Thermographic camera is an infrared camera, which generates a thermal image on the basis 
of measured values of infrared radiation of observed objects. Unlike a thermovision camera, 
which is used for watching in dark or under poor visibility conditions, a thermographic 
camera also determines actual values of surface temperatures of observed objects. The 
activity of thermographic camera can basically be compared to the activity of an ordinary 
digital videocamera, whereby the role of CCD sensors is assumed by the field of thermal IR 
sensors (microbolometers or semi-conductors with a narrow passage). By taking into 
account emissivity, distance, ambient temperature, and other factors, the camera calculates 
temperatures, which are detected by individual sensors, and generates thermal image on the 
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basis of these temperatures. For the display of individual temperatures it uses a non-linear 
palette of so-called “non-primary colours”, ranging from white for the highest temperature 
through red and yellow shades for higher temperatures to blue for lower, and black for the 
lowest temperatures (Fig. 1). The resolution of a thermal image rarely exceeds 320x240 
pixels and is determined by the number of IR sensors (Fig. 2). 
 

 
Fig. 2. The basis structure of a microbolometer (uncooled IR camera pixel). 

Despite the initial development solely for military purposes, today thermographic cameras 
are used in different areas. Thermography is an excellent method of examination, also useful 
in the field of medicine for its safety (passive, no touch examination), lack of pain and 
invasiveness, easy reproducibility and low running costs (Hackett, 1976). Despite its 
advantages TG is not useful for routine diagnosis of CTS, since unmyelinated fibres remain 
intact until late in the severe nerve entrapment (American Academy of Neurology, 1990). 
Many patients with EMG diagnosed CTS have normal thermographic studies; however TG 
may show abnormalities in median nerve distribution in severe cases of CTS (Rosenbaum & 
Ochoa, 2002). To ensure reliability of TG pattern recognition we introduced a novel 
approach to thermal image analysis by using an artificial neural network (ANN).  

1.2 Artificial neural networks 
Data mining techniques provide a variety of different approaches for data analysis. ANNs 
are one of them (Larose, 2005). They are increasingly used in problem domains involving 
classification and are capable of finding shared features in a set of seemingly unrelated data. 
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An ANN is an abstract computational model of the human brain. Similar to the brain, an 
ANN is composed of artificial neurons and interconnections. When we view such a network 
as a graph, neurons can be represented as nodes and interconnections as edges (Fig. 3). 
There are many known variations of ANNs, differing in their topology, orientation of 
connections and approaches to learning (Kasabov, 1996). Probably the most established are 
“feed-forward backpropagation” neural networks (a.k.a. multilayer perceptrons). Due to its 
efficiency and relatively simple training process this type of ANN was chosen for our 
classification (diagnosis of CTS, based on collected data).  
 

 
Fig. 3. Example of an ANN (multilayer perceptron). 

A multilayer perceptron consists of layers of neurons, more specifically an input layer, an 
output layer and at least one hidden middle layer. Neurons on the same layer are not 
connected; all interconnections are directed from the input layer towards the output layer. 
The input layer is represented by normalized numerical values or inputs, passed on to the 
neurons on the 1st hidden layer. These neurons generate their own numerical outputs and 
pass them on to the next layer. This process continues until the last (output) layer and 
resembles the transmission of impulses inside the brain. Each connection in a network is 
weighted. The weights are internal parameters of an ANN and simulate the biological 
synaptic strengths in a natural neuron (McCulloch & Pitts, 1943).  
An artificial neuron generates its output through an activation function (Fig. 4) which 
accepts as its input the sum of weighted outputs from neurons on the previous layer and an 
externally applied bias, denoted by bk (1). The bias has the effect of increasing or lowering 
the net input of the activation function, depending on whether it is positive or negative. 
Weights and biases directly affect the importance of individual connections. 

 ���� = ����� � ����� � �� ����� � �� (1) 

Different activation functions are commonly used. We chose the log-sigmoid function (2). 

 ������� = �
������� (2) 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

246 

 
Fig. 4. Model of an artificial neuron. 

The output of a multilayer perceptron consists of numerical values, generated by the last 
(output) layer. It is usually mapped into a binary value, identifying the class of the object, 
represented by its numerical descriptors at the input level. In order to successfully classify 
input objects an ANN must go through a thorough process of supervised learning. It 
consists of applying a large number of training examples to the inputs of an ANN and 
adjusting the parameters (weights) according to a highly popular algorithm known as the 
“error back-propagation algorithm”. 
First, numerical descriptors of an object from the training set are applied to the inputs of the 
ANN. The network classifies the object by calculating the output values. The output is 
compared to the desired (correct) result and an error value is calculated. If this error exceeds 
the defined threshold value, the sequence of corrective adjustments to the weights is started. 
Adjustments are done from the output towards the input layer as the error signal travels 
backwards. After the corrections are done, the network generates a smaller error when 
classifying the same object, thus improves itself through learning. A more detailed 
description of the error back-propagation algorithm is beyond the scope of this chapter and 
is well documented in literature (Rojas, 1996). More knowledgeable readers might find it 
interesting that weight adjustments were done under generalized delta rule which included a 
momentum constant, increasing the rate of learning while avoiding the danger of instability 
(Kantardzic, 2003). 
In theory, if the training set is large and diverse enough, an ANN can accumulate enough 
knowledge to reliably classify unknown objects. 
To test the reliability of an ANN the data to be classified is usually divided into two sets. 
The first set consists of cases used for the learning process through which an ANN adapts 
itself and the second set consists of  cases, previously unknown to trained ANN. These cases 
are then classified and the results are compared to actual class values. 
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2. Background 

There have been several studies published that have used thermography as a diagnostic tool 
for determining various entrapment neuropathies (Ammer, 1999, 2003; R.T. Herrick & S.K. 
Herrick, 1987; Schartelmüller & Ammer, 1996; Tchou et al., 1992). There is a generally 
accepted opinion that thermography is not appropriate for routine diagnostics of CTS and 
other entrapment neuropathies, as they predominantly affect thick myelinated fibres, while 
thermography (indirectly through the arrangement of temperature changes) enables only an 
assessment of the functional status of thin, mostly unmyelinated, nociceptor and sympathetic, 
vasomotor nerve fibres (Rosenbaum & Ochoa, 2002). However, since MN contains motor, 
sensory and sympathetic fibres, we can justifiably expect involvement of the autonomous 
nervous system and consequently thermoregulation of hand, when entrapment occurs. A 
quick, precise, dynamic, very sensitive, and non-invasive surface detection of temperature 
changes of the skin is within the domain of thermography (Jones & Plassmann, 2002). 

3. Methods 

Monitoring the dynamics of thermographic changes in CTS aided by artificial intelligence, 
represented the basic research challenge. We asked ourselves if the artificial intelligence 
system can identify the typical CTS pattern from the thermogram of a hand, and, if so, at 
what stage of entrapment. Much like in other entrapment neuropathies, the myelinated 
fibres are the ones that are primarily affected, but chronic or extremely severe acute 
entrapment also captures thin sympathetic (autonomous) nerve fibres (Benaroch, 2007). 
However, it is necessary to point out that the latter have the capacity of improving much 
faster (Marotte, 1974).  
In 1976, for the purposes of thermographic diagnostics in the area of entrapment neuropathies, 
researchers developed the provocative cold stress test (Ring, 1995a). In this test the patient’s 
hands wrapped in thin plastic gloves are submerged in cold water (in different researchers 
temperature varies from 1°C to no more than 20°C) for 1 minute. After a 10 to 15-minute 
adaptation to the room temperature the temperature changes of the hand are determined 
using an IR camera. Thermographic images are taken before and after the stress test, in specific 
time intervals. During this process the patient should not touch anything.  
According to a theory, provocation excites sympathetic autonomous nerve fibres of the hand 
and induces vasoconstriction. Quantitative thermography (measurement of hand 
temperature after a specific time interval) is used for estimating the response of the 
autonomous nervous system. It is expressed as vasodilation or reactive hyperthermia, which 
consequently normalizes hand temperature. A healthy person develops reactive 
hyperthermia relatively early (within 10 minutes) and equally on all fingers. But in CTS, by 
using thermography, we discovered different temperature changes. Neurophysiologic basis 
of the procedure is the measurement of the response of the sympathetic nervous system. 
Autonomous nerve fibres, which innervate the skin, run together with sensory fibres of 
peripheral nerves and also have the same arrangement within an individual nerve (Kline & 
Hudson, 1990). The autonomous, vegetative, nervous system of the hand controls sweat 
secretion and vasomotorics. The latter is responsible for the control of skin circulation 
required for maintaining body temperature. In vasodilation body temperature is diverted 
from the body and, vice versa, in vasoconstriction the temperature is retained. The initial 
response of the body to the provocation cold stress test is vasoconstriction. 
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We believe that the provocation stress test is more useful for research purposes. In our 
previous clinical practice the method did not stand the test. We often tried with different 
water temperatures. We have used ice cold water, in line with the published standard and 
protocol for clinical thermography (International Academy of Clinical Thermology, 2002), as 
well as warmer water, up to 20°C, which is recommended by Ring (Ring, 1995a). The latter 
claims that in the case of cold water the regeneration period is (too) long, while the 
Guidelines advise against water that is warmer than ice cold, as otherwise sympaticus 
stimulation would not be sufficient. The basic deficiencies of the test we have come across in 
clinical use are: it is too time consuming, unpractical (requires putting on and taking off thin 
plastic gloves with as little contact as possible), “old-fashioned” (the majority of patients 
thought it was too banal holding hands in a vessel with usually cold water, and for this 
reason they were not very cooperative), and unpleasant (people with impaired autonomous 
nervous system experience holding hands in cold water as pain). Numerous volunteers have 
declared that they would rather undergo EMG investigation again than the provocation cold 
stress test. Clear and simple instructions not to touch the wall or bottom of the vessel have 
frequently been breached. Constant supervision was required for a very simple test. 
Obviously, other clinicians have also come across similar problems, because we found no 
literature sources on published clinical (just research) studies using the provocation stress 
test on a sufficiently large population, which would provide enough data for a reliable 
statistical analysis. For the reasons described above our attention has been directed to 
finding a method that would enable us to abandon the stress test. 
In currently published studies, thermographic images were analysed by means of 
commercial computer programmes and manual definition of fields of interest (Ammer, 
1999, 2003; R.T. Herrick & S.K. Herrick, 1987; Schartelmüller & Ammer, 1996; Medical 
Imaging Research Group, University of Glamorgan, 2004). The analysis of thermographic 
images is a demanding and time-consuming task, because the precision in determining the 
fields of interest of images is the decisive factor for a proper diagnosis. We often require 
measurements with a precision of 0.1°K.  
For this purpose we have developed software tool, which provided us with an exact 
analysis of thermographic images and automated the CTS diagnosis procedure, while 
eliminating the need for the preliminary provocation cold stress test (Fig. 5). 
We have used the well-known advantages of machine learning by using data mining 
(Kantardzic, 2002). We have developed a neural network, which is capable of diagnosing 
CTS on the basis of very discrete temperature differences that are invisible to the eye on a 
thermographic image.  
Patients were selected from a pool of clinically suspect CTS patients referred by general 
practitioners and various specialists to our department. The exclusion criteria for 
participation was: previous operation for CTS, negative electrodiagnostic test for CTS, 
abnormal hand anatomy (amputations, injuries, other anomalies) preventing the acquisition 
of standard images of hands. Volunteers who did not exhibit symptoms of CTS and were 
subsequently diagnosed by electromyography as not having the syndrome were used to 
acquire images of healthy hands (dorsal and palmar views). 
For our pilot study 112 images were examined: 23 patients (15 females, eight males; mean 
age 51.4 years, range 26-71 years) were used to acquire 60 images depicting 30 hands (dorsal 
and palmar views) at different stages of CTS; 13 volunteers (eight females, five males; mean 
age: 48.3 years, range 28-66 years) who did not exhibit symptoms of CTS and who were 
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subsequently diagnosed by EMG as not suffering from the syndrome were used to acquire 
52 images of healthy hands (dorsal and palmar views of 26 hands). 
 

 
Fig. 5. Computer software for identification of mean temperatures of individual hand 
segments. 

The results of a pilot study were very promising. In the majority of performed 
measurements classification exceeded the 77% effectiveness (Table 1). 
The most important segments turned out to be fingers, especially the index finger and the little 
finger (which also coincides with the anatomic distal innervation area for the median or ulnar 
nerve (ulnaris). The results also coincided with a similar study carried out by Schartelmüller 
and Amer in relation to the thoracic syndrome pathology by means of manual analysis of 
thermograms (Schartelmüller & Ammer, 1996). Successful classification of our neural network 
was supported by the fact that whenever we excluded the majority of fields of interest of MN 
(thumb, index finger, and middle finger), the efficiency was not better, only accidental.  
 

Included segments Success rate (%) 
All dorsal segments (reference case) 80.6 
All segments 74.3
All palmar segments 65.6
All dorsal but thumb 81.8
All dorsal but index finger 77.3
All dorsal but middle finger 81.8
All dorsal but ring finger 79.2
All dorsal but little finger 75.2
All dorsal but index and little finger 70.8
All dorsal but thumb, index and middle finger 64.5
All dorsal without wrist segments 82.5
All dorsal without metacarpal segments 78.4

Table 1. Pilot study CTS classification success rates (each success rate percentage is the mean 
of five repeat runs on 22 randomly selected hands). 
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The findings of our pilot study spoke in favour of the applicability of the intelligent system 
for discerning CTS from thermovision images. In a smaller number of study and test cases 
(n = 112) the efficiency of classification exceeded our expectations. We were aware of the fact 
that a small set of elements can lead to misleadingly good (or bad) results. Therefore, for a 
realistic evaluation of efficiency of classification we have collected a significantly larger data 
base. In total we acquired 502 images of 251 hands (dorsal and palmar side of each hand). 71 
patients (52 females and 19 males with mean age 56.8 years, range 23 – 90 years) contributed 
274 images of 137 hands (in 5 patients only one hand met the inclusion criteria) and 57 
volunteers (35 females, 22 males; mean age 47.6 years, range 25 – 74 years) contributed 228 
images of 114 healthy hands. 

3.1 Statistical analysis 
All statistical analyses were performed using the R Project for Statistical Computing, a 
software language and environment for statistical computing, available as free software 
under the terms of GNU General Public License. Where appropriate, data are presented as 
mean ± SD or as percentages. Comparisons between patient and volunteer groups regarding 
segment temperatures were analysed by non-parametric Mann-Whitney-Wilcoxon test since 
it is used to compare two independent groups of sampled data and unlike the parametric t-
test, makes no assumptions about the distribution of the data (e.g., normality). A p-value < 
0.05 was considered to be statistically significant. 

4. Study results 
The prevailing opinion in literature states that for determining CTS by using thermography 
dorsal segments of the hand are more important than the palmar ones (R.T. Herrick & S.K. 
Herrick, 1987). Even more so, we have confirmed that palmar segments are not useful for 
detecting CTS by means of IR thermography (Fig. 6).  
The finding was a surprise to us, because we have initially expected palmar changes, 
considering the distal innervation sample of MN. Our explanation is that obvious 
temperature differences on the dorsal or palmar side are the result of hand complexity. They 
originate both from anatomical and physiological and functional features of the hand. In 
anatomical terms, the skin on the hand is thinner and contains essentially more sweat 
glands (450/cm²) than on the dorsal side (Tortora & Derrickson, 2008). In physiological 
terms, the emotional stress is initially reflected by palm sweating (next to feet and armpits). 
In the majority of basic hand functions (grasping, leaning, carrying) the palmar side of 
palms and fingers is burdened. Everything we have described above has an important 
influence on local temperature changes even in a healthy person, which is in our opinion a 
sufficient reason why the palmar side of hands is not the most appropriate for a credible 
analysis of thermograms in CTS cases. 
One of our further objectives, after having expanded our data base, was the attempt of 
classifying CTS with thermography, while considering neurophysiological levels of MN 
entrapment. For this purpose we have developed a neural network, which is capable of 
classifying data into four classes (no entrapment, mild, moderate, severe). However, the 
results of this classification were even weaker. We have also tried using other methods of 
machine learning (Podgorelec et al., 2002), but they did not produce favourable results 
either, so we abandoned the idea. On the basis of statistical data processing (Table 2), which 
has shown significant difference among healthy patients and the severe level of CTS 
entrapment, we have decided to use only the latter for classification. 
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Fig. 6. Statistical significances of differences between segment temperatures in patients’ and 
volunteers’ hands (Mann-Whitney-Wilcoxon test, p=0.05), for dorsal and palmar side. 
 

Segment Mild-Normal Moderate-
Normal 

Severe-
Normal 

All CTS-Normal 

 Whole hand 0,237400 0,285800 1,79E-006 0,007162 
 Thumb 0,244800 0,509300 5,07E-005 0,034990 
 Index finger 0,295100 0,449800 6,19E-005 0,029850 
 Middle finger  0,470900 0,397900 4,90E-005 0,017270 
 Ring finger  0,550600 0,557500 3,49E-005 0,017840 
 Little finger  0,473400 0,619200 4,03E-004 0,053060 
 Below thumb  0,111200 0,165400 2,32E-006 0,008782 
 Below index finger  0,166000 0,218600 3,36E-007 0,004250 
 Below middle finger 0,175600 0,228700 1,42E-007 0,003147 
 Below ring finger  0,176200 0,279400 1,24E-007 0,003551 
 Below pinky finger  0,132300 0,318200 1,69E-006 0,011470 

Table 2. Statistical significances of differences between dorsal segment temperatures in 
different NCS severity levels (Mann-Whitney-Wilcoxon test, p=0.05). 

After repeated learning and testing of the neural network on the basis of these reduced 
results (dorsal images of the severe CTS and healthy hands; n = 185), we have achieved our 
best results. The efficiency of classification has exceeded 83% (Table 3). 
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Classification run Incorrectly classified Correctly classified Success rate (%) 
1 6 31 83,78 
2 5 32 86,49 
3 8 29 78,38 
4 5 32 86,49 
5 7 30 81,08 
Mean 6.2 ± 1.30 30.8 ± 1.30 83.24 ± 3.52 

Table 3. CTS diagnosis success rate when only dorsal segments of severe cases and healthy 
hands were used (n=37, 20% of all hands, each success rate percentage is the mean of five 
repeat runs). 

5. Discussion 
On the basis of such results, we can claim that thermography is a useful method for 
assessing severe CTS levels, even without using a preliminary stress test. Our attention has 
to be directed to the interpretation of thermograms in relation to the clinical picture, because 
pathological thermographic samples can be a result of neuropathic changes, local 
inflammation, or vascular diseases. 
In terms of pathophysiology, we differentiate between four basic thermographic patterns of 
neuropathic origin (Rosenbaum & Ochoa, 2002): 
1. Warm pattern I: sympathoparalytic vasodilatation; 

It occurs due to the loss of vasoconstrictor activity of sympaticus, (such as blockade of 
sympaticus or local blockade of somatic nerve). The skin is warm. Mechanism of action: 
the result of reduced vasomotor tonus of arteriolesis vasodilation, which is expressed as 
increased blood flow to the skin. 

2. Cold pattern I: Denervation supersensitive vasoconstriction; 
The result of chronic interruption of postganglionic sympathetic neuron, which 
supplies the skin, leads to hypothermia of denervated area (sympathetic denervation 
supersensitivity). The skin is cold. Postsynaptic abnormality in the smooth muscles. 
Mechanism of action: the result of increased vasomotor tonus of arterioles is 
vasoconstriction, which is expressed as reduced blood flow to the skin.  

3. Cold pattern II: Somatosympathetic reflex vasoconstriction; 
It is the result of the excitation of sensory receptors from the skin or irritation of sensory 
nerve, which is reflected as sudden cooling of skin on the area, where afferent impulses 
originate from. It is a reflex action, and afferent sensory fibres in this case are sympathetic.  

4. Warm pattern II: Antidromic vasodilatation; 
Hyperthermia occurs due to vasodilatation, which does not depend on sympathetic 
activity, but on neurosecretion of vasodilatatory substances. Every stimulus, which 
reaches sufficient intensity to stimulate noniceptive nerve endings, can induce 
neurosecretory functions and consequently antidromic vasodilatation. The skin, which 
is cold due to symptomatic vasodilatation, retains the capacity for reflex sympathetic 
vasoconstriction.  

In CTS, including rare cases of painful MN entrapment, we can come across any of the 
pathological samples mentioned above. However, further attention is required for the 
interpretation of results, because changes in vasomotor tonus are not exclusively the result 
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of stimulation of sympathetic nerve fibres (Aminoff, 1979; Ochoa & Verdugo, 1995; Ochoa, 
2002). And namely: 
1. Reflex sympathetic activity can merely be physiological response to pain;  
2. Vasoconstriction is often the result of denervation supersensitivity rather than of 

sympathetic hyperactivity;  
3. Antidromic vasodilatation can also be caused by stimulation of sensory nociceptors;  
4. Vasomotor disorders can simply be a result of the non-use of hand (Ochoa & Yarnitsky, 

1994). 
Giordano and others (Giordano et al., 1992) examined 40 patients with idiopathic CTS by 
applying electroneurography and thermography, and compared them to 30 healthy 
volunteers. Abnormal hypothermia and hyperthermia were attributed to changes in 
vasoconstrictor tonus caused by the compression of thin non-myelinated sympathetic fibres.  
With regard to complex thermoregulation mechanisms, autonomous activity of vegetative 
nervous system and individual reaction of individuals, the interpretation of thermograms is 
not uniform and must be done in conjunction with anamnesis, clinical picture and/or 
electrodiagnostics. It is commonly known that clinical signs for CTS are highly specific, but 
also not sensitive (Gunnarsson et al., 1997; Kuhlman & Hennessey, 1997; Kuntzer, 1994; Seror, 
1993; Uncini et al., 1993). D`Arcy and Mc Gee have published work in which they present an 
overview of literature covering the period from April 1966 to December 2000, which  discuss 
symptoms and signs for CTS diagnostics, in comparison to electrodiagnostic testing. They 
have established that sensitivity and specificity of clinical investigation vary considerably 
(D’Arcy & McGee, 2000). As part of our research we decided to compare thermograms with 
electrodiagnostics, since the latter is considered the most specific, sensitive (over 90%), and 
objective test for CTS diagnostics (Cassvan et al., 1988; Hennessey & Johnson, 1996; Hilburn, 
1996; Jackson & Clifford, 1989; Johnson, 1993; Lew et al., 2005; Seror, 1987).  
Rosenbaum and Ochoa warn that thermography cannot simply be equated with the CTS 
diagnostics, because it does not say much about the patophysiological basis of 
thermographic changes and entrapment, other than presenting changes in body temperature 
in a very precise and spectacular manner (Rosenbaum & Ochoa, 2002). In currently 
published clinical studies on CTS it has been reported that many patients with the clinically 
and electrodiagnostically confirmed CTS had normal thermographic samples (So et al., 1989; 
Myers et al., 1988). Thermograms were manually read. Y.T. So and others registered 
pathological samples in no more than 55% (So et al., 1989. In 1992 Tchou and others 
compared thermograms of 61 patients with CTS and 40 volunteers. Thermograms were 
considered abnormal, if at least 25% of distal median area was affected by temperature 
increase by more than 1°C. They have noted 93% sensitivity and 98% specificity of the 
thermographic method in impaired MN in the carpal tunnel, but only in the case of 
unilateral CTS (Tchou et al., 1992). 
Our study also includes use of artificial intelligence, because we wanted to avoid the 
provocation cold stress test and manual interpretation of thermograms. By using neural 
networks of the multi-level perceptron type, we have, after preliminary supervised training, 
automated the analysis of thermograms and the CTS diagnosis procedure. As it turned out, 
by using a new software tool we were able to register very discrete temperature changes, 
which are not perceived macroscopically on the thermogram, and which the neural network 
successfully classified into the pathological sample. By using artificial intelligence we were 
able to abandon the need for contralateral comparison with the “healthy” side, which 
represented reference values in currently manually analysed thermograms. With regard to 
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the findings of our research we can claim that the use of thermography in detecting CTS is 
useful even in the case of bilateral impairment. Considering this, the method achieved wider 
indication area, as by its definition CTS is more frequently bilateral (Rosenbaum & Ochoa, 
2002). Our neural network was used on a group of patients with predominantly bilateral 
impairment, and the threshold for successful classification was set at 80%. 
The assessment of the autonomous nervous system, in MN entrapment, was evidenced only 
by few authors (Aminoff, 1979; Verdugo et al., 2004; Verghesse et al., 2000). As a matter of 
fact, the incidence of these symptoms is not completely clear both in healthy people and in 
people with some other hand pathology. Burke and other discuss that more than a half of all 
patients with electrodiagnostically confirmed CTS, and also approximately two thirds of 
those without CTS, mentioned hand sweating. The entrapment of autonomous median 
fibres in the carpal tunnel was assessed with the sympathetic skin response, which was 
pathological in one third of all those patients with CTS, who stated symptoms, consistent 
with vegetative symptomatics (Burke et al., 1999). Yarnitsky and Ochoa claim that 
symptoms, which potentially belong to the autonomous nervous system disorder (finger 
sweating, dry palms, Raynaud’s phenomenon, and finger pallor), can only be noticed in 17% 
to 32% of patients with CTS, and don’t have high diagnostic value (Yarnitsky & Ochoa, 
1991). But on the contrary, Verghese and others point out that the involvement of 
autonomous nervous system in CTS is frequent (55%), especially in the group of people with 
severe neurophysiological level of entrapment (Verghesse et al., 2000).  
The results of our research are in line with the latter; as a matter of fact, the classification 
was by far the most successful in the group with the most severe level of entrapment in 
terms of electrodiagnostics (Table 3). In this group, even pathophysiologically, we can 
already expect impairment of thin, non-myelinated, autonomous, nerve fibres. 

6. Conclusion 
After an in-depth deliberation we believe that a pathophysiologically-substantiated doubt, 
with regard to the mechanism of the incidence of temperature changes in CTS, doesn’t 
diminish the applicability of thermography in diagnosing MN entrapment by using artificial 
intelligence. As is often the case in medicine, temperature is a symptom and reflects a 
certain condition. By using artificial intelligence, considering reliable electrodiagnostic 
criteria, we have succeeded in classifying the discussed condition on hands as the result of 
severe level of MN entrapment in the carpal tunnel. Doctrinally, even though this is the best 
and the most frequently researched entrapment neuropathy on hands, there is currently no 
consensus reached with regard to treatment (Gerritsen et al., 2002; Gunnarsson et al, 1997; 
Hui et al., 2005; Kanaan & Sawaya, 2001; O'Gradaigh & Merry, 2000; Padua et al., 2001). 
Usually, mildly expressed CTS symptomatics in clinical terms is initially treated 
conservatively. With regard to the decision when and which type of operative relaxation of 
MN is the most appropriate, there are no uniform scientifically-supported evidences (Chang 
et al., 2008; Finsen & Russwurm, 2001; Iida et al., 2008; Mondelli et al., 2001). In patients, 
who refuse surgical procedures, neurophysiological investigation with a very clear clinical 
picture makes no sense, because it doesn’t change their treatment in any way. Not taking 
into account results of neurophysiological measurements, it is conservative (disburden, 
braces), which means cheap, non-invasive, and completely reversible. Likewise, it also does 
not make sense to refer patients with CTS symptoms, which last less than six months, to 
neurophysiological measurements, because the probability of spontaneous healing is 
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particularly high in the early period (Padua et al., 2001). Considering the described doctrine, 
recommendation, and clinical practice, we can diagnose CTS in cases of severe entrapment 
with a high level of reliability by using thermography and appropriate software tool. 
Simultaneously, critical interpretation of thermograms, considering anamnesis and clinical 
picture, is also sufficient for the beginning of CTS treatment. Patients with severe level of 
entrapment (where typical thermogram is registered), if they consent to the operative 
procedure, are referred to EMG investigation and then to decompression; all others are 
treated conservatively for the next six months.  
On the basis of the conducted study, IR thermography cannot be recommended as an equal 
diagnostic method to the already established EMG investigation. However, we are 
determining that it can be used as a successful, non-invasive method for detecting severe 
CTS cases. It could also be useful in preventive examinations of a wider population, such as 
in different industries, where ergonomic conditions of work represent a major risk for the 
development of CTS (repeating hand and wrist movements, work with vibration machines, 
work in extreme wrist positions along with simultaneous pressure on palms, work in cold 
atmosphere, professional drivers, etc.), as well as in pregnant women and children and 
those symptomatic patients, who as a principle reject EMG and operative therapy. 
Considering good results we have obtained by using neural networks in the group of severe 
entrapments we recommend thermography as a screening method for determining CTS. 
Indirectly, the method can also be useful in reducing long waiting periods for EMG 
investigation, which is the major deficiency of this generally established, standard 
diagnostics. By using non-invasive thermography we would focus on the group of patients 
most at risk, who would be given priority for EMG investigation.  
The method we have developed with a clear indication for or restriction only to severe cases 
of entrapment is recommended as a screening method for determining CTS and as pre-level 
of EMG investigation, which otherwise still remains the most reliable standard in the area of 
diagnostics of entrapment neuropathies. 
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1. Introduction 
Excitatory (facilitation) or inhibitory spinal reflex arcs (inhibition) mediated by group I 
afferent fibers from the muscle spindles (group Ia afferents) and Golgi tendon organs (group 
Ib afferents) among muscles in the human upper limb have been studied (Fig. 1) (Aymard et 
al., 1995; Baldissea et al., 1983; Cavallari & Katz, 1989; Cavallari et al., 1992; Creange et al., 
1992; Day et al., 1984; Fujii et al., 2001; Katz et al., 1991; Kobayashi et al., 2000; Lourenço et 
al., 2007; Marchand-Pauvert et al., 2000; Miyasaka et al., 1995, 1996, 1998, 2007; Naito et al., 
1996, 1998a, 2001; Naito, 2003, 2004; Nakano et al., 2005, 2006; Ogawa et al., 2005; Pierrot-
Deseilligny & Mazevet, 2000; Rossi et al., 1995; Sato et al., 2002; Shinozaki et al., 2001; Suzuki 
et al., 2005, 2007; Wargon et al., 2006). These reflex arcs modulate motoneuron excitabilities 
to coordinate smooth muscular movements (Naito, 2003, 2004; Pierrot-Deseilligny et al., 
1981; Rothwell, 1994; Tanaka, 1989). The facilitation must function for co-contraction of 
muscles and the inhibition for alternating or reciprocal contraction among muscles (Naito, 
2003, 2004).  
Musculus (m.) pronator teres (PT) arises from the medial epicondyle of the humerus 
(humeral head) and the coronoid process of the ulna (ulnar head) and attaches on the lateral 
surface of the shaft of the radius (Basmajian, 1982; Jenkins, 2008; Standring et al., 2005). It is 
innervated by the median nerve. M. extensor carpi radialis longus (ECRL) arises mainly 
from the distal third of the supracondylar ridge of the humerus and attaches to the radial 
side of the dorsal aspect of the base of the second metacarpal. M. extensor carpi radialis 
brevis (ECRB) arises mainly from the lateral epicondyle of the humerus and attaches on the 
radial side of the base of the third metacarpal. Both muscles (ECR) are innervated by the 
radial nerve. Most textbooks of anatomy describe that PT acts as a forearm pronator and 
ECR as a wrist extensor and abductor. Our previous studies have demonstrated facilitation 
between PT and ECR (ECRL, ECRB) in humans (Fig. 1) (Nakano et al., 2005, 2006). The 
facilitation seems to be mediated by group Ia afferents through a monosynaptic path. It is 
known that monosynaptic facilitation mediated by group Ia afferents is usually observed  
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Fig. 1. Excitatory (facilitation) and inhibitory spinal reflex arcs (inhibition) studied among 
muscles in the human upper limb (homonymous facilitation mediated by group Ia afferents 
and homonymous inhibition mediated by group Ib afferents are omitted). The facilitation is 
illustrated on the motoneuron’s left, the inhibition on the right. DE: musculus (m.) 
deltoideus (anterior fibers), BB: m. biceps brachii, TB: m. triceps brachii, BR: m. 
brachioradialis, PT: m. pronator teres, PL: m. palmaris longus, ECR: m. flexor carpi radialis, 
FCU: m. flexor carpi ulnaris, ECR: mm. extensor carpi radialis longus and brevis, ECU: m. 
extensor carpi ulnaris, FDS: m. flexor digitorum superficialis, ED: m. extensor digitorum, 
MIH: hand muscles innervated by the median nerve, UIH: hand muscles innervated by the 
ulnar nerve, TM: thenar muscles, HTM: hypothnar muscles, FDI: m. interosseus dorsalis 
prima, Abbreviations in this as well as Figs. 2-7. 

among synergistic muscles (Naito, 2003, 2004; Pierrot-Deseilligny et al., 1981; Tanaka, 1989). 
However, since PT and ECR are not synergistic, the functional significance of the facilitation 
is still unclear. This chapter describes the significance elucidated by studies using an 
electromyography (EMG) and electrical neuromuscular stimulation (ENS).  
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However, since PT and ECR are not synergistic, the functional significance of the facilitation 
is still unclear. This chapter describes the significance elucidated by studies using an 
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2. EMG study 
Observations of activities of two muscles during repetitive movements must reveal 
activation of facilitation or inhibition between them. The facilitation must be active during 
co-contraction of the muscles and the inhibition must be during alternating or reciprocal 
contraction between the muscles. Since PT belongs to forearm pronators and ECR (ECRL, 
ECRB) to wrist extensors, activities of the muscles during repetitive movements of dynamic 
forearm pronation/supination, and those of static (isometric) wrist extension and dynamic 
wrist extension/flexion were studied using EMG.  
For EMG recording, bipolar intramuscular electrodes made of teflon-coated stainless steel 
wire (75 μm in diameter, SUS 316, AM system, Carlsborg WA, USA) with distance of about 
4 mm were used (Basmajian & Deluca, 1985; Fujii et al., 2007; Naito et al., 1998b; Perotto, 
1994). The electrodes were implanted percutaneously into the muscles with 25 gauge-
injection needles (Naito et al., 1998b, Riek et al., 2000). A wet bandage was put round the 
shoulder and used as reference. EMGs were amplified, band pass filtered (10-1,000 Hz), and 
sampled at 2,048 Hz. Then they were integrated (rectified and averaged) with an EMG 
integration program (Multi-Computer System, Giga Tex Co., Osaki, Japan). 

2.1 The repetitive movements of dynamic forearm pronation/supination 
EMGs of m biceps brachii (BB), PT, ECRL, ECRB, m. extensor carpi ulnalis (ECU), and m. 
flexor carpi ulnaris (FCU) were recorded in five normal subjects (male, age range 23-46 
years). Movements tested were repetitive movements of dynamic forearm 
pronation/supination between the maximum prone (90 degrees of pronatioon) and spine 
positions (90 degrees of supination) with maintenance of the wrist neutral position (0 
degrees of flexion/extension, 0 degrees of adduction/abduction). The subject sat on a chair 
with the shoulder joint flexed to 0 degrees of flexion and the elbow joint flexed to 90 degrees 
of flexion (Fig. 2A). In order to obtain adequate EMGs of the muscles (Basmajian and 
Deluca, 1985; Naito et al., 1998b), a belt weighing 1.0-2.0 kg was wound around the hand 
(palm) as a load. The movements were pictured with three digital video cameras (NW-GS 
100, Panasonic, Tokyo, Japan) (anterior, superior, and medial aspects). Trajectories of the 
styloid process of the radius during the movements were traced using a 3-D-position sensor 
(3DPS) system (Liberty, POLHEMUS, USA), which delivered coordinate (x, y, z). A terminal 
probe of the 3DPS system was put on the skin of the styloid process with adhesive tape. 
Lissajou’s curves (trajectories in the coronary plane) was drawn with the data (x, y) using a 
2-D Lissajou presentation program (RO299-4588G, Gigatex, Osaki, Japan). Video pictures 
and data of the 3DPS system were fed into a simultaneous recording system of digital video 
pictures and electric signals (The Teraview, Gigatex, Osaki, Japan) with EMGs (Sagae et al., 
2010; Sato et al., 2007).  
During the movements, BB showed activities increasing and decreasing and PT, ECRL, and 
ECRB parallel activities decreasing and increasing at the supination and pronation phases, 
respectively, in all the five subjects (Fig. 2B, C). These fluctuations resulted in peaks and 
troughs of BB activities, and troughs and peaks of PT, ECRL, and ECRB activities at the 
maximum supination and pronation, respectively (Table 1). ECU showed parallel activities 
to PT, ECRL, and ECRB activities in all the subjects and those to BB activities (Fig. 2C) in two 
subjects. Peaks of the parallel activities of the latter were much lower than those of the 
former. FCU showed parallel activities to BB activities in three subjects (Fig 2B). In one 
subject, large and regular activities of which peaks followed the peaks of BB activities and 
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small irregular activities were observed (Fig. 2C). In the remaining one subject, FCU showed 
no activities during the movements.  
 

 
Fig. 2. An electromyographic (EMG) study of repetitive movements of dynamic forearm 
pronation/supination with maintenance of wrist neutral position in normal human subjects. 
A: The posture of the subject. During the experiment, the subject sits on a chair and keeps 
the shoulder joint at 0 degrees of flexion/extension, adduction/abduction, and 
external/internal rotation, the elbow joint at 90 degrees of flexion, and the wrist joint at 0 
degrees of flexion/extension and adduction/abduction (neutral position). In order to evoke 
adequate EMG activities, a belt weighing 1.0-2.0 kg is surrounded around the hand. B, C: 
EMGs of BB, PT, ECRL, ECRB, ECU, and FCU during the movements in two subjects. The 
bottom solid lines indicate changes in the position of the forearm. Note that parallel 
activities of ECRL, ECRB, and PT increasing and decreasing at the pronation and supination 
phases, respectively, are observed in both the subjects. 

Among BB, PT, ECR (ECRL, ECRB), ECU, and FCU in humans, facilitation between PT and 
ECR (Nakano et al., 2005, 2006), and from ECR to BB (Cavallari & Katz, 1989) and inhibition 
between BB and PT (Miyasaka et al., 1996; Naito et al., 1998a), and from BB to FCU 
(Cavallari et al., 1992) have been studied (Fig. 1). The EMG study showed that activities of 
BB increased and decreased and those of PT and ECR decreased and increased at the 
supination and pronation phases, respectively, in all the five subjects. This observation 
suggests that reciprocal contraction between BB and PT, and BB and ECR, and co-
contraction of PT and ECR occur during the movements. The inhibition between BB and PT  
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MaxS: the maximum supination, MaxP: the maximum pronation, BB: musculus (m.) biceps brachii, PT: 
m. pronator teres, ECRL: m. extensor carpi radialis longus, ECRB: m. extensor carpi radialis brevis, 
ECU: m. extensor carpi ulnaris, FCU: m. flexor carpi ulnaris, Abbreviations in this as well as Tables 2, 3. 

Table 1. Peaks and troughs of activities of muscles during repetitive movements of dynamic 
forearm pronation/supination with maintenance of the wrist neutral position in five 
subjects.  

(Miyasaka et al., 1996; Naito et al., 1998a) must be active during the reciprocal contraction 
and the facilitation between PT and ECR (Nakano et al., 2005, 2006) must be during the co-
contraction. The facilitation must work effectively for the parallel activities increasing at the 
pronation phase. The facilitation from ECR to BB (Cavallari & Katz, 1989) seems to be 
inactive during the movement. In the EMG study, parallel activities of ECU to PT and ECR 
activities and BB activities were seen in all and two subjects, respectively. The parallel 
activities of the latter were much smaller than those of the former. These results suggest that 
co-contraction of PT, ECR, and ECU, and reciprocal contraction between BB and ECU occur 
during the movement. The EMG study also showed that parallel activities of FCU to BB 
activities were observed in three subjects and activities of FCU of which peaks followed the 
peaks of BB activities in one subject. This observation suggests that co-contraction of BB and 
FCU, and reciprocal contraction between FCU and PT, and FCU and ECR occur during the 
movements. The inhibition from BB to FCU (Cavallari et al., 1992) seems to be inactive 
during the movements. Observations of the co-contraction and reciprocal contraction 
suggest a possibility that facilitation between PT and ECU, and ECR and ECU, and 
inhibition between PT and FCU, ECR and FCU, and ECU and FCU exist in humans. Further 
studies are required to elucidate existences of the facilitation and inhibition. 

2.2 The repetitive movements of static wrist extension and dynamic wrist 
extension/flexion 
EMGs of PT, ECRL, ECRB, and FCR were recorded in twelve normal human subjects (male 
9, female 3, age range 20-40 years) (Fujii et al., 2007). EMGs were fed into a data recorder 
(RECTI-HORIZ-8K, NEC, Tokyo, Japan) and pen recorder (RCD-928, Shinko, Tokyo, Japan). 
Movements tested were repetitive movements of static (isometric) wrist extension and 
dynamic wrist flexion/extension in the prone (about 80 degrees of pronation), semiprone 
(neutral), and supine positions (about 80 degrees of supination) of the forearm (Fig. 3A). The 
subject sat on a chair and put the forearm on an experimental table with the shoulder joint 
flexed to 0-20 degrees of flexion and the elbow joint flexed to 70-90 degrees of flexion (Fig. 
3A). In the movements of the static wrist extension, the subject made an effort to extend the 
wrist in the position of 0-20 degrees of extension against resistance for about 5 sec. The 

3FCU 40 0

05BB 0 5
PT 0 5 5 0
ECRL 0 5 5 0
ECRB 0 5 5 0
ECU 0 5 5 0

Peaks

MaxS

Troughs

MaxP MaxS MaxP
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resistance was produced by the experimenter’s hand. The hand pressed the dorsum of the 
subject’s hand to prevent the wrist from extending. The effort was performed 3-5 times at 
interval of about 5 sec. In the movements of the dynamic wrist flexion/extension, the subject 
performed a to-and-fro motion from the maximum flexion to the maximum extension of the 
wrist 5 times for about 25 sec. Angular changes of the wrist in flexion/extension direction 
were measured using an electrogoniometer (PH510, Denkikeisoku Hanbai, Tokyo, Japan). 
Data of the angular changes were fed into the data recorder and pen recorder with EMGs. 
 

 
Fig. 3. An EMG study of repetitive movements of static (isometric) wrist extension with 
maintenance of the forearm in the prone, semiprone (neutral), and supine positions in 
normal human subjects. A: The posture of the subject. During the experiment, the subject 
sits on a chair and puts the pronated, semipronated, and supinated forearm on an 
experimental table with the shoulder joint at 0-20 degrees of flexion/extension, 0 degrees of 
adduction/abduction, and external/internal rotation, the elbow joint at 70-90 degrees of 
flexion. Static wrist extension is performed against the resistance produced by the 
experimaner’s hand. B, C: EMGs of ECRL, ECRB, PT, and FCR during the movements in 
two subjects. The bottom thick lines indicate the period of the extension. Parallel activities of 
PT, ECRL, and ECRB are observed in the prone, semiprone, and supine positions in one 
subject (B) and in the prone position in another (C). Calibration bars for integrated EMGs: a 
percentage of the amplitude produced by the maximum contraction. Reproduced with 
permission from Fujii et al. (2007). 
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During the movements of the static wrist extension, ECRL and ECRB showed activities in 
the prone, semiprone, and supine positions of the forearm in all the twelve subjects (Table 2, 
Fig. 3B, C). Slight or no activities were seen in FCR. PT showed activities in the prone, 
semiprone, and supine positions in all, eight, and eight subjects, respectively. The activities 
were parallel with those of ECRL and ECRB. In the remainders, PT showed no activities 
during the movements.  
During the movements of the dynamic wrist flexion/extension, activities of ECRL and ECRB 
increased at the extension phase and those of FCR at the flexion phase in all the twelve subjects 
(Fig. 4). Therefore peaks of the activities of ECRL and ECRB appeared at the extension phase 
and those of FCR at the flexion phase (Table 3). Activities of PT increased at the extension 
phase in all, eight and five subjects, respectively, and at the flexion phase in zero, four, and five 
subjects, respectively, in the prone, semiprone, and supine positions. In three subjects (YE, SY, 
SK in Table 3), the activities increased at both the extension and flexion phases in the 
semiprone and supine positions. The activities of PT at the extension and flexion phases were 
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E: extension phase, F: flexion phase 

Table 3. Peacks of activities of muscles during repetitive movements of dynamic wrist 
flexion/extension in twelve subjects. 
 

 
Fig. 4. An EMG study of repetitive movements of dynamic wrist flexion/extension with 
maintenance of the forearm in the prone, semiprone (neutral), and supine positions in 
normal human subjects. The subject performed the movements in the posture as well as Fig. 
3A. A, B: EMGs of ECRL, ECRB, PT, and FCR during the movements in two subjects. The 
bottom trace represents the position of the wrist in flexion/extension direction. Parallel 
activities of PT, ECRL, and ECRB are seen at the extension phase in the prone and 
semiprone positions in both subjects (A, B). PT and FCR show parallel activities at the 
flexion phase in the supine and semiprone positions in one subject (A). Calibration bars for 
integrated EMGs: a percentage of the amplitude produced by the maximum contraction. 
Reproduced with permission from Fujii et al. (2007). 

active during the co-contraction. In the EMG study, during the movements of the dynamic 
wrist flexion/extension parallel activities of PT and FCR were seen at the flexion phase in 
the semiprone and supine positions in four and five subjects, respectively. This observation 
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of co-contraction seems to indicate existence of facilitation between PT and FCR. It therefore 
seems likely that the facilitation between PT and ECR is activated with pronating the 
forearm and that between PT and FCR is with supinating the forearm. Further studies are 
required to elucidate influence of the forearm position on the facilitation. 

3. ENS study 
Motions of the forearm and wrist produced by ENS to PT and ECRL were examined in the 
same twelve subjects of the EMG study in 2.2 (Fujii et al., 2007). The subject sat on a chair the 
shoulder joint flexed to 0-20 degrees of flexion and the elbow joint flexed to 70-90 degrees of 
flexion as well as in EMG study in 2.2 (Fig. 3A). The forearm was put on an experimental 
table in the prone, semiprone, and supine positions. For electrical stimulation, monopolar 
electrodes made of teflon-coated stainless steel wire (above-mentioned product) were 
implanted percutaneously into each motor point of ECRL and PT with 27 gauge injection-
needles (Fujii et al., 2007; Naito et al., 1994, 2002; Sagae et al., 2010). A guide needle of a 25 
gauge spinal-needle (length: 89 mm, Top Co., Tokyo, Japan) was percutaneously inserted 
into the subcutaneous tissue along to the lateral intermuscular septum of the arm and used 
as reference. Before the implantation, locations of the motor points were examined by 
electrical stimulation with surface electrodes. During the implantation, electrical rectangular 
pulses (duration: 0.2 ms, amplitude: -20-0 V, frequency: 1 or 20 Hz) were occasionally 
delivered to the muscles through the wire electrodes and contraction of individual muscles 
was confirmed by inspecting and palpating the tendon or belly of them (Albright & Linburg, 
1978; Basmajian, 1982; Standring, 2005; Yoshida, 1994). Also it was carefully checked that no 
contraction of any other muscles was induced by the stimulation. For the ENS study, 
electrical rectangular pulses (duration: 0.2 ms, amplitude: -20 - 0 V, frequency: 20 Hz) were 
delivered using a computer-controlled multi-channel functional electrical stimulation (FES) 
system which we had developed to restore motor functions of paralyzed extremities with 
intramuscular wire electrodes (Handa et al., 1989; Hoshimiya et al., 1989). EMGs of ECRL 
and PT were recorded with two pairs of surface electrodes (Ag/AgCl Paste Applied with 
PVC Tape, Vitrode, NIHON KODEN, Tokyo, Japan), which were put on the central part of 
the contracted muscle belly longitudinally with the distance of about 1 cm. EMGs were 
amplified and band pass filtered (10-350 Hz). A wet bandage put round the shoulder was 
used as reference. Stimulation intensities (voltage) for the motor threshold (MT) and 
maximum contraction (MC) in individual muscles were determined by monitoring EMGs 
(motor wave) of the muscles and palpating the belly and tendon of them. In order to 
stimulate each of the muscles with the intensity between MT and MC, the voltage data for 
MT and MC were put into the FES system. Before ENS, the examined forearm was in the 
prone, semiprone, and supine positions. Then motions of the forearm and wrist induced by 
ENS were taken video with a digital video system (NV-MX2500, Panasonic, Tokyo). 
Angular changes of the motions of the wrist in flexion/extension direction and the forearm 
in pronation/supination direction were measured with the electrogoniometers mentioned 
above. A motion of the wrist in abduction/adduction direction was checked with video 
pictures. During ENS, EMGs of PT and ECRL were recorded with the pairs of the surface 
electrodes mentioned above. Data of the angular changes and EMGs were fed into the data 
recorder and pen recorder. ENS to ECRL was examined in all the twelve subjects. Since ENS 
to PT resulted in activation of PT and the other muscles innervated by the median nerve, i.e. 
FCR, m. palmaris longus, in one subject, it was examined in the remaining eleven subjects. 
The stimulus intensity was increased linearly from MT to MC for 4-5 sec.  
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ENS to PT induced a motion of forearm pronation from the prone, semiprone, and supine 
positions to the maximum pronation (90 degrees of pronation) in all the eleven subjects. 
ENS to ECRL induced motions of wrist extension to the maximum extention (70 degrees of 
extension) and abduction (radial flexion) to 5-20 degrees of abduction regardless of the 
positions of the forearm in all the twelve subjects. When the forearm was pronated before 
ENS, 30-80 degrees supination of the forearm from the prone position was induced in all the 
twelve subjects (Fig. 5).  
Combined ENS to PT and ECRL was examined in the eleven subjects. An increase of the 
stimulus intensity of ENS to PT from MT to MC fixed the forearm in the maximum 
pronation (Fig. 6). Then an increase for ENS to ECRL from MT to MC resulted in motions of 
wrist extension to the maximum extension and abduction to 5-20 degrees of abduction 
without a motion of supination in all the eleven subjects. In this situation, a decrease of the 
intensity of ENS to PT from MC to MT resulted in a motion of 40–90 degrees supination 
from the maximum pronation while holding the wrist extension and abduction. Then the 
increase of the intensity of ENS to PT from MT to MC resulted in a motion of pronation to 
the maximum pronation while holding the extension and abduction (Fig. 6D). 

4. Functional significance of the facilitation between PT and ECR 
The ENS study showed that ENS to PT produced forearm pronation from the prone, 
semiprone, and supine positions to the maximum prone position and that to ECRL wrist 
extension to the maximum extension and abduction to 5-20 degrees of abduction in the 
forearm prone, semiprone, and supine positions in all subject. These results suggest that PT 
acts as a forearm pronator and ECRL as a wrist extensor and abductor independent of the 
forearm position. The EMG study of the repetitive movements of dynamic forearm 
pronation/supination with maintenance of the wrist neutral position showed parallel 
activities of PT, ECRL, and ECRB increasing and decreasing at the pronation and supination 
phases, respectively, in all subject. This result suggests that the facilitation between PT and 
ECR is active during the co-contraction and works effectively at the pronation phase of the 
movements. Since at the pronation phase pronating force of PT must be used to pronate the 
forearm and extending and abducting force of ECR must be to support the weight of the 
hand, the facilitation seems to be convenient for maintenance of the wrist position.  
The ENS study showed that ENS to ECRL produced 30-80 degrees forearm supination from 
the prone position in all subject. This result suggests that ECRL act as not only a wrist 
extensor and abductor but also a forearm supinator when the forearm is in the prone 
position. Hence forearm supination from the prone position should be added to one of the 
actions of ECRL. The EMG study showed parallel activities of PT, ECRL, and ECRB during 
the movements of static wrist extension and at the extension phase of the movements of 
dynamic wrist extension/flexion in the prone position of the forearm in all subject. This 
result suggests that co-contraction of PT and ECR occurs during both static and dynamic 
wrist extension movements at least with the prone forearm. The facilitation must be active 
during the co-contraction. Since during the wrist extension movements extending and 
abducting force of ECRL must be used to extend the wrist and pronating force of PT must be 
to counteract supinating force of ECRL, the facilitation seems to be very convenient for 
maintenance of the forearm position. Actually the ENS study confirmed that combined ENS 
to PT and ECRL resulted in wrist extension and abduction with maintenance of the forearm 
prone position. The results of the EMG and ENS studies suggest that the facilitation is 
between antagonistic muscles. It is of no ordinary type. 
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Fig. 5. An electrical neuromuscular stimulation (ENS) study: Motions produced by ENS to 
ECRL in normal human subjects. A: Pictures showing a sequence of the motions in a subject 
at 0.5-1 s interval. Before ENS (0 s), the forearm is in the prone position. Motions of wrist 
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extension and abduction (radial flexion), and forearm supination are induced (1-6.5 s). B, C: 
Results in two subjects, of which one (B) is of the subject in A. Prior to ENS, the forearm in 
the prone position. The stimulation intensities increased linearly from the motor threshold 
(MT) to the maximum contraction (MC) for 4.5 s in B and 4 s in C. Motions of wrist 
extension from 40 degrees of flexion to 70 degrees of extension and forearm supination from 
80 to 0 degrees of pronation are induced in B and those of extension from 50 degrees of 
flexion to 70 degrees of extension and supination from 80 to 35 degrees of pronation are in 
C. No voluntary contraction of ECRL and PT are observed in EMG in both subjects (B, C). 
Abbreviations in this as well as Fig. 6. Reproduced with permission from Fujii et al. (2007). 
 

 
Fig. 6. (Continued) 
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Fig. 6. An ENS study: Motions produced by a combined ENS to PT and ECRL in normal 
human subjects. A: Pictures showing a sequence of the motions in one subject at 1-2 s 
interval. Before ENS (0 s), the forearm is in the prone position. ENS to PT induces a motion 
of pronation to the mamimum pronation of the forearm (1-4 s). Then ENS to ECRL produces 
a motion of wrist extension and abduction with maintenance of the maximum pronation (4-
8 s). Then a reduction of ENS to PT results in a motion of supination with maintenance of 
the extension and abduction (8-18 s). B-D: Results in three subjects, of which one (B) is of the 
subject in A. In all the three subjects (B-D), an increase of the stimulation intensity of ENS to 
PT from MT to MC induces a motion of pronation from 80 to 90 degrees of pronation (from 
the prone position to the maximum pronation). Then an increase of the intensity of ENS to 
ECRL from MT to MC induces a motion of wrist extension from 40 degrees of flexion to 70 
degrees of extension (the maximum extension) with maintenance of the maximum 
pronation. Then a decrease of the intensity of ENS to PT from MC to MT results in a motion 
of supination from the maximum supination to 10 (B), 50 (C), and 10 degrees of pronation 
(D) with maintenance of the maximum extension. In one subject (D), then an increase of the 
intensity of ENS to PT induces a motion of pronation to the maximum pronation with 
maintenance of the maximum extension. No voluntary contraction is observed in EMG in all 
the subjects (B-D). Reproduced with permission from Fujii et al. (2007). 

5. Effects of wrist extension and flexion on forearm supinating force 
It is known that FCR acts as not only a wrist flexor and abductor but also a forearm pronator 
(American Society for Surgery of the Hand, 2011; Basmajian, 1982). The ENS study has shown 
that ECRL acts as a wrist extensor and abductor and a forearm supinator when the forearm is 
in the prone position (Fujii et al., 2007). It therefore is support an idea that forearm supinating 
force is increased and decreased by wrist extension and flexion, respectively.  
Our previous study showed effects of wrist extension and flexion on forearm supinating 
force in humans (Otaki et al., 2009). In our study, the forces produced by maximal 
supination with the wrist relaxed (R-Sup), maximally flexed (F-Sup), and maximally 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

272 

extended (E-Sup) in the forearm 90° (prone), 60°, 30°, and 0° pronated (neutral) positions 
were measured in eight normal human subjects (male 7, female 1, age range 20-41 years). 
Also activities of BB, which acts as an elbow flexor and forearm supinator, FCR, and ECR 
(ECRL and ECRB) were recorded with EMG using surface electrodes. In the EMG study, 
FCR and ECR respectively showed activities during wrist flexion and extension (Fig. 7A, B). 
BB showed activities increasing concomitantly with increased the force. Usually, E-Sup 
produced larger BB activities than R-Sup and F-Sup; and F-Sup decreased FCR activities and 
increased ECR activities. In the force study, the respective force of R-, F-, and E-Sup 
decreased with changing position from prone to neutral. Assuming the force of R-Sup in 
each position as 100%, that of E-Sup was 163±20%(mean ±S.D.), 142±17%, 134±15%, and 
118±23%, and those of F-Sup was 81±7%, 90±14%, 78±13%, and 80±10%, respectively, in the 
prone, P60°, P30°, and neutral positions (Fig. 7C). In every position, the force of E-Sup was 
larger and that of F-Sup was smaller than that of R-Sup. The increment of the force of E-Sup 
decreased with changing the position from prone to neutral.  
 
 

 
 

Fig. 7. (Continued) 
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Fig. 7. Effects of wrist extension and flexion on forearm supinating force (SF) in normal 
human subjects. A, B: EMGs of BB, FCR, and ECR, and SF during maximal forearm 
supination with the wrist relaxed (R-Sup), maximally flexed (F-Sup), and maximally 
extended (E-Sup) in the forearm 90 degrees (Prone), 60 degrees (P60°), 30 degrees (P30°), 
and 0 degrees pronated (Neutral) positions in two normal human subjects. SF is indicated 
by the length of double broken arrow or the distance between two broken arrows. In every 
forearm position, E-Sup produces larger BB activities than R- and F-Sup. A decrease of FCR 
activities and an increase of ECR activities are observed during F-Sup. C: A graph showing 
ratio (%) of SF of F- and E-Sup to that of R-Sup in the forearm Prone, P60°, P30°, and Neutral 
positions in eight subjects. Individual data of the ratio of SF, and average and standard 
deviation are illustrated in the graph. In every position, SF of E-Sup is larger and that of F-
Sup is smaller than that of R-Sup. Note that the increment of SF of E-Sup decreases with the 
forearm position from Prone to Neutral. Reproduced with permission from Otaki et al. 
(2009). 

The results of the force study suggest that the supinating force is reinforced by the extension 
and weakened by the flexion and the reinforcement effect decreases with supination of the 
forearm. Since reflex arcs of facilitation from ECR to BB, inhibition between FCR and ECR, 
and from BB to FCR exist in humans (Fig. 1) (Aymard et al., 1995; Baldissera et al., 1983; 
Cavallari & Katz, 1989; Cavallari et al, 1992), the results of the EMG study suggest that the 
effects result not only from actions of the muscles but also from activations of the reflex arcs. 
Our recent study further showed an increase and decrease of forearm pronating force by 
wrist flexion and extension, respectively, in humans (Sato et al., 2011). 

6. Summary 
The functional significance of facilitatory spinal reflex arcs (facilitation) between musculus 
(m.) pronator teres (PT) and m. ectensor carpi radialis (ECR; ECR longus: ECRL, ECR brevis: 
ECRB) in humans was studied using an electromyography (EMG) and electrical 
neuromuscular stimulation (ENS). The EMG study of dynamic forearm pronation/ 
supination movements with maintenance of the wrist neutral position (PS-movements) 
showed parallel activities (co-contraction) of PT and ECR increasing and decreasing at the 
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pronation and supination phases, respectively. The facilitation must be active during the co-
contraction and work effectively at the pronation phase. The EMG study of static and 
dynamic wrist extension movements with the prone forearm (WE-movements) also showed 
co-contraction of the muscles. The facilitation must be active during the co-contraction. The 
ENS study showed that ENS to PT produced forearm pronation and that to ECRL wrist 
extension and abduction independent of the forearm position. Since at the pronation phase 
of the PS-movements pronating force of PT must be used to pronate the forearm and 
extending and abducting force of ECR must be to support the weight of the hand, the 
facilitation seems to be convenient for maintenance of the wrist position. The ENS study also 
showed that ENS to ECRL produced forearm supination from the prone position. This result 
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1. Introduction 
Historically, Richard Caton (1875) discovered evoked potentials and the 
electroencephalogram (EEG) at the same time. The evoked potentials provided a useful tool 
for neurophysiological research (Shagass, 1976).  
Evoked potentials are the voltage changes generated in the brain, the sense organ and the 
pathway leading to the brain in response to an external stimulus. This stimulus has to be 
somewhat above its subjective detection threshold so as to be clearly discernible, as well as 
to be of abrupt onset and /or offset so, that discrete volley is set up in the afferent pathway, 
hence capable of eliciting distinct cortical potential changes (Kriss, 1980). 
Chiappa et al., 1987 defined an evoked potential as the record of the electrical activity 
produced by groups of neurons within the spinal cord, brain stem, thalamus or cerebral 
hemispheres following stimulation of one or another specific system by means of visual, 
auditory, or somatosensory input. 
EEG recording may be obtained in a relatively direct manner by amplifying and displaying 
the activity picked up by electrodes placed on the scalp (Shagass, 1976), but most evoked 
potential (EP) activity due to their low amplitude, 0.1-20 microvolts relative to the normal 
background activity of EEG, their activity can not be clearly displayed, however with the 
development of micro-computers in the seventies (special signal averaging process) helping 
the extraction of the evoked potential from the EEG activity which is of much greater 
amplitude leading to their widespread clinical use (Kimura, 1985). 

2. Visual evoked potentials (VEPs) 
2.1 Introduction 
The visual evoked potentials (VEPs) result from change of brain activity following 
application of intermittent visual stimulus to the visual system. They provide a quantitative 
measure of the functional integrity of the visual pathways (Celesia, 1988). The function 
measured includes that of the optic nerve, through the optic chiasma and tract, to the lateral 
geniculate bodies and the geniculocalcarine projection to the visual cortex "area 17" 
(Yiannikas and Walsh, 1983).  
Since the VEP measures the pathway from the retina to area 17, a normal P100 does not 
exclude lesions of the visual pathway beyond area 17. For this reason, the VEP may be normal 
in patients with the diagnosis of cortical blindness. The usefulness of VEP is limited in 
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malingering and hysterical visual loss (Bodis-Wollner et al., 1977). It is useful when a normal 
VEP is recorded, but abnormal responses are of limited diagnostic value in such cases.  
The most important fact to consider is that, although the axons from the nasal half of the 
retina decussate at the optic chiasm, the temporal axons do not. Therefore, retrochiasmatic 
lesions may not be detected by full-field checkerboard stimulation. VEPs are most useful in 
testing optic nerve function and less useful in postchiasmatic disorders. In retrochiasmatic 
lesions, the MRI is a more useful test. Partial-field studies may be useful in retrochiasmatic 
lesions; however, they are not performed routinely in clinical settings (Chiappa, 1990). 
Recordings of this evoked potential are recognized as a reliable diagnostic procedure in the 
investigation of lesions of the anterior visual pathway (Halliday et al., 1976). However, it is 
not specific with regard to etiology. A tumor compressing the optic nerve, an ischemic 
disturbance, or a demyelinating disease may cause delay in the P100; only additional clinical 
history and, often, MRI are needed to uncover the etiology (Leslie et al., 2002).  

2.2 Normal components of pattern reversal visual evoked potential (PRVEP) (Figure 1) 
The cerebral pattern reversal evoked potential to full field stimulation consists of three 
peaks in normal subjects. The peak polarities are negative, positive and negative (NPN) and 
the mean peak latencies are 70, 100 and 145 milliseconds (msec) respectively. The first 
negative wave (N1 or N70) may be difficult to identify in some normal subjects and many 
patients likewise, the second negative peak (N2 or N145) is too inconsistent in latency and 
amplitude to be of clinical value. Thus, waveform identification in the pattern shift visual 
evoked potential consists of the large positive peak (P1 or P100). Depending on the 
stimulating device in use, and the presence or absence of abnormalities, it may be found any 
where from 90 to 250 msec (chiappa, 1982). 
 

 
Fig. 1. Normal Visual Evoked Potential (VEP) (Poon's, 2003a). 
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 Latency  
(msec.) 

R-L  
Difference 

Amplitude 
(µV) 

R-L 
Difference 

N70 71.1 (<81.8) 9.4 3.8 (>0.1) 5.1 
P100 95.8 (<112.0) 9.3 10.1 (>1.8) 7.0 
Steady state P1 95.5 (<118.1) 21.0 8.3 (>6.1) 6.1 

Table 1. Visual Evoked Potential Normative Data From Celesia (1985). 

 
 Full field VEP 

Mean Range SD Mean + 3 SD 
P100 latency 102.3 msec. 89-114 5.1 117.6 
L-R difference 1.3 msec. 0-6 2.0 7.3 
P100 amplitude 10.1 uV 3-21 4.2 22.7 
P100 amp. Diff. 1.6 uV 0-5.5 1.4 5.8 

Table 2. Visual Evoked Potential Normative Data From Chiappa (1990). 

 

Check 
size 

VEP Check Size Effects 
Latency (msec.) Amplitude (uV) 

Latency 
Mean (SD) 

(Range) 

Latency 
ULN 

L-R Diff 
Mean (SD) 

(Range) 

L-R  
Diff 
ULN 

Amplitude 
Mean (SD) 

(Range) 

L-R Diff 
Mean (SD) 

(Range) 

L-R  
Diff 
ULN 

17" 106.8 (6.4) 
(96.7-128.8) 

126.0 2.73 (2.32) 
(0-8.80) 

9.7 8.34 (3.71) 
(1.6-18.7) 

1.48 (1.19) 
(0.2-5.2) 

5.1 

35" 102.9 (7.4) 
(88.6-121.4) 

125.1 2.53 (2.91) 
(0-13.4) 

11.3 7.13 (3.68) 
(1.0-19.8) 

1.69 (2.00) 
(0-8.6) 

7.7 

70" 103.8 (6.9) 
(88.2-122.5) 

124.5 2.18 (2.59) 
(0-12.7) 

10.0 7.95 (3.64) 
(1.8-19.8) 

1.29 (1.16) 
(0-4.8) 

4.8 

144" 107.3 (8.8) 
(91.1-130.6) 

133.7 2.44 (2.55) 
(0-12) 

10.1 7.72 (2.95) 
(1.5-16.1) 

1.36 (1.22) 
(0-5.4) 

5.0 

288" 113.5 (11.8) 
(91.4 -142) 

148.9 3.95 (4.03) 
(0 -15.2) 

16.0 7.31 (2.74) 
(2.6 -14) 

1.10 (1.05) 
(0 -3.9) 

4.3 

ULN = Upper Limit of Normal (Mean + 3 SD) (Chiappa, 1990). 

Table 3. Check size 25.8" (Chiappa, 1990). 

P100 is usually seen in all normal subjects and has a variability small enough to make it 
reliable in clinical practice, in addition to measuring the absolute latency of P100, 
determining the inter-ocular latency difference, amplitude, inter-ocular amplitude difference 
ratio and duration of P100 has increased the diagnostic yield of the test (chiappa, 1983). 
The "W" morphology is most often an individual variation, although decreasing the 
stimulation frequency from 2 Hz to 1 Hz usually converts the W shape into a conventional 
P100 peak. Check size and alternation rate are factors in this; the responses can be 
manipulated to a "W" or a conventional P100 response by changing these parameters. Large 
checks tend to produce VEPs similar to those produced by flash stimulation (Leslie et al., 
2002).  
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Blumhardt and Halliday, (1979) noted that the ipsilateral hemisphere evoked potential was 
actually a series of waves with negative components preceding and following P100 wave at 
latencies of approximately 75, 145 msec respectively. The contralateral hemisphere response 
consists of a triphasic complex occurring synchronously but of opposite polarity with a 
major negativity at about 100 msec and smaller positive deflections at 75 and 145 msec. 
Maximum value for P100 is 115 msec in patients younger than 60 years; it rises to 120 msec 
thereafter in females and 125 msec in males. Even though published norms are available in 
the medical literature, each individual laboratory should have its own norms to control for 
lab-to-lab variability in technique (Leslie et al., 2002). 

2.3 Generator source of pattern reversal visual evoked potential (PRVEP) 
In relation to the generator sources of PRVEP Chiappa,(1983) claimed that P100 is generated 
in the striate and pre-striate occipital cortex as a result of both primary activation and 
subsequent thalamocortical volleys. However, the exact sources of P100 are not well 
defined. Positron tomographic mapping of human cerebral metabolism during reversal 
checkerboard stimulation revealed strong activation of both primary and association visual 
cortical areas (Phelps et at., 1981). 
Ikeda et al., 1998 studied generators of VEP by dipole tracing in the human occipital cortex. 
Current source generators (dipoles) of human VEP to pattern-onset stimuli were 
investigated. A visual stimulus, a checkerboard pattern, was presented for 250 ms in each of 
the 8 quadrants. Central and peripheral parts of each of the 4 quadrant fields were 
evaluated. The results from these analyses of VEP indicated topographic localization of the 
dipoles around the calcarine fissure.  

2.4 Principles of recording of VEP 
2.4.1 Technical details (Leslie et al., 2002) 
Dark room; Patient seated 70-100 cm from the screen; Corrective lenses used if necessary 
(acuity check prior to commencement of VEP); Pupil size and any abnormality should be 
noted(The pupils should not be dilated by mydriatics to prevent interference with 
accommodation); Sedation should not be used, and note should be taken of medications that 
the patient is taking regularly; Checkerboard pattern is used as stimulation; Check size of 
approximately 30 seconds of visual angle; Contrast between 50-80 percent; Stimulus rates of 
1-2 Hz are recommended (producing a reversal every 500 msec); Filter setting should be 1 to 
200 Hz bandwidth (outside limit is 0.2-300 Hz); The recommended recording time window 
(i.e. sweep length) is 250 ms; 50-200 responses are to be averaged; A minimum of 2 trials 
should be given. 

2.4.2 Stimulation procedures 
There are two general types of visual stimuli that are most often used to elicit visual evoked 
potential. These are the un-patterned flashing lights and the patterned stimuli which in 
clinical laboratories are usually checkerboards (Sokol, 1980). 
Unpatterned flashing stimuli can be produced with a photo stimulator similar to that used 
in EEG recordings for photic driving. The intensity, color and rate of stimulation of the flash 
light can be varied. But, the variability in amplitude and latency of the evoked potential is 
much greater than in patterned stimuli (Halliday, 1982). 
Patterned stimuli can be presented in three ways. These are the flashing patterned stimulus, 
the pattern onset, offset and the pattern reversal. A flashing patterned stimulus is produced 
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by placing a photo stimulator behind a large photographic transparency of black and white 
checks (Harter and White, 1968). In pattern onset, offset the checks appear for discrete 
amount of time (500 msec) and then disappear. While, in the pattern reversal stimulation, 
checks are visible all the time. In order to maintain a constant luminance level, one half of 
the checks increases in luminance, while the other half decreases. This can be accomplished 
electronically by using T.V. monitor to generate the checks (Arden et al., 1977b). 
Checkerboard pattern reversal are the most frequently used stimuli in clinical investigations 
of the visual pathway as they evoke relatively large potentials (Halliday et al.,1987 and 
Chiappa, 1988) with variability in latency less than in flash stimuli and it is more sensitive to 
the presence of conduction defects in the visual pathway (Chiappa, 1982). The fovea is 
estimated to generate 65% of the pattern-reversal response; flash stimuli, in contrast, tend to 
generate response from the peripheral retina as well. The insensitivity of flash VEPs, 
particularly in retrochiasmatic lesions, has been based on diagnostic studies in which patient 
recordings must differ from normative population data by 2 standard deviations (SDs) to be 
considered abnormal (Berson, 1994). 
Characteristics of pattern reversal stimulation 
Erwin, 1980 outlined seven basic characteristics of pattern-reversal stimulation: 
1-The rate of pattern-reversal is the number of times that the pattern changes within a 
second. The direction of pattern reversal is not considered since usually all the pattern 
reversal responses are averaged together. 2-The reversal time is the total time taken to 
change from one pattern to its opposite. 3-Stimulus luminance is an essential attribute for 
visual stimulus. 4-The type of the pattern is obviously important. The most commonly used 
stimulus is a checkerboard. 5-Vertical-horizontal orientation of the pattern evokes larger 
responses than oblique orientation. 6-The size of the pattern elements can be described in 
two ways. The visual angle subtended by each element can be measured. As well, the spatial 
frequency (the number of intensity cycles through light and dark per degree of visual field) 
can be used. Another aspect of the stimulus related to the spatial extent of the pattern 
elements is the spatial rate of luminance change. 7-Two of the most important aspects of the 
stimulus are its field size and relationship to fixation.  

2.4.3 Electrode montage 
Responses are collected over Oz, O1, and O2 and with hemifield studies at T5 and T6 
electrodes using the standard EEG electrode placement. Scalp electrodes are positioned as 
follows:  
a. Electrode number one: 5 cms above the inion posteriorly in the middle line (Oz). 
b. Electrodes number two and three: 5 cms lateral on either side of electrode one (O1, O2).  
c. Two additional electrodes: 10 cms away on each side from the middle electrode (T5, 

T6). Optional to be used in hemifield studies.  
d. Reference electrode: is usually FZ. (e) Ground electrode: over the ear lobule (Halliday, 

1982). 
Both eyes are tested at first, then each eye is tested at a time, (while the other is covered with 
an eye patch) to avoid masking of a unilateral conduction abnormality. The subject is 
instructed to gaze at a dot in the center of the pattern during display. The pattern stimulator 
is operated at about two reversals per second. Patient having field defects or amblyopia may 
shift their center of gaze into the good visual field. So in order to offset this, a 1 to 2 blank 
strip may be inserted on either side of the fixation point during partial field stimulation 
(Chiappa, 1983). 
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2.4.4 Interpretation 
Abnormalities of VEPs have been described in many disorders of the optic nerve, chiasma 
and retrochiasmatic visual pathways. The VEP is considered abnormal when the latency of 
P100 wave is outside the boundaries established for normals, or the P100 is absent. The most 
frequent abnormality is characterized by normal amplitude but prolonged latency of N70 
and P100, but a prolonged latency may sometimes be associated with decreased amplitude. 
The most sever abnormality is an absent VEP (Celesia and Tobimatsu, 1990). 
Monocular VEP abnormality 
This abnormality suggests a conduction defect in the left/right visual pathway anterior to 
the optic chiasm. Although demyelinating disease is the most common aetiology for such a 
finding, various other possibilities cannot be excluded e.g. retinal disease and compressive 
lesions of the optic nerve (Poon's, 2003a). 
In patients with small monocular delays in N70 and P100, it is useful to look at the intereye 
latency difference. A latency difference between the two eyes greater than 10 msec is clearly 
indicative of pathology on the side with the longer latency (Celesia and Tobimatsu, 1990). 
Binocular VEP abnormality 
These abnormalities suggest conduction defects in the visual pathways bilaterally. However, 
because of the binocular nature of the findings, the lesion location (retina, optic nerve, tracts 
or radiations) cannot be determined (Poon's, 2003a). 

2.4.5 Pitfalls 
Check size of 27 seconds of visual angle may result in normal P100 latency in a patient with 
cortical blindness; smaller checks (i.e. 20 seconds of visual angle or less) should be used to 
demonstrate the abnormality. If cortical blindness is suspected, large checks should not be 
used (Bodis-Wollner, 1977). 
In conditions such as retinal disease or refractory errors, the amplitude may be smaller and, 
at very small check sizes, the latency may increase. For this reason proper refraction is of 
great importance (Chiappa, 1990). 

2.5 Factors affecting VEP 
Factors which affect VEP are either technical and / or subject factors. 

2.5.1 Technical factors 
2.5.1.1 Screen luminance 
A decrease in brightness results in delaying P100 i.e. increase in its latency (Halliday et al., 
1973). Stochard et al., 1979 showed that the pupillary diameter has an effect on retinal 
illumination and thus also on P100 latency. 
2.5.1.2 Degree of contrast 
Reduction in the degree of contrast between the black and white squares of checkerboard 
pattern increases P100 latency and reduces the amplitude (Mackay and Jeffreys, 1973). 
2.5.1.3 Size of the stimulating pattern 
A decrease of the size of the stimulating pattern (degree of visual angle) results in a 
reduction of the amplitude of the response (Asselman et al., 1975). 
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2.5.1.4 Check size 

Smaller checks give the highest amplitude responses (Leserve and Romand, 1972). 

2.5.1.5 Electrode placement 

Ipata et al., 1997 assessed interhemispheric visual transfer of information in humans. 
Estimates of interhemispheric transfer time ranged between 5.77 and 12.54 msec, depending 
upon the type of component and the location of the electrode sites. More anterior locations 
yielded shorter values and overall transfer time tended to be 7 msec shorter for the N70 
component than for the P100 component. 

2.5.1.6 Stimulus rate 

When the rate of pattern reversal is increased, changes in P100 latency is noticed. Increasing 
the rate beyond 8 per second transforms the evoked responses into a steady state evoked 
potential (a long train of repetitive wave with a sinusoidal appearance) (Stockord et al., 
1979). 

2.5.2 Subject factors 
2.5.2.1 Age 

There is an increase in the latency for subjects of ages starting from the end of the second 
decade onwards. This increase amounts to 2 msec per decade (Celesia and Daly, 1977). 
However, Stochard et al., 1979 found no change in P100 latency for subjects of age until the 
fifth decade. Then, the latency increases at a rate of 2 msec per decade. 

2.5.2.2 Sex 

Females have usually shorter P100 latency than males. This may be due to difference in the 
head size (Stockard et al., 1979). However, Shearer and Dustman, (1980) reported no such 
difference. 

2.5.2.3 Visual acuity 

Changes in visual acuity markedly affect P100 amplitude. In visual acuity lower than 6 / 18, 
no latency changes is observed but the amplitude is reduced (Fitzgerald et al., 1980). 
Diminution of visual acuity has a greater effect on latency using smaller checks (giving 
visual angle 12) than larger checks (giving visual angle 48). (Sokol et al., 1981). 

2.5.2.4 Body temperature 

No significant change in P100 latency results by raising body temperature in normals 
(Matthews et al., 1979). Also, little effect on P100 latency is noticed in patients having 
multiple sclerosis.  

2.5.2.5 Physiological changes of serum glucose level 

Sannita et al., 1995 evaluated the correlation between amplitude and latencies of the pattern-
reversal VEP and serum glucose level in healthy volunteers. Pattern VEP and serum glucose 
levels were obtained at 2-hour intervals during an 8-hour experimental session. At serum 
glucose concentrations within the physiological range of variability (55-103 mg/dL), the 
P100 latency increased with increasing serum glucose level, with a 6.9% estimated latency 
difference between lower and higher glucose concentrations.  
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2.5.2.6 Medications 
2.5.2.6.1 Carbamazepine 

Certain drugs, such as carbamazepine, prolong VEPs. The effects of carbamazepine 
monotherapy on VEPs were studied in epileptic children by Yuksel et al., 1995. Pattern-
reversal VEPs were determined before administration of the antiepileptic drugs and after 
1 year of therapy. The VEP amplitude showed no consistent changes after 1 year of 
therapy, but VEP P100 latencies were significantly prolonged after 1 year of 
carbamazepine therapy. The conclusion was that carbamazepine slows down central 
impulse conduction. 
2.5.2.6.2 Lithium 

Previous reports in the literature have suggested that lithium medication does not affect the 
VEP to flash stimulation. It was predicted that this would not be true for pattern reversal 
stimulation. Seven patients had their pattern evoked potential measured using a 42' check to 
fractional pattern displacement of 1/4, 1/2, 3/4 and Full Square. The VEP was measured 
before, 1 week after and 5 weeks after the commencement of lithium medication. The results 
show that there is a significant increase in both the N70-P100 and P100-N145 amplitudes 
when the 'before lithium' sessions are compared to 'after lithium.' Seven normal subjects 
matched for the age and sex of the patient group were tested twice, once as a 'control' and a 
further 5 weeks after this. No significant differences were found in the 'control' sessions 
between patient and normal groups although a significant difference in both the N70-P100 
and P100-N145 amplitude after the treatment of the patient group with lithium was found 
(Fenwick and Robertson, 1983). 

2.5.2.6.3 Levodopa 
Pattern visual evoked potentials (PVEPs) were recorded at three luminance levels and five 
different check sizes in a group of 16 control subjects before and after the oral administration 
of levodopa. At the lower luminance levels, significant decrease in PVEP latencies were 
found. For PVEPs the latency changes occurred only at small check sizes. No changes were 
observed in control experiments without levodopa administration. These results are in 
agreement with a VEP delay found in Parkinson's disease and with a VEP latency increase 
in rats after dopamine depletion (Gottlob et al., 1989). 

2.6 Clinical applications of VEP 
Clinical usefulness of VEPs includes the following 

 More sensitive than MRI or physical examination in prechiasmatic lesions.  
 Objective and reproducible test for optic nerve function.  
 Abnormality persists over long periods of time.  
 Inexpensive as compared with to MRI.  
 Under certain circumstances, may be helpful to positively establish optic nerve function 

in patients with subjective complaint of visual loss; normal VEP excludes significant 
optic nerve or anterior chiasmatic lesion (Leslie et al., 2002).  

With abnormal VEP, some of the differential diagnostic considerations are as follows 

 Optic neuropathy.  
 Optic neuritis.  
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and P100-N145 amplitude after the treatment of the patient group with lithium was found 
(Fenwick and Robertson, 1983). 

2.5.2.6.3 Levodopa 
Pattern visual evoked potentials (PVEPs) were recorded at three luminance levels and five 
different check sizes in a group of 16 control subjects before and after the oral administration 
of levodopa. At the lower luminance levels, significant decrease in PVEP latencies were 
found. For PVEPs the latency changes occurred only at small check sizes. No changes were 
observed in control experiments without levodopa administration. These results are in 
agreement with a VEP delay found in Parkinson's disease and with a VEP latency increase 
in rats after dopamine depletion (Gottlob et al., 1989). 

2.6 Clinical applications of VEP 
Clinical usefulness of VEPs includes the following 

 More sensitive than MRI or physical examination in prechiasmatic lesions.  
 Objective and reproducible test for optic nerve function.  
 Abnormality persists over long periods of time.  
 Inexpensive as compared with to MRI.  
 Under certain circumstances, may be helpful to positively establish optic nerve function 

in patients with subjective complaint of visual loss; normal VEP excludes significant 
optic nerve or anterior chiasmatic lesion (Leslie et al., 2002).  

With abnormal VEP, some of the differential diagnostic considerations are as follows 

 Optic neuropathy.  
 Optic neuritis.  
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 Toxic amblyopia.  
 Glaucoma. 
 Leber's hereditary optic neuropathy.  
 Retrobulbar neuritis.  
 Ischemic optic neuropathy.  
 Multiple sclerosis.  
 Tumors compressing the optic nerve e.g. Optic nerve gliomas, meningiomas, 

craniopharyngiomas, giant aneurysms and pituitary tumors (Andrew et al., 2002). 

2.6.1 VEP in Optic neuritis 
Prolongation of P100 latency is the most common abnormality and usually represents an 
optic nerve dysfunction. VEP is clearly more sensitive than physical examination in 
detecting optic neuritis. Elvin et al., 1998 used Doppler ultrasonography, MRI and VEP 
measurements to study abnormal optic nerve function. VEP assessments were performed 
in 16 patients. Patients with impairment of visual acuity and a prolonged VEP initially 
had a more swollen nerve and increased flow resistance in the affected optic nerve. 
Statistically significant side-to-side differences were found in the optic nerve diameter 
and in the resistance to flow in the central retinal artery between the affected and 
unaffected eyes. 

2.6.2 VEP in Multiple Sclerosis 
Visual evoked potentials have become widely accepted in diagnostic schemes for the 
assessment of multiple sclerosis. It has been shown that a deviation in latency is a better 
criterion than a deviation in amplitude, since amplitude varies widely among subjects, 
whereas evoked potential latency remains restricted rather to a narrow range (McDonald 
and Brans, 1992). 
VEPs has the ability to reveal the presence of a clinically silent lesion in the visual pathway 
in a patient having signs of demyelination evident in other parts of the CNS, thus 
confirming the diagnosis of multiple sclerosis (Russel et al., 1991). 
In multiple sclerosis, P100 absolute latency may be increased unilaterally or a significant 
interocular difference may occur (Cutler et al., 1985). Moreover, broad response of P100 
latency and abnormal shape of NPN was found in majority of multiple sclerosis patients 
(Glaser, 1990). 
In a review of 180 patients with multiple sclerosis 73 % had abnormal VEPs; more 
importantly, VEPs were abnormal in 54 % of patients without any symptoms or signs 
referable to the visual system. Such patients are often in the early stages of the disease, when 
diagnosis is difficult even with modern neuroimaging techniques (Halliday et al., 1977). 
MRI demonstrated high-signal lesions in 84-88 % of symptomatic patients, whereas VEPs 
were abnormal in 100% of cases (Kojima et al., 1990).  
Brigell et al., 1994 described the pattern VEP using standardized techniques. They 
concluded that the peak latency of pattern-reversal VEP is a sensitive measure of conduction 
delay in the optic nerve caused by demyelination. Pattern-reversal VEPs were recorded 
from 64 healthy subjects and 15 patients with resolved optic neuritis. The results showed 
that the N70 and P100 peak latencies and N70-P100 interocular amplitude difference were 
sensitive measures of resolved optic neuritis. 
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2.6.3 Flash VEP in Cerebral stroke 
Ipata et al., 1997 studied left-right asymmetry of flash VEPs in patients after stroke. The VEP 
amplitude was smaller over the ischemic hemisphere than over the intact hemisphere. This 
finding indicates that the left-right asymmetry in VEPs of patients after brain damage may 
be a result of changes in the conductivity of the volume conductor, due to the ischemic 
region between the source and the electrodes.  

2.6.4 Pattern-reversal VEP in classic and common migraine 
Shibata et al., 1997 recorded pattern-reversal VEP to transient checkerboard stimulus in 19 
patients with migraine with visual aura (i.e. classic migraine), 14 patients with migraine 
without aura (i.e. common migraine) in the interictal period, and 43 healthy subjects. 
Latencies and amplitudes of pattern-reversal VEPs in each group were analyzed. In patients 
with classic migraine, P100 amplitude was significantly higher than in healthy subjects, 
whereas latencies of pattern-reversal VEPs did not differ significantly. No significant 
differences were noted in latency between the common migraine group and healthy subjects 
or in latencies and amplitudes of pattern-reversal VEP between the classic migraine and 
common migraine groups. These results suggest that patients with classic migraine may 
have hyperexcitability in the visual pathway during interictal periods and that the increased 
amplitude of pattern-reversal VEPs after attacks may be due to cortical spreading 
depression. 

2.6.5 VEP in adrenoleukodystrophy 
Adrenoleukodystrophy is an X-linked metabolic disorder with very long-chain fatty acid 
(VLCFA) accumulation and multifocal nervous system demyelination, often with early 
involvement of the visual pathways. Kaplan et al., 1993 found that pattern-reversal VEPs 
were abnormal in 17% of patients with adrenoleukodystrophy; no evidence indicated that 
reduction of VLCFA levels improved or retarded visual pathway demyelination. 

2.6.6 functional disorders 
In malingering and hysterical visual loss normal VEP usually suggests continuity of the 
visual pathways ruling out disease up until area 17 but does not exclude fully cortical 
blindness in such cases (Bodis-Wollner, 1977). 

2.6.7 VEPs in retinopathies and maculopathies 
Diseases of the retina, especially diseases affecting the macular region, are associated with 
abnormal VEPs. In maculopathies, simultaneous recording of pattern Electroretinogram 
(ERG) and VEPs may be diagnostically useful in differentiating between involvement of the 
macula and optic nerve. In maculopathies and retinopathies involving the macular region, 
pattern ERG are absent or have a prolonged b-wave latency. The retinocortical time remains 
within the normal boundaries, indicating that the P100 delay occurs at the retinal level. In 
optic nerve diseases VEPs may be absent or prolonged, but pattern ERG are normal; the 
retinocortical time is thus prolonged, indicating that the pathology is postretinal (Celesia 
and Kaufman, 1985). 
In patients with retinopathies the latency of P100 was found to be prolonged by a mean of 
19.6 msec with a range of 6 to 39 msec. Delays in latency that exceeded the limits of 
normality by more than 45 msec usually indicate optic nerve dysfunction especially in 
multiple sclerosis (Lennerstrand, 1982). 
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3. Brainstem Auditory Evoked Potentials (BAEPs) 
3.1 Introduction 
On applying auditory stimulus to one ear, activation of peripheral and central auditory 
pathways occurs. Brain stem auditory evoked potentials (BAEPs) are the electrical activities 
resulting from the activation of the eighth nerve, cochlear nucleus, tracts and nuclei of the 
lateral lemniscus and inferior colliculus (Chiappa, 1983). 
Brain stem auditory evoked potential recording is a physiological technique which can be 
used to evaluate the auditory pathway. It has the advantage of not requiring a voluntary 
response by the patient and occurring during sleep (Stephen, 1983). 

3.2 Description and origin of BAEPs (Figure 2,3) 
Clinical stimuli delivered to one or both ears evoke seven submicrovolt vertex-positive 
waves that appear at the human scalp in the first 10 msec after each stimulus (Picton et al., 
1974). They are named according to their sequence in roman letters (from I to VII) (Chiappa 
et al., 1978). 
Wave (I) 
This wave is generated from the auditory portion of the eighth cranial nerve, probably from 
the proximal portion of that nerve just lateral to the brain stem in contact with the spiral 
ganglia. It is a prominent initial upgoing peak in the ipsilateral ear recording channel. It is 
important as a reference point for interwave latency measurement (Rowe III, 1978). Patients 
who have only central nervous system problems should have a preserved wave I. Conversely, 
patients who have a significant peripheral hearing impairment may have a very poor formed 
or absent wave I, but may have relatively normal waves II-V (Nuwer et al., 1994).  
Wave I can sometimes be seen to have two separate components. The first, earlier 
component is present and higher in amplitude especially during high intensity, high pitched 
stimulation. This component should be used for scoring whenever it is present. The second, 
slightly later lower amplitude component of wave I, is present at a more wide range of 
stimulus intensities and pitch (Matsuoka et al., 1994). 
Waves (II) 
This wave may be generated near or at the cochlear nucleus (Row III, 1978). A portion of it 
can come from the eighth nerve fibers around the cochlear nucleus, and this part of II can be 
preserved despite brain stem death. Wave II is poorly defined in some adults and most 
neonates. It sometimes appears as a small peak along the downgoing slope of the wave I. At 
other times, it merges into the upgoing slope of wave III. It is more often prominent on the 
contralateral channel recording, where it has a slightly prolonged latency compared to the 
ipsilateral channel, sometimes fusing with wave III into an M-shaped II-III complex 
(Aminoff et al., 1994). 
Wave (III) 
This wave is probably generated from the lower pons as the pathway travels through the 
superior olive and trapezoidal body (Row III, 1978). The nuclei or fiber tracts that are most 
responsible for generating this potential are unknown and may be multiple. 
Wave III is usually a prominent peak and is followed by a prominent III trough. In the 
contralateral channel wave III often appears smaller and earlier than on the ipsilateral channel, 
because its amplitude is similar at the vertex and contralateral ear (Goodin et al., 1994). 
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Fig. 2. Anatomical-electrophysiological correlation of BAEP (Poon's, 2003b). 
 

 
Fig. 3. Normal components of BAEP (Nuwer et al., 1994). 

Waves (IV) and ( V ) 
Contribution to these two potentials probably includes generators in the upper pons or 
lower midbrain, in the lateral lemniscus and the inferior colliculus. There are conflicting 
reports about whether these peaks are generated in the ipsilateral or contralateral brain 
stem, but the preponderance of evidence favors a contralateral brain stem generator site for 
wave V (Starr et al., 1994). 
These peaks may fuse together into a IV-V complex on the ipsilateral recording channel. 
This complex can vary between: (a) two peaks which are close but still visibly separate, and 
(b) a single peak which is completely fused as a tall and wide pyramid. There are also 
various intermediate stages of trapezoid-shaped figures which represent the partial fusion 
of the two peaks. On the contralateral recording channel the IV and V peaks tend to be 
separated more from each other with wave IV being slightly earlier and wave V being 
slightly later. Comparison of ipsilateral and contralateral peaks can be helpful for 
distinguishing which peak or shoulder to score as wave V. The wave V is generally followed 
by a large V trough. Sometimes wave VI appears before the bottom of this trough, and then 
wave VI can be confused with wave V if the reader is not careful. The fusion of wave VI into 
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a IV-V-VI complex occurs more often when a 10-30 Hz low filter is used for recording 
(Nuwer et al., 1994). 
The typical IV-V complex has a shape of a somewhat inflated pyramid or trapezoid. The 
base of this complex should be more than 1.5 msec across. A peak narrower than this is 
usually a wave IV alone. Wave V is usually most prominent at an intermediate intensity of 
stimulation. As this stimulus intensity increases further beyond that point, the identification 
of wave V can actually become more difficult. It is often helpful to have the technician 
reduce the intensity of stimulation to identify wave V. Wave V is a robust peak that is 
present despite moderately low intensities of stimulation (and often even despite high 
frequency hearing impairment, or other types of peripheral auditory changes). Wave V and 
especially the V trough are often the last deflections to disappear when the stimulus 
intensity is gradually decreased to threshold (Matsuoka et al., 1994).  
Overall there are several ways to help identify wave V when its identity is unclear: the 
typical contralateral splitting of the IV-V complex; the wide base of a IV-V complex and the 
preservation of wave V at lower stimulus intensities (Aminoff et al., 1994).  
Waves (VI) and (VII) 
Are not found in all normal subjects. They are generated in medial geniculate body and 
auditory radiation from the thalamus to temporal cortex respectively (Row, 1980). 
The most constant and most important waves, from the clinical point of view, are waves I, 
III, V (Rosenhall et al., 1985). Their measurements include absolute latency (stimulus to 
peak) and interpeak latency (time interval between the peaks). The clinical interpretation is 
based on the interpeak latencies. Absolute amplitudes are extremely variable in normal 
subjects (Chiappa, 1983). 

3.3 Normal limits and the clinical correlation of changes 
There are 5 principle features used to assess routine BAEPs  

3.3.1 I-V interpeak interval 
This is the primary feature for most BAEP interpretations. It represents conduction from the 
proximal eighth nerve through pons and into the midbrain. It can be slowed in a variety of 
disorders, including focal damage (demyelination, ischemia, tumors), or diffuse problems 
(degenerative disorders, post-hypoxic damage, etc.) (Starr et al., 1994). 
A typical upper limit of normal for the I-V interpeak interval is 4.5 msec. That limit is 
slightly lower for young women and slightly higher for older men. Normal right-left 
asymmetries for the I-V interpeak interval should be at most 0.5 msec. For full-term infants, 
the I-V interpeak interval should be less than 5.4 msec (Goodin et al., 1994).  

3.3.2 I-III interpeak interval 
This interpeak interval represents conduction from the eighth nerve across the subarachnoid 
space, into the core of the lower pons. The I-III interpeak interval can be increased in any 
diffuse process that affects the whole I-V interpeak interval. This I-III portion of the pathway 
is susceptible to a tumor, inflammation or other disorders especially affecting the proximal 
portion of the eighth nerve, or the ponto-medullary junction where the eighth nerve enters 
the brain-stem, or impairments in the lower pons around the superior olive or trapezoidal 
body. Acoustic neuromas or other cerebello-pontine angle tumors can cause a delay at the 
juncture. Infarction can cause an interruption or a delay here too, although the classical 
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Wallenberg syndrome is usually too caudal to affect this segment. Inflammation in the 
subarachnoid space can also increase this I-III interpeak interval (subarachnoid hemorrhage, 
meningitis and Guillain-Barre syndrome) (Aminoff et al., 1994). 
The upper limit of normal for the I-III interpeak interval is about 2.5 msec. The acceptable 
right-left asymmetry of this interval is less than 0.5msec. An excessively long interpeak 
interval I-III cannot be considered unless there is an accompanying prolongation of the I-V 
interpeak interval (Matsuoka et al., 1994). 

3.3.3 III-V interval 
This interval reflects conduction from the lower to the upper pons and possibly into the 
midbrain. There is not yet complete agreement about whether this III-V interpeak interval 
represents conduction along the ipsilateral or contralateral brain-stem, compared to which 
ear is stimulated. The preponderance of evidence favors a contralateral brain-stem site 
(Nuwer et al., 1994). 
The typical upper limit of normal for a III-V interpeak interval is about 2.4 msec. A right-left 
asymmetry for these intervals should be less than 0.5 msec. An excessively long III-V 
interpeak interval is not considered abnormal unless either the I-V interval or the V/I 
amplitude ratio is also abnormal (Goodin et al., 1994).  

3.3.4 V/I amplitude ratio 
Absolute amplitudes of BAEP peaks vary widely among normal subjects. In addition, 
several technical factors influence the absolute amplitudes of BAEP peaks. To reduce this 
normal intersubject variability, a ratio of amplitudes is usually calculated. For this ratio, the 
amplitude of IV-V complex is divided by the amplitude of the wave I. The IV-V complex is 
measured from the highest point of the complex to the trough of the V peak. When V is 
completely separated from IV, the V amplitude is used In place of the IV-V amplitude. 
When wave VI is found lying part way down the descending slope of wave V, then the 
amplitude is measured to the trough following wave VI. The wave I amplitude is measured 
from the top of the highest part of wave I to the bottom of the trough of I. If wave II is riding 
on the descending slope of I, then wave I amplitude is measured to the succeeding trough of 
the wave II (Starr et al., 1994). 
The amplitude ratio should be between 50% and 300%. These numbers vary between 
laboratories and they are especially affected by filter setting changes. When the V/I 
amplitude ratio is less than 50%, then the IV-V peaks are too small. In that case, suspicion is 
raised of some central impairment which has diminished the amplitude of the IV-V even if it 
may have not increased I-V interpeak interval. This is useful criterion for abnormality, 
especially when the IV-V peaks are so low that they are difficult to distinguish from 
background noise. Then the record may be interpreted as abnormal because of such low 
amplitude central peaks, even if the latencies cannot be precisely defined. For full-term 
infants, the lower limit for V/I is 30% (Goodin et al., 1994). 
When the V/I amplitude ratio is greater than 300%, wave I is usually considered to be too 
small. This raises the suspicion of some peripheral hearing impairment, especially of a high 
frequency or a sensorineural hearing loss (Aminoff et al., 1994). 

3.3.5 Presence of wave I-V 
The wave I-V all are seen in most normal individuals. Occasional normal subjects have a 
wave IV that is so merged into a IV-V complex that it cannot be distinguished as a separate 
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peak, unless extra traces are run at different stimulus rates and intensities. Such a merging 
of wave IV into a IV-V complex is considered to be a normal variant. Wave II can also be 
difficult to distinguish when testing some normal subjects. Upon changing stimulus 
intensities, rates and phase, wave II can be distinguished in essentially all normal subjects. 
However wave II can appear to be missing at the specific rates and intensities used for 
simple clinical BAEPs, and this would be considered a normal variant (Matsuoka et al., 
1994). 
When all waves I-V are absent the BAEP is abnormal, although the cause is usually 
peripheral (Technical problems must also be considered). It is also abnormal to record a 
wave I, but not succeeding waves. Finally, it is abnormal if wave I and III are present but IV-
V is absent. These roles for the absence of peaks are predicted upon the assumption that 
technically good quality records have been obtained. The record should be considered 
technically unsatisfactory if moderate or large amount of background noise are present in 
the tracing, rather than being interpreted as showing an absence of important peaks (Nuwer 
et al., 1994). 
Waves VI, VII, VIII can normally be present or absent or asymmetrical in latency or 
amplitude, without any apparent clinical correlation. The main reason for knowing their 
existence is to prevent confusion with the earlier important waves (Starr et al., 1994). 

3.3.6 Absolute latency measurements 
The absolute latency measurements of wave I, III and V can be occasionally of clinical value. 
This is particularly so when some peaks are absent. For example, the absolute latency of 
wave V can be compared against normal limits when there is no waves I-IV. The absolute 
latency of wave V is normally less than 6.4 msec. The right-left asymmetry of the wave V 
absolute latency is normally 0.5 msec or less. Absence of waves I-IV with delayed wave V 
may be due to a hearing loss. When waves I, III and V are all present, the standard means of 
interpretation is by the interpeak intervals (Goodin et al., 1994). 
The absolute latency of wave I can be used as part of the assessment of hearing. The wave I 
is often seen around 1.75 msec, but may be seen up to 2.2 msec in some normal subjects. The 
right-left asymmetry of the wave I absolute latencies is normally 0.4 msec or less. Wave I 
latency delays or asymmetry suggest a hearing impairment, rather than brain-stem 
dysfunction (Aminoff et al., 1994). 

3.3.7 Reference Values of BAEP (Tandon and Krishna, 1990) 
 

Wave Mean Range 
Wave I 1.62 1.26-1.98 
Wave II 2.80 2.23-3.37 
Wave III 3.75 3.24-4.26 
Wave IV 4.84 4.15-5.53 
Wave IV/V 5.27 4.61-5.93 
Wave V 5.62 4.93-6.31 
I-III 2.63  
III-V 2.31  
I-IV/V 4.32  
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3.4 Principles of recording of BAEPs 
3.4.1 Technical details 
The test can be performed under sedation or under general anesthesia; Filter band pass 
100-3000 Hz; Standard broadband click stimulation is used on the ear tested; Monoaural 
stimulation is used; The click intensity should be 60-70 dB above click perception 
threshold; 
The contralateral ear receives masking noise of 30- to 40-dB lesser intensity; The first 10 ms 
are averaged, and 2-4000 responses may be averaged; At least 2 separate trials should be 
performed (Leslie et al., 2002).  

3.4.2 Stimulation procedures 
In neurological practice a sound (Click) generated by pulses through headphones is used as 
an auditory stimulus. The hearing threshold is determined and the click is applied at an 
intensity 30,40,50 or 60 decibel (dB) above that hearing threshold. The stimulated ear (in 
monoaural stimulation) is called ipsilateral ear, the other is the contralateral one (Starr et al., 
1976). 
To avoid stimulation of the contralateral ear by bone and air conduction on applying the 
click to the ipsilateral ear, the former should be masked by noise at an intensity of 30 to 40 
dB less than of the click stimulus (Leslie et al., 2002). 

3.4.3 Electrode montage 
The recording montage is at least, and usually, a 2-channel montage channel 1 is 
ipsilateral ear to vertex and channel 2 is contralateral ear to vertex. The recording 
electrodes are located, one for each ear lobule and a third electrode is located on the scalp 
at the vertex at Cz position of 10-20 international system (Stockard et al., 1979a and Leslie 
et al., 2002). 

3.4.4 Interpretation (Poon's, 2003b) 
3.4.4.1 Abnormal I-III interpeak latency (IPL): This abnormality suggests the presence of a 
conduction defect in the brain-stem auditory system between the eighth nerve close to the 
cochlea and the lower pons.  

3.4.4.2 Abnormal III-V IPL: This abnormality suggests the presence of a conduction defect 
in the brain-stem auditory system between the lower pons and the midbrain. 

3.4.4.3 I absent & III-V is normal: Wave I (the eighth nerve activation potential) could not 
be recorded. This is usually due to a peripheral hearing disorder. Because of this, the state of 
conduction in the brain-stem auditory pathway between peripheral eighth nerve and lower 
pons could not be determined. Lower pons to midbrain conduction was normal. 

3.4.4.4 IV or V absent or of abnormally low amplitude: This abnormality suggests the 
presence of a conduction defect in the brain-stem auditory system rostral to the lower pons. 

3.4.4.5 Absent II, III, IV and V with normal I: This abnormality indicates a significant lack 
of function in brain-stem auditory tracts. 

3.5 Factors affecting BAEPs 
Factors which affect BAEPs are either technical and / or subject related factors 
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3.5.1 Technical factors 
3.5.1.1 Intensity of the stimulus (click) 
The intensity of the click stimulus affects the amplitude and absolute latencies of BAEPs 
peaks. Stockard et al., 1979 reported that absolute latencies increase and amplitudes 
diminish with decreasing intensity by about 0.03 msec/dB. 
Chiappa, (1983) found that waves II, IV and VI diminish more quickly than waves I, III,V 
with decreasing intensity and also reported that the constancy of the interpeak latency is 
more reliable in neurologic applications than the use of absolute latency. 
3.5.1.2 Rate of the stimulus 
Increasing click rate results in increased absolute latency of all BAEPs waves and decrease in 
the amplitude of most of them. Interpeak latencies increase slightly at higher rates (Stockard 
et al., 1978 & 1979). Stockard et al., 1980b added that, using rates higher than 30 per second 
will often worsen pre-existing abnormalities in the BAEP. Some studies used higher rates to 
reveal the abnormalities. However, Chiappa et al., 1979 mentioned that increasing click rate 
from 10/second to only 30/second has no value. 
3.5.1.3 Stimulus mode 
Binaural stimulation produces higher amplitude waves III, IV, V at all stimulus intensities 
than monoaural stimulation and, because of the monoaural contribution to wave I but 
binaural contribution to wave IV and V, binaural stimulation logically produces a higher 
V/I amplitude ratio than monoaural stimulation at a given stimulus intensity. Binaural 
stimulation should be avoided in routine clinical applications because monoaural 
abnormalities are common in neurologic disease and may otherwise be masked by the 
response from the normal ear (Stockard et al.,1978). Separate monoaural stimulation of each 
ear also allows for comparison of interaural asymmetries in interpeak latency (IPL) and thus 
may indicate abnormality even when BAEPs from each ear are within normal limits when 
considered separately (Berlin and Hood, 1984). 
3.5.1.4 Filter setting 
Filter settings affect relative amplitudes more than interpeak latencies and, in diagnostic 
applications, should remain fixed at the values used when collecting each laboratory's 
normative data. The ideal bandpass for clinical purposes is probably 100 to 3,000 Hz or 
higher. A low frequency filter of much less than 100 Hz allows EMG, EEG and other signals 
into the average, and a cutoff much higher than 100 Hz distorts the low-frequency BAEP 
components. A high frequency cutoff of at least 3,000 Hz is necessary to resolve the highest-
frequency components of BAEP; settings of less than 1,000 Hz increase the apparent 
latencies of the BAEPs and decrease their resolution. Increases in high-pass filter above 100 
Hz markedly reduce V/I amplitude ratio because of the longer duration of wave V than I. 
High pass-filtering at 30 Hz or lower is needed in audiologic BAEP applications (Stockard et 
al., 1978). 
3.5.1.5 Site of reference 
Using the electrode applied to the contralateral ear as a reference produces a decrease in the 
II-III interpeak latency and increase the IV-V interpeak latency. Peak latencies of waves II 
and V are increased when the electrode applied to the contralateral ear is used as a reference 
in comparison to the use of electrode applied to the ipsilateral ear (Stokard et al., 1978). 
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De Montes et al., 2002 concluded that BAEP obtained with reference to Cz and Fz are ideal 
for interpretation, since there is greater constancy, global amplitude and morphological 
clarity of the first five deflections and less morphological complexity of the other waves. 

3.5.2 Subject factors 
3.5.2.1 Age 
Below the age of 2 years, interpeak latencies are prolonged relative to adult values (Starr et 
al.,1976). By the age of 2 years, the ranges for adults are reached, the absolute latencies of 
wave I, III, V increase by 0.1-0.2 msec with age. However, the I-V interpeak latency remains 
the same (Rosenhall et al., 1985). One obvious explanation for the age-related latency shift is 
progressive myelination of the auditory tract in infants (Tarantino et al., 1988).  
The effects of age on the brain-stem auditory evoked potentials were studied on 156 healthy 
subjects with ages ranging from 18 to 76 years. There was a small progressive prolongation 
in the peak latency with increasing age, particularly peak V. Although a correlation between 
the age and the I-III interval was not observed, there was also a small increase with age in 
the interpeak latencies of III-V and I-V (Chu, 1985). 
Since age effects on central conduction time in the acoustic pathway are still debated, 
brainstem auditory evoked potentials were recorded in normoacoustic subjects, with no 
history of neurologic or otologic pathology. Linear regression has been used for statistical 
analysis. Data obtained show an age-related prolongation of latency values which is 
particularly marked for wave I, while other waves (particularly wave III) do not show a 
significant change. Thus, IPL values do not increase with increasing age: in particular IPLs I-
II and I-III decrease, showing a negative "r" value, and IPLs I-V and II-V (which is to be 
considered the true "central conduction time" through the acoustic pathway) do not show a 
significant change. These data seem to demonstrate that the aging process is essentially a 
peripheral phenomenon which does not involve the central part of the acoustic pathway 
(Costa et al., 1990). 
Brainstem auditory evoked response (BAER) was recorded in children from birth to 6 years 
and adults to study the development of wave amplitude. The amplitudes of all BAER waves 
increased with age, the greatest changes occurring during early infancy. Adult values were 
reached at 6 months of age for wave I and 2 years for wave V. The two waves continued to 
increase above the adult values until the highest amplitude value was reached at 3 years for 
wave I and 5 years for wave V. Subsequently, the amplitudes decreased towards the values in 
adults. The V/I amplitude ratio, which was slightly lower than the adult value shortly after 
birth, decreased during the first year of life and reached the minimum value between 1 and 4 
years. Thereafter, it increased towards the adult value. Throughout the maturational stages the 
ratio was smaller than in adults. The amplitude of wave V was relatively stable and its 
variation was much smaller than those of wave I and V/I amplitude ratio (Jiang et al., 1993). 
3.5.2.2 Sex 
Females have shorter interpeak latencies than males. This may be explained by shorter 
corresponding segments of the auditory pathway due to smaller brain size. However, no 
difference could be detected before the age of 8 years (Stochard et al., 1979).  
Sex differences in the amplitudes and latencies of the auditory brain stem potential (BAEP) 
were investigated using 3 levels of intensity and 3 stimulus presentation rates. The females 
displayed consistently larger BAEPs for waves IV, V, VI and VII than the males. The only 
latency differences which reached significance over all the intensities and rates occurred for 
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wave V. The females showed significantly shorter wave V latencies than the males. Since 
hearing losses and individually determined click thresholds were comparable between the 
two groups tested, the exact sources of the uneven distribution of amplitude and latency 
effects are in question. Differences in the relative distances of the anatomical generators are 
considered in accounting for the sex differences. Because the precise origin of the sex 
differences cannot be stated with certainty, attempts to develop normative data for the 
BAEP should consider the possible influences of sex differences (Michalewski et al., 1980). 
3.5.2.3 Hearing disorders 
Peripheral hearing disorders give a similar effect on BAEP as decreasing stimulus intensity 
i.e. the absolute latencies of all waves are increased but no change of the interpeak latencies 
(Chiappa, 1983). 
In patients with sensorineural hearing loss, Coats and Martin, 1977 found an abrupt increase 
in the latency of wave I at 50 to 60 dB, 4 to 8 kHz hearing loss; this abrupt increase in wave I 
peak latency was not paralleled by a similar increase in wave V latency, thus the I-V 
interpeak latencies in these subjects were shorter than in those with normal audiograms. 
3.5.2.4 Body temperature 
A decrease in body temperature leads to increase in both the absolute and interpeak 
latencies (Picton et al.,1982). 
3.5.2.5 Hypoglycemia 
Kern et al., 1994 studied the effects of insulin-induced hypoglycemia on the auditory 
brainstem response (ABR) in humans. ABRs were examined in healthy men during 
euglycemia and after 20 minutes and 50 minutes of steady-state hypoglycemia of 2.6 mM 
induced with insulin. Hypoglycemia increased interpeak latencies III-V and I-V, whereas 
changes in the latency of wave I were not significant. 
3.5.2.6 Medications 
3.5.2.6.1 Barbiturate 
BAEPs are not affected significantly by barbiturate doses sufficient to render the EEG "flat" 
(i.e. isoelectric) or by general anesthesia (although it was reported that BAEP has been lost 
with combined lidocaine and thiopental infusion) (Garcia-Larrea et al., 1988). 
3.5.2.6.2 Nicotine (smoking) 
Reports of tobacco-induced electrocortical activation have frequently indicated that this 
effect is mediated via nicotine's action on sub-cortical structures. Twelve regular smokers 
were tested on two separate sessions involving sham or real smoking. On each session, 
BAEPs were recorded during a baseline period and immediately after smoking. BAEPs, 
recorded from Cz, were elicited by presentation of 1,000 monaural, rare fraction click 
stimuli. Latency and amplitudes of peak components I, III and V were assessed and 
analyzed. No significant effects were observed for latency measures or for amplitudes of 
peaks I and III. A significant effect was observed for peak V with tobacco resulting in larger 
amplitudes relative to sham smoking. Peak V reflects activity from upper pontine-lower 
midbrain sites (Knott, 1987). 
3.5.2.6.3 Aminophylline 
To determine the neurophysiological effects of aminophylline on apnea of prematurity, the 
BAEPs of 30 apnoeic infants and 34 age matched controls were evaluated and compared. After 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

300 

six days of treatment with aminophylline, the brain stem conduction time (interpeak latency of 
I-V) in apnoeic infants decreased compared with controls of a similar postconceptional age. 
The mean latencies of the peaks and interpeaks of all waves except wave I were significantly 
lower in the apnoeic infants after than before receiving aminophylline. No significant 
differences were found in the latencies of BAEPs between the apnoeic infants who responded 
and those who did not respond to aminophylline treatment. These results suggest that 
aminophylline may enhance conduction along central auditory pathways and stimulate the 
regulatory effect on the respiratory centre of the brain stem (Chen et al.,1994). 

3.6 Clinical applications of BAEPs 
BAEPs are very resistant to alteration by anything other than structural pathology in the 
brainstem auditory tracts. Disorders of the peripheral vestibular system do not affect BAEP. 
Thus, patients who had labyrinthine diseases (i.e. Ménière's disease, labyrinthitis, vestibular 
neuronitis) had no BAEP interwave latency abnormalities using the limits employed for 
clinical neurological purposes (Garcia-Larrea et al., 1988).  
Brainstem auditory evoked potentials have obtained widespread clinical application in 
assessing neurologic and audiologic problems. These have maximal clinical utility in 
evaluating comatose patients, in patients with suspected demyelinating disorders, posterior 
fossa tumors, or in audiologic evaluation, especially in infants. They are also used for 
intraoperative monitoring of eighth-nerve and brainstem function during different types of 
posterior fossa surgery (Markand, 1994).  
ABR audiometry is considered an effective screening tool in the evaluation of suspected 
retrocochlear pathology. However, an abnormal ABR suggestive of retrocochlear pathology 
indicates the need for MRI or CT scanning. In general, ABR exhibits a sensitivity of over 90% 
and a specificity of approximately 70-90% (Schmidt et al., 2001).  

3.6.1 BAEPs in multiple sclerosis (MS) 
An abnormal response may be seen with higher frequency in symptomatic patients; 
however, a positive test may be recorded in the absence of clinical brainstem 
symptomatology. BAEPs should be considered if the clinical symptom implicates a lesion 
outside the brain stem. In this case an abnormal BAEPs would further support the diagnosis 
of MS. If, however, the clinical sign (e.g., diplopia) points to the brain stem, BAEPs 
abnormality is merely confirmatory. In various studies about 20% of the population tested 
for a second lesion have an abnormal BAEPs and about half of these go on to develop MS in 
the next 1-3 years (Kjaer, 1987).  
Purves et al., 1981 reported pattern-shift VEPs to be abnormal in 45%, SSEP abnormal in 35%, 
and BAEP in 14% of patients without brainstem signs. Combining all 3 modalities, 97% of 
patients with definite MS, 86% of patients with probable MS, and 63% of patients with possible 
MS had abnormal findings on at least one of these tests. Similar findings were reported by 
Ferrer et al., 1993. Kjaer, 1987 reported 38% abnormal BAEPs in patients with silent lesions, 
while 50% of these patients had an abnormal VEPs and only 13% an abnormal SEP.  
Brain-stem auditory evoked responses (BAERs) were examined in 178 patients with 
multiple sclerosis (MS) and compared to the frequency of abnormalities in visually evoked 
responses (VERs) and in CSF electrophoresis. In clinically definite MS, BAERs were 
abnormal in 61% and a significant relationship was noted between disability due to MS and 
the frequency and severity of BAER abnormalities. In suspected MS, BAERs showed 
evidence of a second lesion in 14% whereas VERs indicated a second lesion in 24%. 
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Abnormal BAERs in patients with suspected MS with brain-stem signs were significantly 
associated with the presence of ataxia. In progressive possible MS, abnormal BAERs were 
found in 49% but indicated a second lesion in 35% of patients and were significantly related 
to the duration of illness. In progressive possible MS, abnormal VERs but not abnormal 
BAERs, were significantly associated with the presence of cerebrospinal fluid (CSF) 
oligoclonal IgG banding. Normal BAERs in association with clinical brain-stem 
abnormalities were found in 24% of patients with clinically definite MS, 50% with suspected 
MS and 33% with progressive possible MS (Hutchinson et al., 1984).  
Furthermore, Lehmann and Soukos, 1982 examined patients with certain, probable and 
possible MS using checkerboard VEP and click-BAEP and concluded that VEPs were clearly 
more useful than BAEPs in the early diagnostics of MS, however in occasional cases, BAEPs 
might contribute to the early diagnosis. 
Chiappa, 1990 found that the BAEP is positive in 21% of clinically unsuspected cases. Most 
authors have concluded that BAEP yields the smallest percentage of patients, but it still 
adds to the detection rate because it is abnormal in a different subset of patients. 

3.6.2 CNS tumors 
3.6.2.1 Cerebellopontine angle lesions 
BAEP may be abnormal when audiometry fails to disclose a lesion. The characteristic 
findings are increased I-V and increased I-III interpeak latencies ipsilateral to the lesion. 
Bilateral prolongation of latencies and interpeak latencies may be seen. Gordon and Cohen, 
1995 evaluated the efficacy of auditory brainstem response (ABR) as a screening test for 
small acoustic neuromas by performing a prospective trial to determine the diagnostic 
sensitivity of brainstem auditory evoked response (BAER) in these tumors. Randomly 
selected patients with surgically proven acoustic neuromas underwent preoperative BAER 
tests within 2 months of surgery. A test result was considered abnormal when the interaural 
I-V interpeak latency difference was greater than 0.2 ms, the absolute wave V latency was 
abnormally prolonged, or waveform morphology was abnormal or absent. 87.6% Of the 
tested patients, had an abnormal BAER and 12.4% had completely normal waveforms and 
wave latencies. Patients with tumors greater than 2 cm in total diameter had abnormal 
BAER results. Patients with tumors 1.6-2 cm / 1-1.5 cm / 9 mm or smaller, 86% / 85% / 69% 
had abnormal BAERs respectively. These data show that BAER sensitivity decreases with 
decreasing tumor size. Therefore, MRI scanning is the preferred study because the accuracy 
for detection of tumor smaller than 1 cm through BAER is 70%. Nevertheless, BAER is 
useful in patients who have implanted medical devices (e.g., pacemakers) that prevent MRI 
scanning.  
3.6.2.2 Meningomyelocele 
The brainstem auditory evoked potentials (BAEPs) of twenty-seven meningomyelocele 
(MMC) patients were analyzed and compared with the results of a normal population. The 
longest wave V or I-V interpeak latencies were seen in patients with shunted hydrocephalus 
and cranial nerve defects. The shortest wave V and I-V interpeak latencies were found in 
patients without hydrocephalus. However, these latencies of MMC patients were 
significantly longer than the latencies of a normal population. It is assumed that I-V 
interpeak latency prolongation in MMC patients, which is related to the severity of the 
clinical signs of the Arnold Chiari malformation, is mostly due to an elongation of the 
brainstem (Lutschg et al., 1985). 
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It is difficult to estimate the accurate onset of symptoms clinically resulting from Chiari II 
malformation. Brainstem auditory evoked potentials (BAEPs) may be a useful method in the 
selection of potential candidates for surgery. BAEPs were studied in asymptomatic infants 
under 6 months of age with meningomyelocele (MMC). Both the wave latencies and interpeak 
latencies (IPLs) gradually became shorter during the first 6 months of life in asymptomatic 
infants with MMC. In particular, shortening of the III-V IPLs and the I-V IPLs was observed 
from 1 to 4-6 months of age in these infants. These may be characteristic parameters of central 
auditory function (III-V IPLs) and global auditory function (I-V IPLs). Maturation of brainstem 
function as viewed by BAEPs in asymptomatic infants with MMC was delayed when 
compared to data in normal neonates and infants. These data on asymptomatic infants with 
MMC could potentially be a good reference for selecting the modalities of treatment in infants 
with symptomatic Chiari II malformation (Fujii et al., 1996). 
Taylor et al., 1996 studied BAER in infants with meningomyelocele to determine whether 
EPs reflect early neurological status and whether BAER have prognostic value in 
neurological outcome. The infants, aged 1 day to 3 months, were tested while still in 
hospital after the meningomyelocele repair. Normal BAEPs were found in 41% of patients 
while abnormal BAEPs were found in all infants studied who had symptomatic Arnold-
Chiari malformation. So, BAEPs showed a positive predictive value of 88% and accuracy of 
84% in predicting central neurological sequelae. 

3.6.3 Brainstem stroke 
Brainstem stroke syndromes are primarily determined by clinical criteria. There are few 
diagnostic procedures which are of benefit for the evaluation of brainstem ischemic events. 
Brainstem auditory evoked responses are important electrophysiologic technique for 
assessing brainstem function. The response is variable; some lesions cause abnormal 
latencies while some do not (Tsuda et al., 1995). 
To evaluate the use of BAERs in patients with brainstem ischemic events, 35 individuals 
with recent brainstem strokes, selected by strict clinical criteria, were evaluated with BAERs. 
The initial BAER was abnormal in 22 of 35 patients (63%). When the clinical course and site 
of the lesion are correlated with the BAER results. An unstable course, characterized by 
progression or remission and relapse, was present in 19/35 (54%) of patients, and 15/19 
(79%) of these individuals had an initially abnormal BAER. The other 16 brainstem stroke 
patients with a stable clinical course had an initially abnormal BAER in 7 instances (44%). 
This difference is statistically significant at the P = 0.04 level. The principal sites of ischemia 
were mesencephalic in 11/35, pontine in 13/35 and medullary in 11/35. The association of 
an abnormal BAER with an unstable clinical course seemed independent of the site of the 
lesion, However, of the 9 deaths that occurred, all were in patients with mesencephalic or 
pontine lesions, and 8 of these individuals had an initially abnormal BAER. Abnormal 
BAERs in patients with brainstem ischemic lesions correlate with an unstable clinical course. 
Furthermore, individuals with ponto-mesencephalic infarction and abnormal BAERs have 
an especially poor prognosis. The BAER may be of prognostic value in the early evaluation 
of patients with brainstem ischemic strokes (Stern et al., 1982).  
Brain stem auditory evoked potentials were studied in patients with the lateral medullary 
(Wallenberg's) syndrome. The observed changes included: prolongation of the interpeak 
latencies from wave I-V and III-V; prolongation of the interaural latency difference for wave 
V; splitting or absence of wave III and the presence of a broad partly fused wave III-V 
complex. This study showed that BAEP can be used to confirm the diagnosis of this 
syndrome and ascertain the site of the lesion (Elwany,1985). 
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A study of brainstem auditory evoked potentials was carried out in subjects suffering from 
vertebrobasilar TIA in order to obtain a comparative evaluation of cortical-subcortical 
functions. The obtained data demonstrate a delay of peak III of the BAEPs in patients with 
previous vertebrobasilar TIA. These data show that the study of the BAEPs is useful in 
evaluating the damage produced by anoxia (Benna et al., 1985). 

3.6.4 Respiratory insufficiency following encephalitis 
Schwarz et al., 1996 showed prolonged interpeak latencies (I-III, I-V, III-V, IV-V) and 
delayed absolute latencies of waves II, III, V, and I, at least on one side, in the BAEP. The 
auditory pathways are near the respiratory control centers in the brain stem; therefore, the 
electrophysiologic abnormalities of wave III and the IV-V complex may be a reflection of the 
disturbed central control of ventilation.  

3.6.5 Prediction of posttraumatic coma in children 
BAEP studies were performed within 72 hours of admission in children with severe head 
injury in order to predict the outcome of posttraumatic coma. Outcomes were categorized as 
brain death or survival. On first assessment, 40% of comatose children had normal BAEP. 
About 78% survived and 22% deteriorated and died. 32% 0f children had abnormal findings; 
69% of them improved and survived, whilst 31% deteriorated and died. All children who 
did not have recordable BAEP died. These data suggest that BAER is a useful test in 
predicting neurological outcome in this setting (Butinar and Gostisa, 1996).  

3.6.6 Comatose patient 
BAEP can be done while the patient is sedated. It can be used as a prognostic indicator. 
Survival is unlikely in the absence of BAEP. The brain-dead patient has invariably abnormal 
BAEPs either the absence of all waveforms or the presence of wave I and the absence of all 
subsequent waveforms (Goldie et al., 1981). 

3.6.7 Intraoperative monitoring 
ABR, often used intraoperatively with electrocochleography, provides early identification of 
changes in the neurophysiologic status of the peripheral and central nervous system. This 
information is useful in the prevention of neurotologic dysfunction and the preservation of 
postoperative hearing loss. For many patients with tumors of cranial nerve (CN) VIII or the 
cerebellopontine angle, hearing may be diminished or completely lost postoperatively, even 
when the auditory nerve has been preserved anatomically.  
Typical uses of intraoperative auditory brainstem response 

 Monitoring cochlear function directed at hearing preservation 
Cerebellopontine angle tumor resection (acoustic neuroma surgery); Vascular 
decompression of trigeminal neuralgia; Vestibular nerve section for the relief of vertigo; 
Exploration of the facial nerve for facial nerve decompression; Endolymphatic sac 
decompression for Ménière's disease. 

 Monitoring brainstem integrity 
Brainstem tumor resection; Brainstem aneurysm clipping or arteriovenous malformation 
resection (Kileny et al., 1988). 
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3.6.8 Screening of hearing in newborns 
Several clinical trials have shown automated auditory brainstem response (AABR) testing as 
an effective screening tool in the evaluation of hearing in newborns, with a sensitivity of 
100% and specificity of 96-98%. When used as a threshold measure to screen for normal 
hearing, each ear may be evaluated independently, with a stimulus presented at an intensity 
level between 35-40 dB. Click-evoked ABR is highly correlated with hearing sensitivity in 
the frequency range from 1000-4000 Hz. AABRs test for the presence or absence of wave V. 
No operator interpretation is required (Oudesluys-Murphy et al., 1996). 

4. Conclusion 
The VEP is preferable in optic nerve and anterior chiasmatic lesions, while MRI is clearly 
superior in retrochiasmatic disease. Note that the VEP is nonspecific as to the underlying 
etiology and pathology (Andrew et al., 2002). 
The most common uses of BAEP are in MS and in acoustic neuroma. It is a useful screening 
test, with limitations; MRI scanning may be preferable when a small lesion is under 
consideration. Increased I-III interpeak latency indicates a lesion from CN VIII to the 
superior olivary nucleus, while increased III-V interpeak latency suggests a lesion from the 
superior olivary nucleus to the inferior colliculus ipsilateral to the ear stimulated. 
Intraoperative monitoring during cerebellopontine angle tumor surgery may be helpful in 
aiding the surgeon to preserve as much function as possible (Gordon and Cohen, 1995).  
Involvement of CNS sensory pathways in hereditary motor and sensory neuropathies has 
been reported by Carroll et al and Jones et al. However, at that time molecular genetic 
diagnosis was not yet available and their finding could not be linked to a particular gene 
defect. Jones et al speculated that the abnormalities might be due to a dying back 
phenomenon of the affected peripheral nerves. On the other hand, Scaioli et al failed to 
show central nervous system involvement in patients with Charcot-Marie-Tooth (CMT). 
Recently, evidence for involvement of the central acoustic pathway was obtained by 
measuring BAEPs in patients with CMT1X with Cx32 mutations. However, no other CNS 
pathways were examined in this study (for example, VEPs or transcortical magnetic 
stimulation measurements) and it remained unclear whether the disorder would also affect 
structures other than the acoustic pathway. 
Bähr et al and Tony et al found that, not only acoustic but also visual and central motor 
pathways are affected, suggesting a much larger central nervous system involvement than 
has been presumed from clinical examinations, in which such widespread central nervous 
system abnormalities have not been reported to date. These findings underscore the 
necessity of a careful analysis of CNS pathways in patients with CMT and Cx32 mutations. 
Thus, screening for Cx32 mutations seems to be important in patients with a peripheral 
neuropathy and abnormalities in motor and sensory central nervous system pathways.  
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1. Introduction 
The matrix type multielectrodes have been proved to be useful for getting the information of 
motor unit (MU) properties (Monster et al., 1980; Reucher et al., 1987; Yamada et al., 1987; 
Masuda and Sadoyama, 1988; Kleine et al., 2000; Gazzoni et al., 2004). By this 
electromyography (EMG) technique, we can obtain many essential properties of MU that 
could not be obtained by conventional surface EMG and/or needle EMG. One of them is the 
waveform property of motor unit action potential (MUAP) which is enabled by extracting 
the single propagating MUAP. Another is the two-dimensional location of motor end-plates. 
There have been many applications of multichannel surface EMG for measuring voluntary 
muscle activities, but few for evoked EMG responses. However, recent studies have 
demonstrated the applications of the multichannel surface EMG for the measurement of 
muscle fiber conduction velocities (MFCVs) (Metani et al., 2005) , for the estimation of firing 
thresholds (Yamada, 2004), and for the motor unit number estimate (MUNE) (Blok et al., 
2005; van Dijk et al., 2008).  
The F-wave represents a long latency response detected from a muscle following 
stimulation of a peripheral nerve at supramaximal intensity. The F-waves are produced by 
antidromic activation of motor neurons. The latency and the waveform of the F-wave 
change with each stimulus. The F-wave studies are widely used in clinical neurophysiology 
as a quantitative estimation method of the objective pathological changes. The F-waves that 
consist of a single MUAP occur also with submaximal stimulation. Low intensity 
stimulation could increase the probability of the single MU F-wave (Komori et al., 1991; 
Doherty et al., 1994; Stashuk et al., 1994; Yamada, 2004), and reduce the discomfort of the 
subjects. Therefore, different MUAPs can be readily analyzed by classifying F-waves. Many 
studies concerned with the single MU F-wave were performed for the estimation of the 
conduction velocity of nerve fibers (Doherty et al., 1994; Felice, 1998; Wang et al., 1999) and 
the MUNE (Stashuk et al., 1994; Hara et al., 2000). The conventional surface EMG technique 
was used in these studies, and there were few applications of multichannel surface EMG for 
F-wave studies.  
In a previous study, we investigated the classification and analysis of multichannel bipolar 
F-waves (Yamada et al., 2007). It is difficult to detect deep MUs from the bipolar EMG. So, in 
the present study, the thenar MUs F-waves were investigated by extracting single MU F-
waves from monopolar multichannel surface EMG signals. By increasing the number of 
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processing data measured under different stimulus conditions, many single MU F-waves 
could be extracted, and the properties of F-waves and MUs could be analyzed successfully. 
Then we could find the single MU F-waves with the same waveform but different latencies. 

2. Methods 
2.1 Subjects and measurements 
The subjects were 6 men, aged 22－60 years (mean±S.D., 30.2±14.9 years). None of them had 
a history of neurological disorders. All subjects gave informed consent prior to participation 
in the study. The subject sat comfortably on a chair with his right hand supinated. The right 
median nerve was stimulated at the wrist and the evoked responses were recorded from the 
thenar muscles with a matrix-type multielectrode. The multielectrode was composed of 32 
silver electrodes (8×4 array), 1 mm in diameter, which were arranged on a silicone rubber 
board (thickness 2 mm) at 4 mm distance in both directions (Fig. 1). This electrode was fixed 
by bandages with the eight electrode arrays in parallel with the muscle fibers. A small 
diameter of electrode and a short distance of electrodes enabled the extraction of single MUAP 
from surface EMG signals. The use of a semi-solid type electrode paste enabled to measure 
EMG signals for a long period. A reference electrode and a ground electrode, both 
conventional Ag/AgCl electrodes, were attached to the bone of the dorsal hand. The block 
diagram of the multichannel surface EMG system is shown in Fig. 2. 
 

4mm
Flexor Pollicis Brevis Abductor Pollicis Brevis

Silver electrode f 1mm

4mm

Silicone rubber board( thickness 2mm)

 
Fig. 1. Thirty-two channel matrix-type multielectrode. Each electrode (1mm in diameter) is 
arranged on a silicone rubber board at 4 mm distance in both directions. 

The 32 channel monopolar evoked potentials (8×4 array) were amplified through a 
bandwidth of 10-1000 Hz (gain 30dB). The amplified evoked signals were sampled at 10kHz 
with 16-bit resolution. The stimulation was squarewave pulse of 0.2 ms duration and 
frequency of 5 Hz or less. The high stimulus rate may cause muscle fatigue, and may change 
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the shape of MUAP. Therefore the low stimulus frequency was selected for recording 
consecutive evoked responses. The stimulation strength was set to submaximal, 
approximately 40-80 % of the supramaximal stimulation. Each of the record length was 
50ms, and 300 consecutive evoked responses were recorded. Changing the stimulation 
intensity, several sessions of 300 evoked responses were recorded. The bipolar potentials 
were obtained by calculating the difference between the monopolar potentials of two adjacent 
electrodes placed along the muscle fibers.  
 

EMG  AMP
AD

32ch

16bit

32ch

EL ECTRONIC

STIMULATOR

ELECTRIC
STIMULATOR

ADA16-32/2

3 F 4 6

5 38 4

ISOLATOR

PC

 
Fig. 2. Block diagram of the multichannel surface EMG system. 

As in the case of bipolar signals (Yamada, 2004; Yamada et al., 2007), the origin of the F-
wave could be also evaluated by the distribution pattern of monopolar MUAPs. It is 
presumed that the MUs whose center arrays estimated at array 1 and array 2 are originated 
from the abductor pollicis brevis (APB), and those estimated at array 3 and array 4 are 
originated from the flexor pollicis brevis (FPB). In Fig. 3(A), the distribution of 32 channel 
monopolar evoked potentials recorded in a thenar muscle is shown. This MU is originated from 
the APB muscle. Fig. 3(B) shows 8 channel records of the center array (array 1). 

2.2 Classification of F-waves 
The outline of the classification of F-waves is shown in Fig. 4. All channels evoked responses 
are digitally high-pass filtered in order to remove the late components of the M-waves with 
a drift filter which barely affects the waveform parameters of the F-waves. The 
superimposed traces in Fig. 5 show 10 sequentially evoked responses of one electrode array. 
Although the M-waves are almost uniformed, the F-waves show various patterns. When the 
evoked response contains the F-wave, the center of the MU in transverse section (center 
array) is evaluated by the sum of the peak-to-peak amplitude of F-waves in each electrode 
array. Then we select the records (latency 20-45 ms) in the array for the classification 
process.  
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Fig. 3. Distribution of 32 channel monopolar evoked potentials in the thenar muscles at 
submaximal stimulation (A). Expanded 8 channel monopolar potentials of the center array 
(B). The signals were digitally high-pass filtered with a drift filter. 
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Fig. 3. Distribution of 32 channel monopolar evoked potentials in the thenar muscles at 
submaximal stimulation (A). Expanded 8 channel monopolar potentials of the center array 
(B). The signals were digitally high-pass filtered with a drift filter. 
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Fig. 4. Flow chart of the classification of F-waves.  

Eight channel MUAP waveforms in its center array are classified using a template-matching 
method based on the least-square error criterion where an initial match threshold α is set to 
5% of the objective area value typically. If the F-wave and templates do not match, the 
waveforms on both sides of the center array are also estimated, because the decision of 
center arrays is critical and not always proper. After this procedure, the standard templates 
are selected by the decision rule dependent on the identified number of the corresponding 
template, and the average waveforms are computed for the next procedure. The group of F-
waves, which is not identified as one of the standard templates, is repeatedly classified into 
an averaged standard template or 2-3 combinations of them by the same method in the 
selection of standard templates. The match threshold β in case of superposition is initially 
set to lower than α (typically 4.5% of the objective area value), because high thresholds tend 
to lead to incorrect combinations of standard templates. After having thresholds α and β 
gradually increased, the unresolved F-waves are repeatedly processed. By these procedures, 
the single MU F-waves are classified. Five sessions of recordings measured at different 
stimulus intensities were processed to extract many single MUs. Fig. 6 shows 38 single MU 
F-waves extracted and classified from the thenar muscles of a subject. 

2.3 Estimation of F-wave parameters 
The amplitude of a single MUAP was evaluated from measuring the largest peak-to-peak 
amplitude in 8 channel MUAP waveforms in its center array, and the latency was obtained  
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Fig. 5. Superimposed 10 evoked responses of one electrode array.  

from measuring the fastest onset of MUAP in the array. In the case of MUAPs showing 
propagating time delays, the MFCV was calculated from the time delay of a single pair of 
MUAPs in the array. The MUAPs in the region of the motor end-plates band indicated non-
linear propagating time delays, and we estimated the conduction velocity in the area a small 
distance on either side of the band, where the conduction velocity was uniform along the length 
of the muscle. The muscle fiber conduction velocities of all classified MUAPs, excepting 
superimposed ones, were computed according to the above considerations, and other 
parameters were estimated automatically as well. 
Statistical analysis was carried out for F-wave parameters. The correlation coefficients 
among amplitudes, latencies and MFCVs were calculated in each subject. The level of 
statistical significance was set at p<0.05. 

2.4 Detection of single MU F-waves with the same waveform but different latencies 
From these classified F-waves, the F-waves with the same waveform but different latencies 
(latency differences above 0.5 ms) were searched using 8 channel and 32 channel similarity 
values between the two averaged F-waves. 
In the case of similarity values higher than 0.8, the comparison of two F-waves was 
performed by examining 8 channel propagation patterns of MUAPs in its center array and 
32 channel distribution patterns of MUAPs in a superimposed form and in an averaged 
form. In addition, bipolar waveforms were also compared for reference. The F-wave 
analysis is planned to execute interactively, or automatically. At present, the operator is 
required in some processes to obtain reliable and accurate results.  
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Fig. 5. Superimposed 10 evoked responses of one electrode array.  

from measuring the fastest onset of MUAP in the array. In the case of MUAPs showing 
propagating time delays, the MFCV was calculated from the time delay of a single pair of 
MUAPs in the array. The MUAPs in the region of the motor end-plates band indicated non-
linear propagating time delays, and we estimated the conduction velocity in the area a small 
distance on either side of the band, where the conduction velocity was uniform along the length 
of the muscle. The muscle fiber conduction velocities of all classified MUAPs, excepting 
superimposed ones, were computed according to the above considerations, and other 
parameters were estimated automatically as well. 
Statistical analysis was carried out for F-wave parameters. The correlation coefficients 
among amplitudes, latencies and MFCVs were calculated in each subject. The level of 
statistical significance was set at p<0.05. 
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From these classified F-waves, the F-waves with the same waveform but different latencies 
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Fig. 6. Thirty-eight single MU F-waves extracted and classified in the thenar muscles of one 
subject. Two APB MUs with the same waveform but different latencies are shown in the top 
traces. 

3. Results 
Single MU F-waves were classified by using the template-matching method. The 
classification results and estimated F-wave parameters of thenar MUs in 6 normal subjects 
are shown in Table 1 and Fig. 7. The mean F-wave persistence (occurrence rate) was high 
(88.8%), and a total of 7724 F-waves were detected in the evoked responses. The numbers of 
MUs extracted from 5 sessions of data (1500 responses) were increased by 75-116%  
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MU
Subjects  F-wave

(n=1500)
n(APB+FPB)

(FPB)

Amplitude
Mean ± SD.

(mV)

Latency
Mean ± SD.

(ms)

MFCV
Mean ± SD.

(m/s)
1 1376(91.7%) 38(18) 0.367±0.304 28.07±2.08 5.369±1.065(11)
2 1279(85.3%) 41(22) 0.179±0.130 27.20±1.63 5.425±1.096(2)
3 1413(94.2%) 35(10) 0.317±0.222 25.99±2.95 6.200±0.000(3)
4 1080(90.0%)* 30(6) 0.142±0.107 25.30±0.97 3.832±1.331(5)
5 1236(82.4%) 31(15) 0.250±0.188 26.20±2.25 4.112±1.020(10)
6 1340(89.3%) 26(3) 0.183±0.186 27.90±1.23 4.753±1.56(3)

Total 7724(88.8%) 201(74) 0.251±0.222 26.74±2.25 4.800±1.237(35)  
*n=1200 

Table 1. Classification results for the F-waves in 6 normal subjects: the numbers of F-waves, 
the numbers of MUs and the estimated MU parameters. 

(mean±S.D., 92±15%) compared with those from the maximum sessions (300 responses). The 
numbers of MU in 6 subjects were 38, 41, 35, 30, 31 and 26, respectively. The total of 201 
thenar MUs were extracted from the F-wave data.  
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The numbers of MUs originated from the APB and FPB were 127 (63.2%) and 74 (36.8%). In 
5 out of 6 subjects, the numbers of APB MUs were larger than those of FPB MUs. Fig. 6(a) 
shows the histogram of the center arrays of 201 MUs. Thirty-eight single MU F-waves 
classified in a subject are shown in Fig. 7. This example shows 20 APB MUs and 18 FPB 
MUs. The mean peak-to-peak amplitudes, latencies, and MFCVs were 0.251±0.222 mV, 
26.74±2.25 ms and 4.80±1.24 m/s. The long latencies greater than 30 ms were detected in 11 
MUs (5 subjects). The numbers of MUs in which MFCVs could be evaluated in 6 subjects 
were 11, 2, 4, 5, 10 and 3, respectively. The total was 35 MUs (17.4%). The significant 
correlations were not found between amplitudes, latencies and MFCVs in all subjects. 
An example of single MU responses (FPB MU) with the same waveform but different 
latencies is shown in Fig. 8. The latencies of the two responses were (a) 25.7 ms and (b) 36.1 
ms, and the latency difference was 10.4 ms. The similarity values for 8 channel and 32 
channel signals were high, namely 0.91 and 0.90 respectively. 
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Fig. 8. Distributions of 32 channel MUAPs with the same waveform but different latencies. 
The latencies were (a) 25.7 ms and (b) 36.1 ms, and the latency difference was 10.4 ms. 
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The single MU F-waves with the same waveform but different latencies were detected in 5 
out of 6 subjects, the total number was 12 MUs (8 APB MUs and 4 FPB MUs, 6%). The 
estimated F-wave parameters of these MUs are summarized in Table 2.  
The latency differences of the two responses ranged 0.9 to 10.4 ms (mean 2.82±3.22 ms), and 
half of them were around 1 ms. There was no significant relationship between the stimulus 
intensities and the latencies in these MUs. Figs. 9(a) and 9(b) show the examples of the single 
MU F-waves (a: FPB MU, b: APB MU) with 0.9 ms and 1.2 ms latency differences. One of the 
MUs with 3 different latencies (APB MU, 26.3, 29.4 and 32.2 ms) is shown in Fig. 10(a)-(c). 
The waveforms in Fig. 10(b) differ slightly from those in Figs. 10(a) and 10(c), because the F-
waves in Fig. 10(b) are overlapped by the FPB MU with small amplitude MUAPs. These 
results were confirmed by the distribution and propagation patterns of the MUAPs. 
 

Subject Array
Amplitude

(mV)
Latency 1

(ms)
Latency 2

(ms)
Latency 3

(ms)
Similarity

(8CH)
Similarity

(32CH)
1 1 1.08 24.0 33.5(9.5) 0.96 0.95

1 0.57 26.3 29.4(3.1) 32.2(5.9) 0.94 0.91
2 4 0.18 23.9 26.0(2.1) 0.92 0.83

1 0.68 24.4 25.3(0.9) 0.86 0.89
4 0.53 24.8 26.0(1.2) 0.90 0.87
4 0.56 25.7 36.1(10.4) 0.91 0.90

3 1 0.12 25.3 26.3(1.0) 0.87 0.89
2 0.21 25.7 27.0(1.3) 0.81 0.79
1 0.26 25.7 27.0(1.7) 0.82 0.72

4 4 0.41 24.8 26.0(1.2) 0.94 0.94
1 0.19 24.8 26.6(1.8) 0.85 0.83

5 1 0.12 27.1 28.0(0.9) 0.88 0.93

Mean 0.41±0.29 25.2±0.95
28.0±3.23

(2.82±3.22)
0.89±0.05 0.87±0.07

 
Table 2. Estimated parameters of single MU F-waves with the same waveform but different 
latencies. 

4. Discussion 
The F-wave persistence in monopolar recordings was high compared with that in bipolar 
signals, because it is thought that the deep MUs, which could not be detected from bipolar 
waveforms, might be detectable from monopolar waveforms. Accordingly, the numbers of 
MUs that were extracted and classified from evoked responses were increased than those in 
the previous study (Yamada et al., 2007). In the case of bipolar signals, the noise and 
interference are lower than those in the monopolar signals. Then, the MUAPs can be 
classified precisely, and the superimposed MUAPs can be decomposed into its constituent 
MUAPs. On the other hand, in the case of monopolar signals, the decomposition processing 
of superimposed MUAPs had a little problem with the classification accuracy.  
By using the distribution and propagation patterns of the MUAPs measured by the 
multichannel surface EMG technique, the single MU F-waves could be extracted and  
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Fig. 9. Single MU F-waves (a: FPB MU, b: APB MU) with 0.9 ms and 1.2 ms latency 
differences. 
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Fig. 10. Single MU F-waves with 3 different latencies ( (a) 26.3 ms, (b) 29.4 ms and (c) 32.2 
ms). The latency differences were (b)-(a) 3.1 ms and (c)-(a) 5.9 ms. 
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classified precisely, and the origin of the F-wave is evaluated easily. In the case of bipolar 
signals, the extracted numbers of APB MUs were larger than those of FPB for all the 
subjects, and most of the MUs (84.5%) were originated from the APB muscle (Yamada et al., 
2007). In this study, 127 APB MUs (63.2%) were extracted from monopolar signals. These 
results suggest that the number of APB MU is greater than that of FPB MU. 
The F-wave amplitude and persistence were increased with increasing the stimulus 
intensity (Yamada et al., 2007; Fisher et al., 2008). On the other hand, low intensity 
stimulation increased the probability of single MU F-wave (Komori et al., 1991; Doherty et 
al., 1994; Shefner, 2001; Yamada et al., 2007). By investigating in detail the relationship 
between stimulus intensity and the properties of the extracted MUs, it seems that the 
experimental conditions of stimulus intensity and the combination of intensities, from which 
more MUs can be extracted, may be determined. 
The latency of F-wave is useful to detect alterations in peripheral nerves (Fisher, 1992; 
Panayiotopoulos and Chroni, 1996; Toyokura and Murakami, 1997; Nobrega et al., 2001). 
Moreover the latency varies in each MU, so this parameter is useful for classifying 
individual F-waves. By using the multichannel surface EMG technique, the latency may be 
measured precisely than other methods, because the locations of motor end-plates, where 
the MUAPs begin to propagate along muscle fibers in both directions, are readily identified 
in the two-dimensional plane (Yamada et al., 1991; Yamada, 2004).  
The single MU responses with the same waveform but different latencies were detected in 
12 MUs out of 201 extracted MUs (6%). Though the latency differences of the two single 
MUAPs ranged 0.9 to 10.4 ms (Table 2), many of the differences were around 1 ms (50%). In 
these examples, it suggests that the prolonged latencies occurred due to synaptic delays in 
the spinal interneuronal network. The synaptic delay is usually of about 0.5 ms (Guyton and 
Hall, 1996). Therefore, in the case of one interneuron in the pathway, the time delay will be 
about 1 ms. The long-latency reflexes (LLRs) can be elicited by electric stimulation of the 
median nerve at the wrist during voluntary contraction of the thenar muscles (Upton et al., 
1971; Conrad et al., 1977; Deuschl et al., 1989; Burke et al., 1999). As shown in Figs. 8 and 10 
(10.4 ms, 3.1, 5.9 ms), it was confirmed that single MUAP LLRs with prolonged latencies 
were included in F-wave data. In the present study, the record length was set to 50 ms. By 
using a longer record length, single MUAP LLRs with longer latencies may be detected 
further. 
In the MUNE by the F-wave method, the same MUs with prolonged latencies should be 
excluded from the calculation of the mean MUAP. In particular, the MUs with long 
latencies, which were due to supraspinal or transcortical pathways, should not be included 
in the MUNE process, because they will affect the MUNE values more sensibly than in the 
case of small latency differences. 

5. Conclusions 
The extracted number of single MU F-waves could be increased by increasing the number of 
processing data measured under different stimulus conditions, then the properties of many 
MUs could be analyzed easily, and we could find the single MU responses with the same 
waveform but different latencies. The similarity analysis was useful to search the same 
waveform pair from many pairs of single MU responses. It is suggested that the prolonged 
latencies occurred due to spinal interneuronal pathways, in the case of large differences in 
latencies, supraspinal pathways, or transcortical pathways.  
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1. Introduction 
EMG is an important clinical electrodiagnostic tool to assess function of neuromuscular tissue. 
It assesses spinal motor nerve roots and determines correct placement of hardware in surgical 
procedures, including cervical, thoracic, and lumbosacral spinal decompression, 
instrumentation, and fixation of spinal deformity. Evoked potentials provide information on 
vascular compromise of the spinal cord and nerves. Hence, concurrent recordings of EMG and 
evoked potentials can assess function integrity of the spinal cord and nerve more accurately. In 
this chapter, we will discuss application of EMG and evoked potentials in spinal surgery.  

2. EMG recording techniques in the operating room (OR) 
2.1 Recording electrodes 
Surface, intramuscular, and subdermal needle electrodes are used to record EMG activity in 
the OR. Surface electrodes may not be used because of their inability to detect neurotonic 
discharges in spine surgery (Skinner et al., 2008). In addition, sweat causes electrodes to 
detach from the skin, preventing stable recording during lengthy surgery (Chung, 
unpublished data). Both intramuscular and subdermal needle electrodes are sufficient to 
detect neurotonic discharges (Skinner et al., 2008). Intramuscular needle electrodes may 
have an advantage to record EMG activity when the subcutaneous tissue is thick. Subdermal 
needle electrodes (13 mm length and 0.4 mm diameter) are generally used to record EMG in 
the OR, and we also routinely use subdermal needle electrodes in our practice.  

2.2 Recording parameters 
EMG is a simple and reliable technique which does not interfere with the surgical 
procedure. It is important to use proper recording parameters to achieve EMG recordings to 
obtain high signal-to-noise ratio. Recommended parameters of routine free-run EMG are 
low-frequency filter (LFF) of 20-30 Hz, high frequency filter (HFF) of 1-3 KHz, a gain of 500-
5,000, a sensitivity of 50-500 µV, and a sweep speed of 10-200 msec per division (Toleikis et 
al., 2000; Bose et al., 2002; Chung et al., 2009). LFF of greater than 50 Hz and HFF of less than 
3 KHz should be avoided. Impedance of subdermal needle electrodes is recommended to be 
less than 5 KΏ, for impedance greater than 5 KΏ may mask real EMG activity. If impedance 
of all electrodes is too high, ground electrode should be replaced. If a particular electrode 
gives high impedance, the electrode should be replaced.  
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2.3 Muscle group selections and electrode placement 
EMG in spinal surgery should cover all nerve roots at risk innervated by surgical levels. In 
routine EMG, depending on the surgical levels and number of channels available, bipolar 
electrodes (an active and a reference) are placed subdermally over the belly of each muscle 
group of interest. Electrodes should be placed ~1 cm apart with care and secured with tape 
to prevent dislodgement. EMG should be recorded from the bilateral muscle groups to 
increase specificity of nerve root activation. If fewer channels are available in the monitoring 
equipment, an active electrode is placed in one muscle and a reference electrode is placed in 
other muscle. Multiple nerve roots can be monitored with this montage, but it may be 
difficult to identify specific nerve root at risk. Table 1 indicates representative muscle groups 
to be recorded during spinal surgery (Leppanen, 2008).  
 

Cervical  Muscle 
C2, C3, C4 Trapezius, Sternomastoid  

(spinal portion of the spinal accessory nerve) 
C5, C6 Deltoid, Biceps 
C6 Triceps, Extensor Carpi Radialis 
C7 Flexor Carpi Radialis 
C8, T1 Abductor Pollicis Brevis, Abductor Digiti Minimi 
Thoracic   
T5, T6 Upper Rectus Abdominis 
T7, T8 Middle Rectus Abdominis 
T9, T10, T11 Lower Rectus Abdominis 
T12 Inferior Rectus Abdominis 
Lumbar  
L2, L3, L4 Vastus Medialis, Adductor Magnus 
L4. L5, S1 Vastus Lateralis, Tibialis Anterior 
L5, S1 Proneous Longus, Gastrocnemius 
Sacral  
S1, S2 Gastrocnemius 
S2, S3, S4 External anal sphincter 

Table 1. Representative muscle groups innervated by the cervical, thoracic, lumbar, and 
sacral nerve roots. 

3. EMG recording 
3.1 Neuromuscular junction (NMJ) recording 
Blockade of NMJ significantly attenuates motor activity. Short acting muscle relaxants may 
be used to facilitate intubation, but long acting muscle relaxants should be avoided. If pre-
existing nerve root injury should be identified, succinylcholine, an NMJ blocking agent, is 
recommended to use. However, succinylcholine should not be used for patients with 
malignant hyperthermia (Minahan et al., 2000).  



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

326 

2.3 Muscle group selections and electrode placement 
EMG in spinal surgery should cover all nerve roots at risk innervated by surgical levels. In 
routine EMG, depending on the surgical levels and number of channels available, bipolar 
electrodes (an active and a reference) are placed subdermally over the belly of each muscle 
group of interest. Electrodes should be placed ~1 cm apart with care and secured with tape 
to prevent dislodgement. EMG should be recorded from the bilateral muscle groups to 
increase specificity of nerve root activation. If fewer channels are available in the monitoring 
equipment, an active electrode is placed in one muscle and a reference electrode is placed in 
other muscle. Multiple nerve roots can be monitored with this montage, but it may be 
difficult to identify specific nerve root at risk. Table 1 indicates representative muscle groups 
to be recorded during spinal surgery (Leppanen, 2008).  
 

Cervical  Muscle 
C2, C3, C4 Trapezius, Sternomastoid  

(spinal portion of the spinal accessory nerve) 
C5, C6 Deltoid, Biceps 
C6 Triceps, Extensor Carpi Radialis 
C7 Flexor Carpi Radialis 
C8, T1 Abductor Pollicis Brevis, Abductor Digiti Minimi 
Thoracic   
T5, T6 Upper Rectus Abdominis 
T7, T8 Middle Rectus Abdominis 
T9, T10, T11 Lower Rectus Abdominis 
T12 Inferior Rectus Abdominis 
Lumbar  
L2, L3, L4 Vastus Medialis, Adductor Magnus 
L4. L5, S1 Vastus Lateralis, Tibialis Anterior 
L5, S1 Proneous Longus, Gastrocnemius 
Sacral  
S1, S2 Gastrocnemius 
S2, S3, S4 External anal sphincter 

Table 1. Representative muscle groups innervated by the cervical, thoracic, lumbar, and 
sacral nerve roots. 

3. EMG recording 
3.1 Neuromuscular junction (NMJ) recording 
Blockade of NMJ significantly attenuates motor activity. Short acting muscle relaxants may 
be used to facilitate intubation, but long acting muscle relaxants should be avoided. If pre-
existing nerve root injury should be identified, succinylcholine, an NMJ blocking agent, is 
recommended to use. However, succinylcholine should not be used for patients with 
malignant hyperthermia (Minahan et al., 2000).  

 
EMG and Evoked Potentials in the Operating Room During Spinal Surgery 

 

327 

There are electrical stimulation techniques to monitor status of NMJ, and these are single 
twitch, train-of-four (TOF) twitch ratio, tetanus, post-tetanic stimulation, and pulse or 
double burst technique (Leppanen, 2008). TOF twitch ratio is routinely used during surgery. 
Electrical stimulation (stimulation frequency of 1 Hz, duration of 300~500 msec, and 
intensity of 10~40 mA) is delivered to a peripheral nerve 4 times, and 4 resulting compound 
muscle action potentials (CMAPs) are recorded. TOF is monitored from the thenar eminence 
following stimulation of the median nerve, the abductor pollicis brevis following 
stimulation of the ulnar nerve at the wrist, the tibialis anterior following stimulation of the 
peroneal nerve at the knee, or the abductor hallucis following stimulation of the posterior 
tibial nerve. It is recommended that TOF should be monitored in a muscle of the extremity 
where EMG activity is being monitored (Minahan et al., 2000; Leppanen, 2008). Four of four 
twitch ratio is obtained if less than 75% of NMJ is blocked. Three of four twitch ratio is 
obtained with 75% blockade, 2 of 4 with 80% blockade, and 1 of 4 with 90% blockade. No 
twitch is obtained if 100% of NMJ is blocked (Leppanen, 2008). It is not desirable to use 
muscle relaxants during surgical procedures where direct stimulation of pedicle screws and 
nerve roots are required (Minahan et al., 2000).  

3.2 Free-run EMG  
The dorsal and ventral roots spit into rootlets and minirootlets. The nerve root is 
susceptible to mechanical injury at the area that the split is present. The axons at this point 
are enclosed by a thin root sheath and cerebrospinal fluid meninges, but lack epineurim 
and perineurim. Hypovascularity at the junction of the proximal and middle 1/3 of the 
dorsal and ventral roots place nerve roots more susceptible to injury (Berthold et al., 
1984). Intraoperative free-run EMG is utilized to detect motor nerve root compromise 
during decompression for spinal stenosis and spondylosis, correction of spinal deformity, 
radiculopathy secondary to disc herniation, and removal of tumor involving neural tissue 
in anterior and posterior surgical approaches (Holmes et al., 1993; Beatty et al., 1995; 
Maguire et al., 1995; Welch et al., 1997; Balzer et al., 1998; Toleikis et al., 2000; Bose et al., 
2002; Chung et al., 2011).  
To determine any pre-existing nerve root injury, baseline EMG recording is made before 
surgery starts. EMG recording is then made continuously throughout the surgical 
procedure. Pre-existing nerve root injury will be shown as spontaneous activity with low 
amplitude and periodic activity, whereas a normal free-run EMG response is absence of 
activity. If small amplitude, low frequency, or isolated discharge occurs at times which do 
not correlate with surgical manipulation of nerve roots, the EMG may not be pathologic. 
Mechanically elicited activity is characterized as polyphasic or a burst pattern consisting of 
single or nonrepetitive asynchronous potentials (Fig. 1A). Tonic or train activity consisting 
of multiple or repetitive synchronous discharges may last for several minutes (Fig. 1B). 
Burst potentials are associated with direct nerve trauma such as tugging, displacement, free 
irrigation, electrocautery, and application of soaked pledgets, but may not be associated 
with neural insult. Train activity is related to sustained traction and compression of nerve 
roots, and it is more associated with neural injury. When these patterns occur, the surgeon 
should be notified and corrective maneuver should occur. Audio and visual signal 
recognitions are available in most monitoring equipment. For communication with the 
operating surgeon, it is recommended to use audio signal through loud speakers for 
immediate feedback.  
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Fig. 1. Free-run EMG. EMG activity was recorded from the vastus lateralis, tibialis anterior, 
and gastrocnemius muscles during posterior spinal decompression. Bursts (A) and 
prolonged trains (B) of EMG activity are present in the left tibialis anterior muscle during 
decompression of nerve roots. Sensitivity 100 µV, time base 2 sec. 

3.3 Stimulated EMG 
3.3.1 Monitoring segmental motor nerve root function 
Segmental nerve root monitoring involves monitoring of function of the motor unit axon. 
This is achieved by recording free-run and electrically stimulated EMG activity from the 
muscle fibers of the motor units. When EMG activity is recorded with needle electrodes, the 
activity recorded may be the result of activation of only a few motor units innervating that 
muscle. Other motor units may be activated, but this activation will go undetected because 
of the location of the recording electrodes. A monopolar EMG needle records the summated 
activity of 9 to 17 muscle fibers (Leppanen, 2008).  
Motor nerve root stimulation technique is applied when motor axons and non-neural tissue 
(tumor, scar) should be identified and differentiated between motor and sensory roots. 
When scar tissue is present from previous surgical procedures, electrical stimulation can 
identify where the motor axons lie within the scar tissue. The direct nerve root stimulation 
technique is also used to determine a degree of decompression of compressed nerve roots. A 
nerve root is stimulated using an insulated ball-tip probe, and a reference needle electrode 
placed around the site of incision. The current (duration of 0.1 msec, frequency of 1-3 Hz) is 
gradually increased until stimulus evoked EMG responses or CMAPs are recorded from the 
muscle innervated by the nerve root. Stimulation threshold should not be greater than 
several milliamperes for uninjured motor nerve roots when neural tissue is directly 
stimulated. If tumor or scar is stimulated and threshold is greater than this value, viable 
neural tissue lies within the tumor or scar or no neural tissue is involved (Holland et al., 
1998; Leppanen, 2008).  



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

328 

A 

B 

 
Left Vastus lateralis 
 

Tibialis anterior 
 

Gastrocnemius 
 
Right Vastus lateralis 
 

Tibialis anterior 
 

Gastrocnemius 
 
 
Left Vastus lateralis 
 

Tibialis anterior 
 

Gastrocnemius 
 
Right Vastus lateralis 
 

Tibialis anterior 
 

Gastrocnemius 

Fig. 1. Free-run EMG. EMG activity was recorded from the vastus lateralis, tibialis anterior, 
and gastrocnemius muscles during posterior spinal decompression. Bursts (A) and 
prolonged trains (B) of EMG activity are present in the left tibialis anterior muscle during 
decompression of nerve roots. Sensitivity 100 µV, time base 2 sec. 

3.3 Stimulated EMG 
3.3.1 Monitoring segmental motor nerve root function 
Segmental nerve root monitoring involves monitoring of function of the motor unit axon. 
This is achieved by recording free-run and electrically stimulated EMG activity from the 
muscle fibers of the motor units. When EMG activity is recorded with needle electrodes, the 
activity recorded may be the result of activation of only a few motor units innervating that 
muscle. Other motor units may be activated, but this activation will go undetected because 
of the location of the recording electrodes. A monopolar EMG needle records the summated 
activity of 9 to 17 muscle fibers (Leppanen, 2008).  
Motor nerve root stimulation technique is applied when motor axons and non-neural tissue 
(tumor, scar) should be identified and differentiated between motor and sensory roots. 
When scar tissue is present from previous surgical procedures, electrical stimulation can 
identify where the motor axons lie within the scar tissue. The direct nerve root stimulation 
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placed around the site of incision. The current (duration of 0.1 msec, frequency of 1-3 Hz) is 
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3.3.2 Evaluation of pedicle screws 
3.3.2.1 Pedicle screw stimulation technique 

Electrophysiological pedicle screw stimulation technique has been developed to assess 
whether the screws have been placed within the pedicle bone. The principle of the pedicle 
screw stimulation technique is that the electrical resistance of bone is higher than that of 
surrounding fluid and soft tissue. If an implanted pedicle screw is completely surrounded 
by bone, the screw is electrically shielded and electrical stimulation of the screw will fail to 
activate the nerve (Fig. 2A). However, if there is a breach in the medical wall of the pedicle, 
a low resistance pathway is formed between the screw and the adjacent tissue (Fig. 2B and 
C). Application of electrical current to the screw will result in stimulation of the nerve root 
and a subsequent muscle contraction, which is recorded as a CMAP. Constant current or 
constant voltage stimulations can be used, and constant current stimulation appears less 
variable than constant voltage stimulation. For direct screw stimulation, monopolar, 
cathodal, constant current stimulation (duration of 0.2 msec, frequency of 1~3 Hz) is 
delivered using an insulated ball-tip probe, and the anodal reference needle electrode is 
placed in or around the site of incision. The current is gradually increased until CMAPs are 
elicited (Leppanen, 2008).  

3.3.2.2 Evaluation of lumbosacral pedicel screws 

Spinal instrumentation technique with pedicle screws and rods has long been used correct 
spinal instability and deformity, for it provides rigidity for the vertebral motion segment. 
However, incorrect placement of screws results in considerable radicular pain or 
postoperative neurological deficits (Matsuzaki et al., 1990; West et al., 1991). Although 
intraoperative fluoroscopy or postoperative radiography guide screw placement, these 
image studies may not detect functional integrity of pedicle screws. For instance, pedicle 
screw stimulation technique was 93% sensitive, whereas radiography was 63% sensitive to 
detect drill bits and screws that had breached the cortex (Maguire et al., 1995). Pedicle screw 
stimulation could detect incorrect screw placement in 8 out of 90 patients that was not 
identified on radiograph (Glassman et al., 1995). With 102 pedicle screws placed in 18 
patients, 7 mA was delivered to test correct placement of screws. Electrophysiological 
evidence of a perforation was seen in 13% of the patients, but palpation or visualization 
could not detect this perforation (Calancie et al., 1994). 
It appears that there is close correlation between the intensity of screw stimulation to elicit 
CMAPs and the risk for neurological injury associated with the screw placement. A 
stimulation threshold of 10~15 mA was associated with adequate screw position in 512 
pedicle screws implanted to 90 patients, but exploration of the pedicle was recommended. A 
stimulation threshold of greater than 15 mA indicated adequate screw position. A threshold 
of 5~10 mA was used as an indicator of abnormal thresholds (Glassman et al., 1995). With 
3,409 pedicle screws placed in 662 patients, a threshold of 7~10 mA was associated with 
pedicle breach or a slight medial exposure of the screw. With threshold of 5~7 mA, there 
was a 58% likelihood that the screw should be removed and redirected. A stimulation 
threshold of less than 5 mA was associated with a significant cortical perforation and direct 
contact with a nerve root (Toleikis et al., 2000). A stimulus threshold of less than 6 mA 
correlated with misplaced drill bits and screws that breached the cortex in 144 screws and 95 
drill bits tested in 29 patients (Maguire et al., 1995).  
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Fig. 2. Placement of pedicle screws. Screws are placed within the pedicle (A), close to the 
medical wall of the pedicle (B), or breach the cortex to make a direct contact with a nerve 
root (C). 

Fig. 3 is a representative trace of CMAPs following stimulation of a pedicle screw. CMAPs 
were recorded mostly from the right vastus lateralis and tibialis anterior muscles with a 
stimulation threshold of 17 mA, indicating that the pedicle screw was placed securely within 
the pedicle bone.  
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Fig. 3. CMAPs were elicited following electrical stimulation of the pedicle screw. EMG was 
recorded from the bilateral vastus lateralis, tibialis anterior, and gastrocnemius muscles. 
Current (duration of 0.2 msec, frequency of 1 Hz) was slowly increased to right L4 pedicle 
screw head via monopolar ball-tip probe. CMAPs were recorded mostly from the right 
vastus lateralis and tibialis anterior muscles at the current threshold of 17 mA. Sensitivity 
200 µV, timebase 0.1 sec. 

3.3.2.3 Evaluation of cervical pedicle screws 
C5 nerve root palsy is most commonly attributed to direct nerve root injury secondary to 
manipulation or traction of the nerve root and a segmental spinal cord injury secondary to 
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ischemia. Free-run EMG monitoring could detect potential injury to single nerve root (Fan et 
al., 2002; Bose et al., 2004; Hillbrand et al., 2004; Khan et al., 2006). Simulated EMG technique 
for posterior cervical screws is also a useful tool to guide screw placement. Djurasovic and 
colleagues (2005) tested the lateral mass and pedicle screws (122 lateral mass screws and 25 
C7 pedicle screws) implanted in 26 patients. A stimulation threshold of 15 mA provided a 
99% positive predictive value (89% sensitivity and 87% specificity) that the screw was 
within the lateral mass or pedicle. A stimulation threshold of 10~15 mA provided a 13% 
predictive value (66% sensitivity and 90% specificity) that the screw was within the lateral 
mass or pedicle. A stimulation threshold of less than 10 mA provided a 100% predictive 
value that the screw was malpositioned (70% sensitivity and 100% specificity).  
3.3.2.4 Evaluation of thoracic pedicle screws 
Placement of thoracic pedicle screws is a considerable technical challenge because of the 
smaller pedicle size (Cinotti et al., 1999). The risk of misplacement of screws in the thoracic 
spine ranged between 16% and 41% even with careful probing of the pedicle wall (Vaccaro 
et al., 1995; Xu et al., 1999). Simulation threshold values did not seem to reflect whether the 
screws were correctly positioned nor predict postoperative outcomes associated with the 
screw placement (Danesh-Clough et al., 2001). With 87 thoracic pedicle screws placed in 22 
patients, 81 screws had a stimulus threshold >11 mA and 6 screws had thresholds <11 mA, 
of which 3 showed cortical breakthrough. However, new postoperative neurologic 
complications did not result in any of the 22 patients (Shi et al., 2003). Two hundred and 
nine thoracic pedicle screws were placed in 29 patients. Five of 6 screws penetrated cortical 
bone in one patient, but no new postoperative neurologic deficit, visceral injuries, or pedicle 
screw instrumentation failure was developed in this patient (Kuntz et al., 2004). Six hundred 
and seventy-seven thoracic pedicle screws were placed in 92 patients, and 27 screws had a 
stimulation threshold of <6.0 mA and 6 of 27 screws had medial wall perforations. There 
were no new postoperative neurologic deficits or radicular chest wall complaints (Raynor et 
al., 2002). One hundred and sixteen thoracic pedicle screws were placed in 7 patients. There 
were medical wall defects in 19 screws, and average stimulus thresholds of these pedicle 
screws were 19.8±5.3 mA. Eight of these 19 screws had thresholds 25~30 mA (Donohue et 
al., 2008).  

4. Evoked potentials 
Free-run and stimulated EMG can detect injury to neural tissue during surgical manipulations. 
However, the same technique fails to detect malpositioned thoracic pedicle screws and predict 
postoperative outcomes. Literature indicates that evoked potential monitoring assesses 
integrity of the spinal cord and nerve roots and improve clinical efficacy of EMG monitoring. 

4.1 Somatosensory evoked potential (SSEPs) and recording technique  
SSEP is an evoked response generated from nerve tracts and nuclei in the brain after 
peripheral nerve stimulation. Typically, the median or ulnar nerves at the wrist is 
stimulated to acquire SSEPs from the upper extremities and the posterior tibial nerve at 
the ankle or the peroneal nerve at the fibular head to acquire SSEPs from the lower 
extremities. The ascending sensory volley enters the spinal cord through dorsal nerve 
roots at several segmental levels and ascends to the sensory cortex. SSEPs are mediated by 
primarily through the dorsal column (Nuwer, 1999) or dorsal spinocerebellar tracts (York, 
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1985). SSEPs are used to assess the functional status of somatosensory pathways during 
surgical procedures which affect peripheral nerve or plexus (Prielipp et al., 1999; Chung et 
al., 2009), spinal cord (deformity correction, traumatic spinal fracture, tumor removal, 
Duffau, 2008), and brain (carotid endarterectomy, aneurysm repair, Friedman et al., 1991; 
Lam et al., 1991). 
For upper extremity SSEP recordings, cortical (C3, C4 of the international 10-20 system, 
reference to Fz) and subcortical SSEPs (cervical spinous process, reference to Fz) are 
monitored upon alternate stimulation of the median or ulnar nerve at the wrist (stimulation 
intensity of ~20 mA, stimulation frequency of 3.1 Hz, stimulation duration of 0.5 msec) 
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Fig. 4. Representative traces of SSEPs. Traces on the left column are upper-extremity SSEPs 
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3.1 Hz, a stimulation duration of 0.5 msec) through surface electrodes (Fig. 4, right panel). A 
few hundreds of samples (sampling rate of 8 kHz) are required to average to increase a 
signal-to-noise ratio. Signals were amplified (gain of 5,000~20,000) and filtered (LFF of 30 
Hz, HFF of 300 Hz,). Impedance of electrodes should be ~5 KΩ. All of these electrical 
connections are grounded at patient’s shoulder (Balzer et al., 1998; Chung et al., 2009). 

4.2 Motor evoked potentials (MEPs) and recording technique 
MEPs assess functional integrity of the anterolateral column of the spinal cord. MEPs 
provide information about long tract function, segmental interneurons, and anterior gray 
matter function. Epidural stimulation of the spinal cord and transcranial electrical (TES) or 
magnetic stimulation (TMS) of the motor cortex of the brain are the techniques used to 
obtain MEPs. TES is the most favorite technique utilized in the OR (McDonald, 2002, 2006). 
TES technique involves eliciting CMAPs after transcranial electrical stimulation of motor 
area at 1~2cm anterior to C3 and C4, referenced to C4 and C3 (Calalncie et al., 1998; Chung 
et al., 2011) or C1 and C2, reference to C2 and C1 (Bose et al., 2004; Drake et al., 2010). For 
electrical stimulation, an internal or external stimulator can be used. Some monitoring 
equipment has its own internal stimulator. An external cortical stimulator is also used for 
this purpose. DigitimerTM D185 Multipulse stimulator (Digitimer Ltd., Welwyn Garden City, 
UK) is the only FDA approved stimulator for this clinical use. It has capabilities to control 
inter-stimulation interval (ISI) and stimulation intensity up to 1,000 volts. Multipulse 
stimulation technique (4~6 repetitive stimulations and ISI of 1~2 msec) is usually applied 
(Calalncie et al., 1998; Bose et al., 2004; Drake et al., 2010; Chung et al., 2011). Stimulation 
thresholds range between a few hundreds and several hundreds of volts to elicit CMAPs 
depending on pathophysiological status of the spinal cord, depth of anesthesia, and bone 
thickness. Evoked CMAPs are recorded from the muscles of upper and lower extremities as 
indicated in Table 1.  
Representative traces of MEPs are shown in Fig. 5. After TES, evoked CMAPs were recorded 
from the muscles of upper and lower extremities during placement of thoracic pedicle screws. 
Stable CMAPs were present in all the muscles during pedicle screw placement, and the patient 
did not develop new postoperative complication. We have been routinely testing MEPs during 
all cervical and thoracic spine surgery for the past over ten years, and the presence of stable 
MEPs is the most reliable indicator to assess cervical and thoracic spinal cord and nerve root 
function, instead of stimulation of mass and pedicle screws (Chung, unpublished data). 
There are safety concerns to test MEPs for patients. High voltage transcranial electrical 
stimulation causes jaw movement, resulting in tong laceration and mandibular fracture in 
0.2% of the patients undergoing TES. Bite blocks should be placed to prevent these 
complications. MEPs should not be tested for patients with pre-existing history of seizure, 
intracranial injury, or presence of intracranial metal implants (McDonald, 2002, 2006).  

4.3 Dermatomal somatosensory evoked potentials (DSSEPs) and recording technique 
Researchers have demonstrated that SSEPs increase specificity of EMG during lumbosacral 
(Holmes et al., 1993; Balzer et al., 1998; Chung, unpublished data) and anterior spine surgery 
(Chung et al., 2011). However, one can argue that SSEPs can not detect injury in a single 
nerve root because multiple nerve roots contribute to generate SSEPs. Dermatomal 
somatosensory evoked potentials (DSSEPs) are suggested to use when assessing function of 
individual nerve roots. Stimulation is achieved with paired patch paste skin electrode 
placed 3-4 cm apart at dermatomal sites such as L3 at anterior mid-thigh, L4 at medial  
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Fig. 5. MEPs were obtained after transcranial electrical stimulation (325V, ISI of 2 msec, 5 
repetitive pulse trains). CMAPs were recorded from the abductor pollicis brevis/abductor 
digiti minimi, external anal sphincter, vastus laterlais, tibialis anterior/gastrocnemius, and 
abductor hallucis muscles bilaterally. Timebase 100 msec, 100msec, vertical scales 50-200 µV. 

midcalf, L5 at the dorsum of the foot, and S1 at the lateral aspect of the foot. Responses are 
recorded from cervical spinous process. Recording parameters are stimulation intensity of 
~40 mA, duration of 0.3 msec, frequency of 5.1 Hz, LFF of 30 Hz, and HFF of 1 KHz. Each 
trial usually consists of 500 samples (Tsai et al., 1997). Clinical efficacy of intraoperative 
DSSEPs appears controversial. DSSEPs are sensitive to detect nerve root compression and 
mechanical manipulation, but insensitive to nerve root decompression. DSSEPs can detect a 
misplaced pedicle screw only when the screw directly contacts and mechanically injures a 
nerve root (Toleikis, 1993). DSSEPs are difficult to record and often require averaging ~500 
samples to increase a signal-to-noise ratio, indicating that DSSEPs can not detect mechanical 
insult immediately. Even with averaging more samples, Tsai and colleagues (1997) could 
obtain baseline in only 57.6% of the patients. Hence, it is suggested that DSSEPs may be an 
adjunct to improve the sensitivity and specificity for detecting individual nerve injury when 
free-run and/or stimulated EMG is concurrently recorded.  

4.4 Clinical efficacy of SSEPs and MEPs  
Research for over the past three decades supports that SSEPs can detect and prevent spinal 
cord injury in cervical and thoracic, lumbosacral spinal surgeries. No quadriplegia resulted 
in a group of 100 patients with SSEP monitoring, compared with 8 quadriplegic patients 
from a group of unmonitored 218 patients (Epstein et al., 1993). Five patients with persistent 
SSEP changes were associated with postoperative motor deficit among 20 patients 
undergoing cervical and thoracic intramedullary cervical cord tumor removal (Kearse et al., 
1993). SSEPs could detect ischemia in 44 out of 210 patients undergoing anterior cervical 
surgery. With simultaneous monitoring of SSEPs and EMG during posterior lumbar spinal 
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fusion, bursts and trains of EMG activity were associated with a concurrent decrease in 
amplitudes of SSEPs (Chung, unpublished data).  
However, SSEPs may not be sensitive to predict postoperative clinical status in anterior 
cervical spine surgery. Significant  SSEP amplitude changes were observed in 33 out of 191 
patients, and 50% of the patients developed postoperative neurological deterioration in 
anterior and/or posterior cervical spinal surgery (May et al., 1996). In a study with 871 
patients undergoing anterior cervical deformity surgery, 26 patients had significant SSEP 
changes, and only 5 patients had postoperative neurological deficit (Leung et al., 2005). In 
508 patients undergoing anterior cervical discectomy and fusion (ACDF) with corpectomy, 8 
patients had postoperative deficits with preserved SSEPs (Khan et al., 2006). Seven patients 
developed new postoperative neurological deficit with preserved SSEPs in 758 patients 
undergoing ACDF. SSEPs showed 35% sensitivity and 100% specificity to predict 
postoperative neurological functions (Chung et al., 2011). A retrospective study with 1,055 
patients demonstrated that SSEPs had a sensitivity of 52% and a specificity of 100% to 
predict postoperative neurological status in cervical spine and spinal cord surgery (Kelleher 
et al., 2008). Quadriparesis and paraplegia still resulted in patients with preserved SSEPs in 
anterior cervical fusion (Ben-David et al., 1987; Bose et al., 2004; Smith et al., 2007; Taunt et 
al., 2005).  
Simultaneous monitoring of SSEPs and MEPs has proven that MEP monitoring is more 
reliable than SSEP monitoring to predict postoperative motor deficits. Hillbrand and 
colleagues (2004) reported that 12 out of 427 patients undergoing cervical surgery had 
substantial or complete MEP loss. Ten patients restored MEPs with surgical intervention, 
and did not develop new postoperative deficit. Two patients with persistent MEP loss 
developed new postoperative motor weakness. This study claimed that MEP monitoring 
showed 100% sensitivity and 100% specificity to predict postoperative neurological status, 
whereas SSEP monitoring had 25% sensitivity and 100% specificity (Hillbrand et al, 2004). 
Six patients with persistent MEP loss had new postoperative deficits, whereas significant 
SSEP loss without MEP changes observed in 2 patients did not have postoperative deficit in 
69 intracranial and spinal surgeries (Weinzierl et al., 2007). MEPs were also more sensitive 
than SSEPs for detection of ischemia. MEPs were lost due to fluctuating blood pressure, and 
an increase in the mean arterial pressure above 90 mmHg restored them in 1 patient, but 
SSEPs were preserved during the entire surgical course in this patient (Wee et al., 1989). 
MEPs were superior to SSEPs for detection and prediction of postoperative neurological 
status. Whereas MEPs showed 100% sensitivity and 77% specificity, SSEPs had 35% 
sensitivity and 100% specificity to predict postoperative neurological outcomes in 758 
patients receiving ACDF (Chung et al., 2011).  

5. Anesthesia  
Although EMG is minimally sensitive to anesthesia, muscle relaxants should not be used 
during EMG recordings (Minahan et al., 2000). Evoked potentials, especially MEPs are 
highly sensitive to anesthesia, but monitoring was still feasible with 
propofol/fentanyl/nitrous oxide and partial neuromuscular blocking agents. In animal 
studies, inhalant anesthetics significantly increased onset latency and amplitudes of MEPs 
(Haghighi et al., 19990a, 1990b, 1996). Under general anesthesia with fentanyl/propofol/ 
nitrous oxide, 20% and 40~60% nitrous oxide attenuated MEPs by 40~60% and 50~70%, 
respectively (vanDongen et al., 1999), and 66% of nitrous oxide completely abolished MEPs 
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(Zentner & Ebner, 1989). Narcotics were also shown to depress MEPs. Following 
administration of equipotent intravenous bolus of fentanyl, alfentanil, or sufentanil, 
amplitudes of MEPs were decreased to 34%, 43%, and 53% of baseline values, respectively 
(Thees et al., 1999). Total intravenous anesthetic or TIVA technique comprising remifentanil 
with minimally depressive agents such as ketamine and etomidate improved MEP 
recordings (Ghaly et al., 1999, 2001). Compared with sufentanil or fentanyl, remifentanil 
infusion could always produce stable MEPs with faster emergence (Chung, unpublished 
data).  

6. Conclusion 
Free-run and stimulated EMG assesses spinal motor nerve roots and determines correct 
placement of hardware in cervical, thoracic, and lumbosacral spinal surgeries. Because 
SSEPs and MEPs provide additional information on functional integrity of the spinal cord 
and nerves, SSEPs and MEPs together with free-run and stimulated EMG should provide 
more accurate assessment of spinal cord and nerve function during spinal surgery.  
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1. Introduction 
Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation technique that 
allows for in vivo examination of cortical processes. In 1985, Barker et al. introduced TMS as 
a tool for investigating the functional state of the motor pathways in patients with 
neurological disorders as well as in healthy human subjects (Barker et al., 1985). It was 
shown that a single TMS pulse applied to the motor cortex could activate cortical tissues 
associated with the hand or leg muscles and this activation could elicit a motor evoked 
potential (MEP) at the periphery captured through electromyography (EMG) recordings. 
The amplitude, area, latency and duration of this TMS induced MEP could then be used to 
investigate the integrity of the corticospinal pathways and the activation threshold of 
human motor cortex. Since this discovery, the combination of single and multi-pulse TMS 
with peripheral EMG recordings has allowed for examining various other processes in the 
human motor cortex such as excitability, plasticity, cortico-cortical connectivity, as well as 
the interaction between excitatory and inhibitory cortical processes. The integration of EMG 
with TMS has, therefore, offered a valuable tool for assessment of pathological processes 
that underlie neurological and psychiatric disorders such as Parkinson’s disease, dystonia, 
stroke, Alzheimer’s disease, schizophrenia, and depression. 
The combination of paired pulse TMS with EMG recordings, for example, permits altering 
the excitability of the motor cortex and observing the effect of this alteration on subsequent 
stimulation. In paired pulse TMS, the first TMS pulse (conditioning stimulus) inhibits or 
facilitates the MEP response to the second TMS pulse (test stimulus). The nature and the 
strength of this modulatory effect depend on the intensity of the conditioning stimulus and 
the latency (i.e. interstimulus interval (ISI)) at which it is delivered with respect to the test 
stimulus. It has been demonstrated that the TMS induced modulation of MEPs are 
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selectivity impaired in several neurological conditions (e.g. schizophrenia, Alzheimer’s 
disease) when compared to the measures obtained in the age- and sex-matched healthy 
subjects. In this regard, the TMS induced MEP modulation has been associated with the 
activation and interaction between specific inhibitory and excitatory mechanisms at the 
cortical level, which provides insight on the specific cortical processes that may underlie the 
neuropsychopathology of such disorders. However, evidence for the cortical origin of MEP 
modulation is relatively scarce and has often been collected from rather invasive procedures 
such as epidural recordings in patients with implanted electrodes and by demonstrating 
that MEP modulation is not due to the refractoriness of the corticospinal tract.  
In recent years, it has become possible to combine TMS-EMG with simultaneous 
electroencephalography (EEG) recordings. The combination of TMS with EEG, however, has 
not been easy. Simultaneous EEG recording during TMS stimulation was previously 
unattainable because of the technological shortcomings of EEG amplifiers that would 
saturate for a long duration due to the large artifact produced by the magnetic stimulation. 
For example, application of a single TMS pulse would result in artifact lasting for several 
seconds after the pulse. Such long lasting artifact blocked the window of time during which 
neurophysiological processes such as cortical inhibition occur. Through advances in EEG 
amplifier technology, researchers have conducted series of studies to examine TMS 
paradigms in the motor cortex through simultaneous EEG and EMG recordings and in non-
motor regions of the cortex through EEG recordings.  
The integration of EEG recordings with TMS-EMG will generate important 
neurophysiological leads in both the healthy and diseased states. First, it allows for non-
invasive examination of the origin and the mechanisms through which MEPs are 
modulated.  For example, using the TMS-EEG technology we have recently examined the 
EEG substrate of the MEP modulation induced by the paired pulse paradigm long interval 
cortical inhibition (LICI). In LICI, a conditioning stimulus precedes the test stimulus by 100 
ms and suppresses the amplitude of the MEP response to the test stimulus by about 50% 
(Daskalakis et al., 2002a; Valls-Sole et al., 1992), a processes which is thought to be mediated 
by the activity of cortical GABAergic inhibitory interneurons and more specifically the 
activation of GABAB receptors (McDonnell et al., 2006; Sanger et al., 2001). Through 
concurrently recording MEP and EEG responses, we were able to show that the LICI 
induced suppression of MEPs at the periphery is positively correlated with the suppression 
of cortical evoked potentials at the site of TMS stimulation, therefore, providing further 
evidence for the cortical origin of the MEP modulation in the LICI paradigm (Daskalakis et 
al., 2008).  
A second advantage of online EEG recording is the possibility to evaluate the effects of 
electromagnetic induction on cortical oscillatory activity in order to identify the cortical 
oscillations that more closely underlie the TMS induced MEP generation and modulation.  
Indeed, we have recently demonstrated that following LICI application to the motor cortex, 
cortical oscillations in the frequency range of 1 Hz to 30 Hz are significantly suppressed, 
while higher frequencies (e.g. gamma oscillations (30-50 Hz)) are not affected (Farzan et al., 
2009). Identifying the cortical oscillatory activities that underlie TMS induced MEP 
modulation may provide further insight into the neurophysiology of the human motor 
cortex and would be valuable in improving the diagnostic and therapeutic strategies in 
several neuropsychiatric disorders. 
Furthermore, a major advantage of combined TMS-EMG and EEG is the possibility to 
evaluate the cortico-cortical connectivity between motor cortices. Functional connectivity 
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electromagnetic induction on cortical oscillatory activity in order to identify the cortical 
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Indeed, we have recently demonstrated that following LICI application to the motor cortex, 
cortical oscillations in the frequency range of 1 Hz to 30 Hz are significantly suppressed, 
while higher frequencies (e.g. gamma oscillations (30-50 Hz)) are not affected (Farzan et al., 
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between cortical regions (e.g. left and right motor cortices) can be more easily probed 
through measuring the propagation of TMS induced cortical responses across cortical 
mantles, as opposed to evaluating the modulation of the peripheral activity.  In this regard, 
we have recently demonstrated that by monitoring the propagation of TMS induced cortical 
evoked potentials from the site of stimulation to the contralateral motor area, it may be 
possible to evaluate the extent of cross talk between the left and right motor areas in healthy 
subjects at rest (Voineskos et al., 2010). The propagation of TMS induced cortical activity can 
be also investigated during various motor tasks. Such cortical indices would be of great 
value in several clinical populations, first for understanding the underlying pathology, for 
example  by comparing the topographical map of signal propagation in stroke patients 
compared to healthy subjects, and second for optimizing more individually tailored 
treatment approaches.  
One of the most important features of the TMS-EEG combination, however, is the ability to 
study the neurophysiology of non-motor regions of the cortex where a peripheral response 
may not be available.  For example, examining the modulatory effect of LICI in the 
prefrontal cortex would enhance our understanding of the inhibitory mechanisms in a 
cortical area that is more closely associated with the pathophysiology of psychiatric 
disorders such as schizophrenia and depression. Indeed, using TMS-EEG technology, we 
have been able to demonstrate selective differences between the modulations of gamma 
oscillations in the dorsolateral prefrontal (DLPFC) of patients with schizophrenia in 
comparison to both healthy subjects and patients with bipolar disorder (Farzan et al., 2010a). 
This is while no deficits were observed in the MEP modulation or modulation of the cortical 
oscillations in the motor cortex. Therefore, TMS-EEG-EMG combination offers the 
possibility to monitor subtle changes in the non-motor regions of the cortex which 
previously were not available through examinations of the peripheral responses. 
In this chapter, we provide a brief overview of the past, present and the future status of the 
TMS-EMG-EEG research. First, we provide a description of the working principle of TMS. 
We proceed by introducing commonly used TMS-EMG paradigms while providing 
evidence for the cortical mechanisms that are thought to be involved in the generation and 
modulation of the TMS evoked MEPs in each TMS paradigm. Then, the way in which TMS-
EMG and EEG can be integrated are described along with examples of recent findings which 
illustrate the validity, reliability and thus the power of combined measurements. Finally, we 
highlight the application of these techniques in healthy and diseased states, and conclude by 
briefly discussing the future directions for the TMS-EMG-EEG research. 

2. Examining motor pathways through cortical stimulation 
2.1 In vitro and animal studies 
In vivo examination of the mammalian motor pathways can be traced back to electrical 
stimulation of the motor cortex of cats under anesthesia (Adrian & Moruzzi, 1939). In these 
studies, electric shocks were delivered to an exposed area of the cat motor cortex and the 
potential changes in the pyramidal tracts were recorded through thin wire electrodes 
inserted into the dorsal surface of the medulla (Adrian & Moruzzi, 1939). Such direct 
recordings from the pyramidal tracts demonstrated that the stimulation of the motor area 
results in an excitatory response followed by a period of complete inactivity of the 
pyramidal tract (Adrian & Moruzzi, 1939). In subsequent experiments, it was further shown 
that the excitatory response lasted up to 20 ms which was succeeded by a silent period that  
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would last about 200 ms (Krnjevic et al., 1964). It was also shown that the repetitive 
application of electrical stimulation with a frequency of 5 to 10 pulses per second (i.e. 5-10 
Hz) would prolong the duration of the inhibitory period (Adrian & Moruzzi, 1939), while at 
higher stimulation frequencies (e.g. 20-50 Hz) convulsive firing would be generated 
followed by even a longer period of inhibition. This long lasting inhibitory phase, which 
was unlikely to be a result of the refractory period that lasts only about 4 ms, was associated 
with activation of cortical GABAergic inhibitory interneurons (Krnjevic et al., 1964). 
Similarly, later in vitro stimulation of human neocortical slices demonstrated similar 
findings (McCormick, 1989). In this regard, the intracellular recordings from the human 
temporal lobe slices showed three distinct response phases: an initial fast excitatory post 
synaptic potential (EPSP) followed by a fast  inhibitory post synaptic potential (IPSP) and 
finally a slow IPSP (McCormick, 1989). It has been suggested that glutamate may underlie 
the initial EPSP and pharmacological assessments have associated the fast inhibitory 
response with activation of GABAA receptors and the second slow acting response with 
activation of GABAB receptors (McCormick, 1989).   

2.2 Cortical stimulation in humans 
Transcranial electrical stimulation (TES) can be regarded as the first technique that 
permitted the focal stimulation of the human motor cortex by the placement of external 
electrodes on the scalp (Merton & Morton, 1980). In TES, the electrical stimulation is 
delivered through a set of two electrodes, one positioned over the motor cortex, and the 
other 4 cm anterior to the first electrode. Merton and Morton demonstrated that TES applied 
to the motor cortex through these electrodes could generate a MEP at the periphery that 
could be captured through EMG recordings. It has been suggested that the activation of 
cortex through TES is similar to the direct electrical stimulation of the exposed motor cortex 
of non-human primates (for a review see (Day et al., 1989)). However, TES is a painful 
procedure, owing to the dissipation of a significant amount of current over the skin before it 
reaches the brain tissue. For example, to evoke a peripheral response a capacitor that is 
charged up to 2000 V has to be discharged within a very short time of about 10 s. As such, 
TES is mostly used to examine motor pathways in patients with spinal cord injuries and it is 
often administered during anesthesia. Since the introduction of TMS in 1985, it has now 
become possible to non-invasively examine the excitability of the motor pathways in awake 
healthy humans.  

2.2.1 Working principles of TMS 
Activation of neurons through TMS technique is based on the Faraday’s law of induction of 
electric current via a time-varying magnetic field (Hallett, 2000). In TMS, a magnetic coil is 
placed tangential to the subject’s scalp over the motor area, and intense time-varying current 
pulses of about 8 kA run though the coil. The time-varying current in the coil induces a 
time-varying magnetic field perpendicular to the plane of the coil, and hence the surface of 
brain tissue, which in turn induces an electric field parallel to the plane of the coil in the 
brain tissue. The duration of a single pulse TMS is typically within a range of 200 to 600 s. 
Unlike TES, the induced magnetic field passes through skin, scalp and skull unimpeded, 
and as such, TMS is less painful than TES. The maximum magnetic field induced by a 
magnetic stimulator is about 2.5 Tesla which can induce electric field and tissue current of 
magnitude 500 volt/m and 15 mA/cm2, respectively. Furthermore, the strength of the 
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and as such, TMS is less painful than TES. The maximum magnetic field induced by a 
magnetic stimulator is about 2.5 Tesla which can induce electric field and tissue current of 
magnitude 500 volt/m and 15 mA/cm2, respectively. Furthermore, the strength of the 
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induced magnetic field falls exponentially with increasing distance from the surface. Thus, 
TMS activates the brain tissue in the outer most 2-2.5 cm.  
Due to the horizontal orientation of TMS induced current in the cortex, TMS activates 
horizontally-oriented interneurons with a higher probability compared to the vertically-
oriented pyramidal neurons. Therefore, focal TMS activates pyramidal neurons 
transynaptically, rather than at the axon of pyramidal tract neurons (Rothwell, 1997).  For 
example, when the handle of the magnetic coil is pointed backward, approximately 45 to 
the mid-sagittal line, the induced current in the brain is perpendicular to the presumed 
direction of the central sulcus (Day et al., 1989). The indirect activation of pyramidal 
neurons by TMS is supported by epidural recordings of descending volleys following 
application of TMS and TES in patients who have spinal stimulators implanted in the 
epidural space. The results of epidural recordings have demonstrated that TES produces an 
early descending volley (referred to as direct wave or D-wave) which at a high intensity of 
stimulation is followed by indirect multiple waves (I-waves) that peak with a delay period 
of 1.5 ms from one another. By contrast, focal monophasic TMS results primarily in I-waves, 
and the number of these I-waves and their amplitude increase with the intensity of 
stimulation. It is reported that TMS may also generate a D-wave at very high intensities (Di 
Lazzaro et al., 1999b). D-wave and I-waves were originally observed following electrical 
stimulation of pyramidal tracts of cats. I-waves have been associated with the synaptic 
activation of pyramidal neurons through excitatory interneurons while D-waves are 
associated with a direct activation at the axon of pyramidal neurons (reviewed in (Ziemann 
& Rothwell, 2000)).  

2.2.2 Factors affecting the TMS induced current 
Several factors affect the depth and pattern of tissue activation and shape of the TMS 
induced MEP at the periphery. The geometry of the coil (e.g. circular, figure-8, double-
cone, H-coil), the shape of the magnetic pulse generated by the coil (e.g. monophasic or 
biphasic pulse), and the type of material used to construct the core (e.g. solid-core or air-
core) affect the characteristics of the induced current. In regards to the coil geometry, a 
figure-of-8 coil has a greater focality than a circular coil while the newer generations of 
deep coils, such as H-coil, have the greatest depth of stimulation. The shape of the 
induced current also varies between each coil type. For example, the induced electrical 
field is maximal under the rim of the circular coil, and the strength reduces in the centre, 
while in the figure-eight coil, the maximum field is in the centre of the coil at the junction 
of the two circular wings. In addition, biphasic TMS pulses are suggested to be more 
powerful than monophasic pulses and they generate a more complex pattern of neural 
activation (Di Lazzaro et al., 2001). Finally, solid-core coil are more efficient than air-core 
coils in transferring the electrical energy to magnetic field and as a result dissipate less 
heat. In addition to these parameters, the intensity of the pulse and the positioning of the 
coil affect the induced current and consequently the activation pattern. Consequently, by 
changing the intensity and the orientation of the coil different populations of neurons can 
be activated. 

3. TMS combined with electromyography 
TMS has been used for both therapeutic and diagnostic purposes (Rossini & Rossi, 2007). In 
relation to its diagnostic application, TMS-EMG provides a tool to assess the timing of 
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cortical processes, cortico-cortical connectivity, cortical inhibition and facilitation, and the 
interaction between cortical processes (Anand & Hotson, 2002; Chen, 2004; Daskalakis et al., 
2004; Di Lazzaro et al., 2004; Pascual-Leone et al., 2000; Sanger et al., 2001). In this section, 
several of these TMS paradigms will be discussed in more details, and wherever applicable, 
evidence supporting their neurophysiological mechanisms will be provided.  

3.1 Motor threshold 
Motor threshold is often determined by applying single pulse TMS to the motor cortex while 
the coil is placed at the optimal position for eliciting MEPs from a target muscle. The two 
muscles which are more easily accessible by TMS stimulation are the abductor pollicis 
brevis (APB) and the first dorsal interosseous (FDI) muscles. Resting motor threshold (RMT) 
for a target muscle can be determined through applying single pulse TMS to an area of the 
motor cortex that generates the largest MEP amplitude for the target muscle, and it is 
defined as the minimum stimulus intensity that can elicit an MEP of more than 50 V in at 
least five out of ten trials in the target muscle (Rossini et al., 1994). It has been demonstrated 
that NMDA antagonists such as ketamine reduce motor threshold, the block of voltage-
gated sodium channels increases motor threshold, and GABA has no influence on motor 
threshold (for a review refer to (Ziemann, 2004)). 

3.2 Short interval cortical inhibition 
In short interval cortical inhibition (SICI), a subthreshold conditioning stimulus delivered 1 
to 5 ms prior to a suprathreshold test stimulus suppresses the MEP response to the test 
stimulus compared to the MEP response to a test stimulus delivered alone (Kujirai et al., 
1993). It has been suggested that suppression of MEP occurs at the cortical level and is not 
due to the refractoriness of corticospinal tract (Di Lazzaro et al., 1998; Kujirai et al., 1993). 
For example, epidural recordings have shown that a preceding subthreshold stimulus that 
does not produce an I-wave by itself, suppresses the late I-waves of a suprathreshold 
stimulus that is delivered after 1 to 5 ms (Di Lazzaro et al., 1998). In addition, it was shown 
that magnetic conditioning stimulus did not suppress the response to an electrical test 
stimulus which activates the axon of the corticospinal tract (Kujirai et al., 1993). Finally, an 
electrical conditioning stimulus was less effective in suppressing the response to a magnetic 
test stimulus suggesting that the inhibition observed in SICI is not due to the refractoriness 
of corticospinal tract (Kujirai et al., 1993). SICI has been associated with the activity of 
GABAA receptor mediated inhibitory neurotransmission, as GABAA agonists such as 
lorazepam have been shown to enhance SICI as well as the suppression of the late I-waves 
(Di Lazzaro et al., 2000). 

3.3 Intracortical facilitation 
In this paradigm, a subthreshold conditioning stimulus delivered 7 to 20 ms prior to a test 
stimulus, facilitates the MEP response to the test stimulus (Kujirai et al., 1993). It has been 
suggested that intracortical facilitation (ICF) is an index of the excitability of the excitatory 
circuits in motor cortex (Ziemann et al., 1996). Pharmacological studies by Ziemann et al. 
demonstrated that some NMDA antagonists (such as dextrometorphan) and GABAA 
agonists (such as lorazepam) reduce ICF, while GABAB agonists (such as baclofen) increase 
ICF (Ziemann, 2004). The reduction of ICF by NMDA antagonist suggests that glutamate 
may play a role in mediating the cortical response observed in ICF. 
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3.4 Long interval cortical inhibition 
In long interval cortical inhibition (LICI), a suprathreshold conditioning stimulus, delivered 
within 50 to 200 ms prior to a suprathreshold test stimulus, suppresses the response to the 
test stimulus compared to the response to the test stimulus delivered alone (Valls-Sole et al., 
1992). Epidural recordings suggest that this suppression has a cortical origin at ISI of 100 to 
200 ms (Chen et al., 1999; Di Lazzaro et al., 2002a; Nakamura et al., 1997). For example, it 
was shown that LICI at ISI of 100, 150 and 200 ms resulted in suppression of descending 
volleys, in particular the late I-waves (Chen et al., 1999; Di Lazzaro et al., 2002a; Nakamura 
et al., 1997). Several lines of evidence suggest that the LICI induced suppression of MEP 
responses is related to the activity of GABAB receptor mediated inhibitory 
neurotransmission ((McDonnell et al., 2006; Sanger et al., 2001); also reviewed in 
(Kapogiannis & Wassermann, 2008)). It has been suggested that in LICI, activation of the 
GABAB receptors by the conditioning stimulus, inhibits excitation of the motor cortex to the 
test stimulus that would have otherwise excited the cortex if delivered alone. The GABAB 
receptor activation is suggested to peak around 150 to 200 ms post stimulus (McCormick, 
1989), and interestingly LICI is optimal when conditioning stimulus precedes the test 
stimulus by 100 to 150 ms (Sanger et al., 2001).  

3.5 Cortical silent period 
Cortical silent period (CSP) involves a transient suppression of EMG activity following 
delivery of a single suprathreshold TMS pulse to the motor cortex during voluntary 
contraction of the target muscle. Previous studies suggest that early part (i.e. first 50 ms) of 
CSP is due to spinal mechanism, while the later part is mediated by cortical inhibition (Chen 
et al., 1999; Inghilleri et al., 1993). Similar to LICI, CSP is also associated with GABAB 
receptor mediated inhibitory neurotransmission (Chen et al., 1999; Nakamura et al., 1997; 
Siebner et al., 1998; Werhahn et al., 1999). For example, Siebner et al. reported a significant 
prolongation of the CSP duration following a continuous intrathecal administration of 
baclofen in a patient with generalized dystonia (Siebner et al., 1998). Also, tiagabine, a 
GABA uptake inhibitor, was shown to enhance LICI and prolong CSP duration (Werhahn et 
al., 1999). Furthermore, administration of vigabatrin, a selective GABAergic drug that 
increases the availability of GABA in the brain, has also been shown to enhance LICI and 
CSP (Pierantozzi et al., 2004).  In addition, we have recently shown a significant positive 
relationship between the suppression of MEP amplitudes in LICI (with an ISI of 100 ms), 
and the duration of the silent period in the CSP paradigm in healthy subjects (Farzan et al., 
2010b). 

3.6 Interhemispheric inhibition 
Interhemispheric inhibition (IHI), also known as transcallosal inhibition, refers to a 
phenomenon in which a suprathreshold TMS pulse delivered to one hemisphere can inhibit 
the MEP response to a suprathreshold TMS pulse that is delivered within 6 to 50 ms to the 
opposite hemisphere (Ferbert et al., 1992; Gerloff et al., 1998). IHI is conventionally 
measured at an ISI of 6 to 12 ms, however MEP modulation at an ISI of 40 ms has also been 
demonstrated but  suggested to be mediated by different mechanisms (Chen et al., 2003; Ni 
et al., 2009). By demonstrating the suppression of the late I-waves, epidural recordings have 
confirmed that IHI is mediated cortically and most likely through transcallosal pathways (Di 
Lazzaro et al., 1999a). Furthermore, it was shown that the magnetic conditioning stimulation 
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of contralateral hemisphere did not significantly inhibit the response to an electrical test 
stimulus (Ferbert et al., 1992). Moreover, triple pulse TMS studies have demonstrated that 
IHI modulates the MEP response to SICI and LICI which, as previously described, are 
cortically mediated phenomenon, providing further evidence that IHI itself has a cortical 
origin (Daskalakis et al., 2002b). Moreover, recently a positive association was found 
between IHI and the integrity of callosal motor fibers (Wahl et al., 2007). The integrity of 
callosal motor fiber was examined through diffusion tensor imaging and by measuring the 
fractional anisotropy, a measure of white matter tract integrity. The results of this study 
suggest that TMS-EMG combination may also provide useful information about the 
integrity of the callosal motor fibers. 

3.7 Sensory afferent inhibition  
Sensory afferent inhibition (SAI) involves the modulation of motor cortex excitability by 
means of an afferent input produced by the electrical stimulation of digital or medial nerve 
at the wrist (Tokimura et al., 2000). In SAI, a preceding electrical stimulation of the 
peripheral nerve suppresses the MEP amplitude elicited by the application of a single pulse 
TMS to the contralateral motor cortex. There are two forms of SAIs that are suggested to be 
mediated by slightly different mechanisms: short latency SAI, and long latency SAI. Short 
SAI, which is investigated more thoroughly, occurs when the peripheral stimulation is 
delivered about 25 ms prior to the TMS pulse, while long SAI is observed when the sensory 
input is delivered about 200 ms prior to the TMS pulse. Comparison of TMS and TES and 
recordings of descending volleys suggest that SAI occurs at the cortical level (Tokimura et 
al., 2000). The molecular underpinnings of SAI are complex and SAI likely relates to an 
interaction between several neurotransmitter systems with the possible involvement of the 
cholinergic neurotransmission (Di Lazzaro et al., 2005; Di Lazzaro et al., 2007; Di Lazzaro et 
al., 1999c).  

3.8 Repetitive TMS 
It has been demonstrated that repetitive delivery of TMS pulses (rTMS) as well as repetitive 
application of TMS pulses paired with electrical peripheral nerve stimulation results in an 
MEP modulation which would outlast the duration of TMS delivery. Conventionally, rTMS 
is administered through application of TMS pulses at a frequency of 0.5 Hz (ISI of 2 s) to 50 
Hz (ISI of 20 ms). It is thought that the repetitive administration of TMS pulses results in 
summation of TMS induced alteration of cortical activity, thereby causing an effect which 
may outlast the stimulation period (Chen et al., 1997; Pascual-Leone et al., 1994). The 
alteration of cortical activity by rTMS has been typically indexed as a suppression or 
potentiation of MEP responses to the standard single pulse TMS paradigm before and after 
an active rTMS session or sometimes by comparing the after effects of active versus sham 
rTMS. A few studies have also evaluated the effect of rTMS on intracortical inhibition by 
measuring the changes in CSP and MEP modulation by paired pulse TMS before and after 
rTMS administration (Daskalakis et al., 2006; Fitzgerald et al., 2004). The results of these 
studies have demonstrated that on average low frequency rTMS (< 5 Hz) applied to the 
motor cortex suppresses the MEP amplitudes for about 30 min following the end of the 
rTMS administration ((Chen et al., 1997); reviewed in (Fitzgerald et al., 2006)). The effect of 
fast frequency rTMS (> 5 Hz) has been shown to be the facilitation of the MEP amplitudes, 
however results have been somewhat inconsistent across laboratories (Daskalakis et al., 
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2006; Fitzgerald et al., 2006; Maeda et al., 2000), perhaps suggestive of a biphasic effect of 
fast rTMS with a short period of increased excitability followed by a phase of increased 
inhibition. 
It has been suggested that rTMS combined with EMG may be an effective tool for probing 
and modifying cortical plasticity. Neural plasticity, a mechanism thought to be critical for 
learning and memory, represents synaptic strength and the degree of signal transmission 
between coactive cells which can be weakened (long term depression, LTD) or strengthened 
(long term potentiation, LTP) in response to the presentation of a strong or weak 
synchronous synaptic stimulation. The lasting effect of rTMS, reflected through suppression 
and facilitation of TMS induced MEPs, has been suggestive of the potential value of TMS in 
probing and inducing LTP and LTD like plasticity in the cortex (reviewed in (Pell et al., 
2010)). Owing to this lasting effect, application of rTMS to different brain regions may cause 
behavioural changes that would outlast the duration of rTMS stimulation (For a review refer 
to (Ridding & Rothwell, 2007)). This aspect of rTMS has been used to improve and restore 
functional impairments in several disorders such as stroke, movement disorders, addiction, 
cognitive as well as psychiatric disorders, with the most promising outcomes observed in 
the treatment of depression (for a review see (Slotema et al., 2010; Wassermann & Lisanby, 
2001)).  
Plasticity may also be induced through repeated presentation of a pair of somatosensory 
afferent stimulation and cortical simulation. This can be achieved through the TMS 
paradigm paired associative stimulation (PAS) which involves pairing of the peripheral 
electrical nerve stimulation and single pulse TMS of the contralateral motor cortex repeated 
at a frequency of 0.1 Hz (Classen et al., 2004; Stefan et al., 2002; Stefan et al., 2000). Choosing 
an appropriate ISI between peripheral and cortical stimulation (e.g. 25 ms), PAS has been 
shown to induce a potentiation of MEPs in the target muscle which would last about 40 min 
following the end of the stimulation (Tsuji & Rothwell, 2002). Moreover, pharmacological 
studies showed that NMDA antagonists suppressed the PAS induced MEP facilitation, 
while GABAA receptor antagonist had no effect (Stefan et al., 2002). Some experimental 
findings suggest that PAS induced effects have a cortical origin. First, following the PAS 
intervention and in the presence of facilitated MEPs, the F waves recorded from the median 
nerve stimulation reflected no change in the excitability of - motor neurons of the median 
nerve (Stefan et al., 2002). Second, the MEPs evoked by the electrical stimulation of the 
brainstem remained unchanged following PAS intervention, while the MEP responses to 
single pulse TMS were increased compared to the baseline MEP responses (Stefan et al., 
2000). These findings along with the transynaptic activation of pyramidal neurons by TMS 
suggest that PAS-induced MEP potentiation is likely mediated through transynaptic 
mechanisms in the motor cortex (Stefan et al., 2000), seemingly  related to the associative (i.e. 
Hebbian) LTP of synaptic efficacy (Stefan et al., 2002).  According to animal studies and in 
vitro recordings from neocortical slices, associative LTP occurs at an input to a postsynaptic 
cell which is conditioned by a synchronous activation of another input to that same cell 
(Buonomano & Merzenich, 1998). Given that PAS induced MEP potentiation is ISI-
dependant, it is inferred that the PAS induced plasticity is likely due to the synchronous 
arrival of the somatosensory afferent input and the TMS induced activation of horizontally 
oriented interneurons in the sensorimotor cortex (Classen et al., 2004; Stefan et al., 2002; 
Stefan et al., 2000). 
Recently, it was shown that the delivery of repetitive TMS through a protocol named theta 
burst stimulation (TBS) may be a more efficient way of altering cortical excitability and 
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probing LTP and LTD like cortical responses (Huang et al., 2005). Theta burst stimulation 
involves application of 3 bursts of 50 Hz rTMS repeated every 200 ms either continuously 
for a total of 40 s, or intermittently (every 8 s) for a total of 3 min. The continuous (cTBS) 
and intermittent delivery of TBS (iTBS) have been shown to result in suppression and 
facilitation of cortical excitability, respectively, as indexed through suppression and 
facilitation of MEPs at the periphery (Huang et al., 2005). More importantly, it has been 
shown that despite the relatively short duration of TBS administration (40 s in cTBS and ~ 
3 min in iTBS) compared to the conventional rTMS (~ 25 min), the alteration of cortical 
excitability by TBS can last for about 70 min which is more than twice as long as the 
duration of the after effects reported in the conventional rTMS approaches (Di Lazzaro et 
al., 2011; Thut & Pascual-Leone, 2010).  
While the combination of TMS with EMG has been instrumental in assessment of several 
cortical processes, measuring the effect of cortical stimulation at the periphery has several 
limitations. First, and foremost and as the motor cortex is concerned, the exact mechanism 
underlying the generation and modulation of the TMS evoked MEPs remains unclear. While 
TMS-EMG studies in combination with epidural recordings and electrical stimulation can to 
some extent confirm the cortical origin of MEP responses, such recordings are invasive and 
only possible in specific subgroups of patients suffering from neurological disorders. To 
examine the cortical mechanisms involved in the generation of MEPs in healthy human 
subjects, therefore, a reliable non-invasive recording from the intact brain is desirable. In the 
next two sections, we will address how a direct but non-invasive recording of cortical 
activity would complement the conventional TMS-EMG measures. 

4. Recording cortical activity in humans through electroencephalography 
Recording electrical activity from the intact surface of mammalian cortex dates back to 
recordings from the dog’s skull in 1870s and to the works of Richard Caton and Vladimir 
Pravdich-Neminski.  Later in 1920s, Hans Berger recorded brain waves from the surface of 
human scalp and named the technique electroencephalography (EEG) (Buzsáki, 2006; 
Swartz & Goldensohn, 1998). To date, EEG is still the cheapest and the most widely used 
neurophysiological technique for measuring cortical local field potentials (Buzsáki, 2006). In 
EEG, electrical activity of the cerebral cortex is monitored by placing multiple electrodes on 
the scalp. While TMS induced MEPs, for example, are an outcome of an action potential 
generated by the activation of pyramidal neurons, cortical potentials recorded from the 
scalp are not a measure of action potential but they represent the activity of slow and fact 
acting EPSPs and IPSPs mostly originating from the surface of the cortex (Buzsáki, 2006). 
Cortical potentials recorded through EEG, therefore, represent the oscillatory activity of the 
underlying brain tissue. Comparison between monozygotic and dizygotic twins has 
revealed a high heritability for the temporal structure of amplitude fluctuations in EEG 
oscillations, implying that EEG may be a reliable neurophysiological technique (Linkenkaer-
Hansen et al., 2007). 

4.1 Generation and function role of cortical oscillations  
While the typical firing rate of a motor unit does not exceed the frequency range of 6-35 Hz, 
neuronal tissues are capable of oscillating within a wide frequency band ranging from less 
than 1 Hz to as high as 600 Hz. The results of in vivo and in vitro recordings suggest that the 
brain generates finite number of discrete frequency bands which are conventionally 
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recordings from the dog’s skull in 1870s and to the works of Richard Caton and Vladimir 
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neurophysiological technique for measuring cortical local field potentials (Buzsáki, 2006). In 
EEG, electrical activity of the cerebral cortex is monitored by placing multiple electrodes on 
the scalp. While TMS induced MEPs, for example, are an outcome of an action potential 
generated by the activation of pyramidal neurons, cortical potentials recorded from the 
scalp are not a measure of action potential but they represent the activity of slow and fact 
acting EPSPs and IPSPs mostly originating from the surface of the cortex (Buzsáki, 2006). 
Cortical potentials recorded through EEG, therefore, represent the oscillatory activity of the 
underlying brain tissue. Comparison between monozygotic and dizygotic twins has 
revealed a high heritability for the temporal structure of amplitude fluctuations in EEG 
oscillations, implying that EEG may be a reliable neurophysiological technique (Linkenkaer-
Hansen et al., 2007). 

4.1 Generation and function role of cortical oscillations  
While the typical firing rate of a motor unit does not exceed the frequency range of 6-35 Hz, 
neuronal tissues are capable of oscillating within a wide frequency band ranging from less 
than 1 Hz to as high as 600 Hz. The results of in vivo and in vitro recordings suggest that the 
brain generates finite number of discrete frequency bands which are conventionally 
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categorized as delta (1-4 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta (12-28 Hz) and gamma 
(30-50 Hz) oscillations (Buzsáki, 2006), with some recent experimental findings  suggestive 
of the presence of slower (0.02 Hz to 1 Hz) and faster oscillations (up to 600 Hz) (Buzsáki, 
2006). Several factors can affect the frequency of cortical oscillations in humans. In 
particular, the amplitude and frequency of cortical oscillations have been shown to vary 
between the mental states of sleep, resting, wakefulness, movement or engagement in 
complex cognitive functioning. Furthermore, it has been shown that each cortical region 
may have a specific frequency, with slower alpha oscillations observed more prominently 
over the posterior and parietal lobes and higher gamma frequencies predominant in the 
anterior region of the brain (i.e. prefrontal cortex)(Rosanova et al., 2009). 
The exact mechanisms underlying the generation of cortical oscillations are not yet fully 
understood. It is suggested that the presence of various channels in the cell membrane 
provides neurons with intrinsic properties that allow them to oscillate at various frequencies 
(Buzsáki, 2006). There are several channels in the cell membrane of neurons through which 
ions move in and out of the cell. The state of these channels (i.e. open versus close state) is 
regulated by several mechanisms which are collectively referred to as gating. Four gating 
mechanisms have been identified: voltage gating, ligand gating, ion-dependent gating, and 
second-messenger gating. It is suggested that a change in the membrane voltage, release of 
neurotransmitters, or a change in the concentration of ions can change the state of 
membrane channels and give rise to an oscillatory activity (Buzsáki, 2006). It is further 
demonstrated that different population of neurons may selectively respond to inputs of 
different frequencies (Hutcheon & Yarom, 2000; Pike et al., 2000). For example, in 
hippocampus of rats, fast spiking GABAergic interneurons respond with highest temporal 
precision to frequencies in the gamma band, whereas pyramidal cells respond to lower 
frequency rhythmic inputs (Pike et al., 2000).  Furthermore, it has been demonstrated that 
there may be an inverse relation between the size of the neuronal pool and the frequency of 
oscillations. That is, low frequency oscillations are generated by a larger population of 
neurons while higher frequency oscillations may be generated by a smaller number of 
neurons (Buzsáki, 2006).  
The functional role of various cortical oscillations is currently under investigation. The 
functional role of slow frequency delta oscillations, which in healthy subjects are typically 
observed during deep sleep, is associated with learning and motivational processes 
(Knyazev, 2007). The cortical activity within the theta-band has been linked to memory 
functions, and emotional regulations (Knyazev, 2007). Alpha-band oscillations which are 
predominant during wakeful resting state are suggested to arise from cortical operations in 
the absence of sensory inputs, and also may reflect the disengagement of task-irrelevant 
brain areas (Palva & Palva, 2007). Cortical oscillations within the beta range are shown to be 
more dominant in the central region of the human cortex, suggestive of their functional role 
in movement execution and control. It has recently been hypothesized that the functional 
role of beta oscillations may be related to the maintenance of sensorimotor and cognitive 
state. That is, oscillations within beta band may be a signal for maintenance of status quo 
(Engel & Fries, 2010). Consistent with this view, it has been suggested that prolongation of 
beta oscillations may result in deterioration of flexible behaviour (Engel & Fries, 2010). 
Finally, the functional role of gamma oscillations has been more closely associated with 
cognitive control. In this regard, results of several EEG studies have found an association 
between the oscillataory acitivity in the gamma range and  perceptual binding such as the 
construction of object representations, basic information processing such as sensory 
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processing, and complex cognitive processes such as working memory (Buzsáki, 2006; Engel 
& Singer, 2001; Fries et al., 2007; Howard et al., 2003; Tallon-Baudry & Bertrand, 1999; 
Tallon-Baudry et al., 1996; Tallon-Baudry et al., 1998).  
Recordings of brain activity through EEG suggest that cortical potentials are a result of 
summation of different oscillatory activities. Several theories and experimental findings 
exist to explain why different oscillations may be active at the same time. It has been 
hypothesized that presence of various oscillations may provide the brain with the ability to 
function through multiple time scales (Buzsáki, 2006). For example, it has been proposed 
that different frequencies (e.g. slow versus fast oscillations) may favor different types of 
computation or different level of connectivity. Based on experimental findings, it was 
hypothesized that middle-frequency oscillations, such as theta and alpha, may represent 
top-down processes, while high frequency oscillations, such as gamma, may be related to 
bottom-up processes (von Stein et al., 2000). Furthermore, the interaction between frequency 
bands has been proposed to be an essential mechanism for optimal information processing 
(Roopun et al., 2008). One form of frequency-band interaction is frequency concatenation 
(Roopun et al., 2008). In this regard, two local networks that are co-activated and oscillate at 
two different frequency bands may interact and generate a third frequency of oscillations. 
The period of the new oscillation is the concatenation sum of the original two (Roopun et al., 
2008). Another form of frequency-band interaction is nesting. In nesting, phase of a lower 
frequency band (e.g. theta) may modulate the amplitude of a higher frequency band (e.g. 
gamma). The theta modulation of gamma oscillations has been observed in the 
hippocampus ((Bragin et al., 1995); reviewed in (Roopun et al., 2008)). The oscillatory 
modulation of neuronal responses is suggested to play a key role in information processing 
perhaps by providing a temporal frame with respect to which neurons may communicate 
with each other (Fries et al., 2007).  

4.2 Cortical oscillations in the motor cortex 
The presence of beta oscillations over the precentral region was first reported by Jasper and 
Andrews EEG recordings from healthy human subjects in 1938 (Jasper and Andrews 1938).  
It is believed that beta frequency can be further subdivided into narrower frequency bands 
of low- (12-15 Hz), mid- (15-18 Hz) and high-range (18-30 Hz) beta oscillations, each 
subserving a distinct functional mechanism. A number of previous studies have attempted 
to explore the cortical correlate of the EMG signals in order to examine the connectivity 
between the peripheral muscle and the homologous motor area. This has been typically 
achieved through computing the coherence between the cortical oscillations measured from 
the motor cortex through EEG or magnetoencephalography and the EMG recordings from 
the corresponding peripheral muscle often obtained during voluntary isometric hand 
contraction (for a review see (Mima & Hallett, 1999)). The findings of these cortico-
peripheral coherence studies suggest that beta oscillatory activity in the contralateral motor 
cortex may underlie the generation of EMG signals in the corresponding body part (Brown 
et al., 1998). For example, tonic hand muscle contraction has been shown to induce beta 
oscillations (~15-30 Hz) in the contralateral hemisphere which are coherent with the EMG 
recordings at the periphery (Brown et al., 1998; Salenius et al., 1997).  
The modulation of cortical oscillatory activity before, during and after motor task execution, 
imagination and observation has been well documented. Several studies have reported on 
desynchronization of alpha and beta oscillations prior to self-paced hand or finger 
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movement often measured through C3 EEG electrode in the left hemisphere and C4 in the 
right hemisphere (Pfurtscheller et al., 2000). Following self-paced hand movement, 
desynchronization of alpha oscillations are observed over the contralateral motor cortex 
(Pineda, 2005) while beta oscillations (~14-32 Hz) are induced shortly (within one second) 
after the movement termination (Pfurtscheller et al., 2000).  Observation and imagination of 
motor movement also result in suppression of alpha oscillations in motor areas 
corresponding to that body part (Pfurtscheller et al., 2000). Furthermore, the peak frequency 
of the induced beta oscillations may differ between motor areas associated with different 
body parts. For example, hand movement was shown to induce an oscillatory activity 
within a frequency range of 16-22 Hz over the hand area, while slightly higher frequency 
oscillatory activity (19-26 Hz) were recorded in the foot area following foot movement 
(Neuper & Pfurtscheller, 2001).  
The combination of TMS with EMG has offered the possibility to trigger and quantify the 
magnitude of an involuntary movement, and evoke or slow down activation of a target 
muscle. As previously described, this is achieved through transynaptic manipulation of 
corticospinal pathway through application of TMS to the motor area that optimally 
represents the target muscle on the periphery. However, the specific cortical oscillations that 
underlie these TMS induced motor responses cannot be clearly identified through only EMG 
recordings. In the following section, it will be demonstrated that combination of online EEG 
recording with TMS-EMG would permit examining the functional role of cortical 
oscillations in each TMS paradigm. The advancement in the EEG amplifier technology that 
has led to the combination of these modalities will be first briefly described. 

5. Combining TMS-EMG with concurrent EEG recording 
Simultaneous EEG recording during TMS stimulation was previously unattainable because 
of the technological shortcomings of EEG amplifiers that would saturate for a long duration 
due to the large artifact produced by the magnetic stimulation. For example, application of a 
single monophasic TMS pulse would result in artifact lasting for several seconds after the 
pulse. Such long lasting artifact blocked the window of time during which 
neurophysiological processes such as cortical inhibition occur (the first 250 ms following 
TMS). The newer generation of EEG systems, however, can recover from the TMS artifact 
within a time window of 10 to 70 ms.  
The newer generations of EEG systems offer several strategies to minimize the saturation of 
amplifiers following TMS. In a majority of TMS-EEG systems, the saturation of EEG 
amplifiers is avoided by virtue of a sample and hold circuit that pins the amplifier output to 
a constant level starting from a few milliseconds prior to the TMS application to a few 
milliseconds after the pulse (Nexstim Ltd., Helsinki, Finland). Some systems are equipped 
with a magnetic shielding technology in which the EEG electrodes and the amplifiers are 
shielded from the magnetic artifact (Advanced Neuro Technology, Enschede, Netherland). 
It is also possible to minimize amplifier saturation and the TMS related artifact through a 
combination of a wide dynamic range (e.g. recording potentials ranging from -200 to 200 
mV in amplitude and with a resolution much lower than 1 V), high frequency sampling 
rate (e.g. 20 KHz) and DC filtering (NeuroScan, Compumedics, USA). By employing any of 
the above strategies, EEG recording can become TMS compatible. Therefore, it is possible to 
continuously record EEG during TMS stimulation (for a review refer to (Ilmoniemi & Kicic, 
2009)).  
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5.1 Single pulse TMS 
Ilmoniemi and colleagues were one of the first research groups that used the interleaved 
TMS-EEG technique to investigate the effect of TMS on cortical excitability (Ilmoniemi et al., 
1997). It was demonstrated that TMS applied to the hand representation area of the human 
motor cortex elicited a cortical response that spread to the adjacent ipsilateral area as well as 
to the homologous regions in the opposite hemisphere. It was further shown that the 
application of TMS to the visual cortex resulted in similar pattern of signal propagation to 
the contralateral areas, therefore providing evidence that the cortical potentials following 
motor cortex stimulation were less likely to be a result of peripheral sensory activation. This 
original experiment resulted in a series of studies that further characterized the EEG 
substrate of cortical excitability, plasticity and connectivity in healthy subjects (Esser et al., 
2006; Kahkonen et al., 2001; Kahkonen et al., 2003; Komssi et al., 2002; Komssi & Kahkonen, 
2006; Nikulin et al., 2003; Paus et al., 2001; Thut et al., 2003).   
In a number of previous studies it was demonstrated that single pulse TMS applied to the 
motor cortex generated several EEG peaks within the first 300 ms of TMS stimulation. The 
EEG components that are commonly replicated across TMS-EEG studies are a negativity at 
15 ms (N15), a positivity at 30 ms (P30) followed by N45, P55, N100, P180, and N280 
(Komssi & Kahkonen, 2006). Comparing these EEG peaks with the size of MEP responses 
may permit examining the cortical origin of the TMS induced MEPs. In this regard, it has 
been shown that TMS induced MEP amplitudes positively correlate with the amplitude of 
the TMS induced early evoked potential, measured as the peak-to-peak amplitude of the 
N15-P30 component (Maki & Ilmoniemi, 2010b). In a study by the same group, the 
relationship between the TMS induced MEPs and the cortical oscillatory activity was 
explored.  It was shown that in the motor cortex, the power of mid-range beta oscillatory 
activity (12-18 Hz) was weaker before large MEPs as compared to smaller MEPs. 
Furthermore, the phase of the mid-range beta oscillations recorded over the occipital cortex 
correlated with the MEP amplitudes (Maki & Ilmoniemi, 2010a). Similarly, Schutter and 
Hortensius examined the association between cortical oscillatory activity and MEP 
amplitudes during isometric hand contraction. It was reported that MEP amplitudes could 
be modeled by the activity of theta (4-7 Hz) and beta (13-30 Hz) cortical oscillations in the 
right and left primary motor cortex (Schutter & Hortensius, 2011). These authors went a step 
further and applied this finding to selectively control the therapeutic outcome of 
transcranial alternative current stimulation (tACS) (for detailed description of tACS readers 
may refer to (Kanai et al., 2008)). In this experiment, they applied the tACS with two 
different frequency settings of theta-beta and alpha-alpha configuration which were 
administered on two separate days. It was shown that the theta-beta tACS significantly 
increased cortical excitability compared to the alpha-alpha stimulation (Schutter & 
Hortensius, 2011). 
A few studies have also examined the inhibitory components of TMS induced cortical 
potential. For example, Nikulin et al. demonstrated that following visually triggered hand 
movement, the N100 component of EEG response was suppressed while the MEP 
amplitudes were increased (Nikulin et al., 2003). This inverse relationship between the 
amplitudes of N100 and MEP is thought to reflect the inhibitory nature of N100. Consistent 
with this finding, the duration of silent period in the CSP paradigm was shown to be 
positively correlated with the amplitude of the N100 component (Kimiskidis et al., 2008). 
Interestingly, in a TMS study that investigated the effect of alcohol on TMS evoked cortical 
potentials, it was shown that following alcohol intake, which is thought to affect the activity 
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of GABAergic neurotransmission, the amplitude of N100 response to single pulse TMS was 
significantly decreased (Kahkonen & Wilenius, 2007). Finally, the effect of age, TMS 
intensity, sensory attention and response preparation on TMS induced N100 response was 
investigated in a TMS study conducted in motor cortex of healthy children within an age 
range of 6-10 years. It was shown that N100 response was attenuated following a task that 
required a fast response, providing further evidence that N100 was likely related to an 
inhibitory process (Bender et al., 2005). In addition, N100 response was reported to be larger 
in children compared to N100 responses of adults in previous studies and a negative 
correlation was found between N100 response and age in children, suggesting that N100 
response may undergo maturation (Bender et al., 2005). Collectively, these findings suggest 
that GABAergic inhibitory mechanism may underlie the N100 generation. If proved a 
reliable measure, N100 may be used as a marker for investigating the integrity of the 
inhibitory responses in healthy and pathological conditions. 

5.2 Paired Pulse TMS 
5.2.1 Short interval cortical inhibition and intracortical facilitation 
One of the first studies evaluating the modulatory effect of paired pulse TMS on cortical 
evoked potentials is the experiments conducted by Paus et al. (Paus et al., 2001).  In this 
study, SICI and ICF paired pulse paradigms were applied to the left motor cortex of healthy 
subjects and the amplitude and frequency of EEG responses were compared between single 
and paired pulse conditions. In this study, three prominent EEG peaks were observed 
following the singe pulse TMS: N45, P55 and N100. Furthermore, it was shown that single 
pulse TMS resulted in synchronization of beta oscillations which lasted for several hundred 
milliseconds after the TMS delivery. Following the ICF paired pulse paradigm, which as 
discussed before is designed to examine intracortical facilitation, the presence of  a 
subthreshold conditioning stimulus (at an ISI of 12 ms) significantly reduced the amplitude 
of the EEG N45 component. In addition, the beta oscillatory activity that was recorded 
following ICF was reported to be smaller as compared to the oscillatory activity following 
the single pulse condition. By contrast, a conditioning stimulus delivered at an ISI of 3 ms 
(SICI paradigm) had no effect on either the N45 or beta oscillatory activity.   
In a recent study, similar paired pulse experiments were conducted to further confirm and 
expand the above mentioned findings (Ferreri et al., 2010). In this study, SICI (ISI of 3 ms) 
and ICF (ISI of 11 ms) paradigms were applied to the left motor cortex of healthy subjects. 
Several EEG components were observed following single pulse TMS including: N7, P13, 
N18, P30, N44, P60, N100, P190 and N280. These EEG components were further identified 
for each stimulation condition and each EEG electrode (19 electrodes). The authors then 
examined the correlation between the MEP amplitudes and the amplitude of each EEG 
components in each electrode, after the three TMS conditions of suprathreshold single pulse 
and the paired pulse conditions of SICI and ICF. It was observed that depending on the 
stimulation condition (single pulse, SICI or ICF), MEP amplitudes correlated with different 
EEG components and at a different cortical region. For example, a positive correlation was 
observed between the MEP amplitude and the P30 component over the non-stimulated 
motor cortex following the single pulse condition and in the F4 (contralateral prefrontal 
cortex) following the paired pulse condition. Moreover, N44 peak was attenuated in the 
contralateral cortex more prominently in the ICF condition, a finding consistent with the 
earlier report of attenuation of N45 flowing ICF (ISI of 12 ms) as described above (Paus et 
al., 2001). Furthermore, it was noted that the N100 component was strongest over the 
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stimulation area (C3 electrode) and its amplitude was larger following the paired pulse 
conditions as compared to the single pulse condition. Collectively these findings suggest 
that TMS-EEG offers the possibility to examine not only the MEP-EEG relationship but also 
the connectivity between cortical regions as it may be evident by comparing the TMS 
induced EEG activity at the stimulation site with the EEG components recorded in the 
remaining electrodes.  

5.2.2 Long interval cortical inhibition 
As briefly described in the introduction, the cortical correlate of LICI has been recently 
investigated through the combination of TMS-EMG with simultaneous EEG recording.  That 
is, we demonstrated that EMG measures of LICI, measured as the suppression of MEPs in 
the paired pulse condition compared to the single pulse conditions, were positively 
correlated with the suppression of the cortical evoked potentials at the site of stimulation 
(C3 electrode) in the paired pulse condition compared to the single pulse conditions 
(Daskalakis et al., 2008). In this study, however, instead of examining the peak-to-peak 
amplitude of EEG components separately, the TMS induced cortical response was identified 
as the area under the rectified EEG response following the single and paired pulse 
conditions within the time window of 50 ms (the earliest reliable recording without TMS 
artifact) to 150 ms (the maximum peak of GABAB receptor activation).  Similarly, the 
potentiation of MEP response was also examined by comparing the area under the rectified 
MEP response between the single and paired pulse condition.  
Furthermore, in a separate study we found a positive correlation between the duration of 
the silent period indexed through the CSP paradigm and the extent of EEG and EMG 
suppression following LICI in a subset of subjects who received both LICI and CSP in their 
left motor cortex (Farzan et al., 2010b). A key observation was that the silent period seemed 
to be more strongly correlated with the EEG measures of LICI as compared to the EMG 
measures of LICI (Farzan et al., 2010b). This observation suggests that EEG measures of LICI 
maybe a more precise technique for evaluating and comparing the cortical mechanisms that 
may be common across TMS-EMG paradigms. For instance, it has been suggested that the 
early (< 50 ms) part of the silent period in the CSP paradigm may originate from spinal 
mechanism (Chen et al., 1999; Inghilleri et al., 1993). Therefore, by comparing CSP with both 
EEG and EMG measures of LICI (and other paired pulse paradigms), it may be possible to 
approximate to what degree each of these paradigms originate from the cortical rather than 
spinal mechanisms and also to what extent they are mediated by similar processes.  
Furthermore, using the above methods, for the first time we examined the modulatory effect 
of LICI in the DLPFC, a non-motor region of the cortex which is implicated in a number of 
neurological and psychiatric illnesses (Daskalakis et al., 2008). We were able to show that 
similar to the motor cortex, LICI applied over the left DLPFC resulted in significant 
suppression of cortical evoked potentials (30% suppression) in the vicinity of TMS 
application (i.e. AF3 electrode). However, it was also shown that the extent of EEG 
suppression following LICI in the DLPFC was not correlated with the EEG or EMG 
suppression following the application of LICI to the motor cortex (Farzan et al., 2010b), a 
finding which may further reflect the valuable integration of EEG and paired pulse TMS 
which allow us to both measure and compare the neurophysiology of motor and non-motor 
regions of the cortex.   
In line with this view, we also examined the effect of LICI on cortical oscillatory activity at 
the site of TMS stimulation following the LICI application in both the motor cortex and the 
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remaining electrodes.  

5.2.2 Long interval cortical inhibition 
As briefly described in the introduction, the cortical correlate of LICI has been recently 
investigated through the combination of TMS-EMG with simultaneous EEG recording.  That 
is, we demonstrated that EMG measures of LICI, measured as the suppression of MEPs in 
the paired pulse condition compared to the single pulse conditions, were positively 
correlated with the suppression of the cortical evoked potentials at the site of stimulation 
(C3 electrode) in the paired pulse condition compared to the single pulse conditions 
(Daskalakis et al., 2008). In this study, however, instead of examining the peak-to-peak 
amplitude of EEG components separately, the TMS induced cortical response was identified 
as the area under the rectified EEG response following the single and paired pulse 
conditions within the time window of 50 ms (the earliest reliable recording without TMS 
artifact) to 150 ms (the maximum peak of GABAB receptor activation).  Similarly, the 
potentiation of MEP response was also examined by comparing the area under the rectified 
MEP response between the single and paired pulse condition.  
Furthermore, in a separate study we found a positive correlation between the duration of 
the silent period indexed through the CSP paradigm and the extent of EEG and EMG 
suppression following LICI in a subset of subjects who received both LICI and CSP in their 
left motor cortex (Farzan et al., 2010b). A key observation was that the silent period seemed 
to be more strongly correlated with the EEG measures of LICI as compared to the EMG 
measures of LICI (Farzan et al., 2010b). This observation suggests that EEG measures of LICI 
maybe a more precise technique for evaluating and comparing the cortical mechanisms that 
may be common across TMS-EMG paradigms. For instance, it has been suggested that the 
early (< 50 ms) part of the silent period in the CSP paradigm may originate from spinal 
mechanism (Chen et al., 1999; Inghilleri et al., 1993). Therefore, by comparing CSP with both 
EEG and EMG measures of LICI (and other paired pulse paradigms), it may be possible to 
approximate to what degree each of these paradigms originate from the cortical rather than 
spinal mechanisms and also to what extent they are mediated by similar processes.  
Furthermore, using the above methods, for the first time we examined the modulatory effect 
of LICI in the DLPFC, a non-motor region of the cortex which is implicated in a number of 
neurological and psychiatric illnesses (Daskalakis et al., 2008). We were able to show that 
similar to the motor cortex, LICI applied over the left DLPFC resulted in significant 
suppression of cortical evoked potentials (30% suppression) in the vicinity of TMS 
application (i.e. AF3 electrode). However, it was also shown that the extent of EEG 
suppression following LICI in the DLPFC was not correlated with the EEG or EMG 
suppression following the application of LICI to the motor cortex (Farzan et al., 2010b), a 
finding which may further reflect the valuable integration of EEG and paired pulse TMS 
which allow us to both measure and compare the neurophysiology of motor and non-motor 
regions of the cortex.   
In line with this view, we also examined the effect of LICI on cortical oscillatory activity at 
the site of TMS stimulation following the LICI application in both the motor cortex and the 
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DLPFC (Farzan et al., 2009). Interestingly, it was observed that LICI applied over the motor 
cortex had a different modulatory effect on the cortical oscillations as compared to the LICI 
applied to the DLPFC (Farzan et al., 2009). In the motor cortex, delta, theta and alpha 
oscillations were suppressed without any suppression of beta and gamma oscillations. By 
contrast, all cortical oscillations were significantly suppressed following the application of 
LICI to the left DLPFC. The differential effect of LICI on fast cortical oscillations (e.g. gamma 
oscillations) in the prefrontal and motor cortices provides more insight about the functional 
roles of these cortical oscillations in each cortical mantel.  

5.2.3 Interhemispheric inhibition 
Through TMS-EEG it is possible to examine the correlation between functional and 
structural interhemispheric connectivity in both motor and non-motor regions of the cortex. 
This is possible through application of suprathreshold single pulse TMS to one hemisphere 
and examining the propagation of TMS induced cortical evoked activity to the contralateral 
hemisphere, a cortical process which we suggest may be mediated by similar mechanisms 
that underlie MEP suppression observed in the conventional IHI paradigm (Voineskos et al., 
2010). Using TMS-EEG and diffusion tensor imagining, we investigated the extent of 
interhemispheric signal propagation from the stimulated site to the contralateral hemisphere 
as a function of integrity of callosal fibers (Voineskos et al., 2010).  We showed that 
following suprathreshold TMS applied to the left motor cortex, the amount of cortical 
evoked activity that reached the contralateral hemisphere was inversely correlated with the 
integrity of callosal motor fibers but not with the integrity of anterior callosal fibers, 
suggesting an anatomically specific structural-functional relationship. Similarly, we found 
an anatomically-specific relationship between the extent of interhemispheric propagation of 
TMS-induced cortical activity from the left DLPFC to the right DLPFC and the fractional 
anisotropy of anterior callosal fibers (genu) connecting left and right DLPFC, and not with 
the integrity of callosal motor fibers. That is, in subjects that fractional anisotropy of callosal 
motor fibers was larger, the propagation of suprathreshold TMS induced activity to the 
contralateral motor cortex was of smaller magnitude, and in subjects that fractional 
anisotropy of genu fibers was larger, the extent of propagation of suprathreshold TMS 
induced activity to the contralateral DLPFC was of a smaller value. These results collectively 
suggest that in the presence of suprathreshold stimulus, callosal fibers may regulate the 
cross talk between hemispheres perhaps through similar mechanism that underlie the 
inhibition of MEPs in the contralateral hand muscle in the conventional IHI paradigm.   

5.2.4 Sensory afferent inhibition 
The interleaved TMS-EEG was also used to examine the correlation between the cortical and 
peripheral effects of SAI. In a study conducted by Bikmullina et al., it was demonstrated that 
the suppression of MEPs following SAI was positively correlated with the attenuation of the 
amplitude of the EEG N100 component (Bikmullina et al., 2009).  This finding supports the 
findings of earlier studies that suggested a cortical origin for the suppression of MEPs in SAI 
paradigm. Furthermore, the attenuation of N100 is an interesting observation by itself as it 
may be a further support for a link between N100 and activity of GABAB receptor mediated 
inhibitory mechanism. In this regard, in a triple pulse study, it was demonstrated that SAI 
had an inhibitory effect on LICI (Udupa et al., 2009). As previously mentioned, suppression 
of MEPs in LICI has been associated with the activity of slow acting GABAB receptors. 
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Therefore, the attenuation of N100 component following SAI is a further support for the 
inhibitory effect of SAI on GABAergic mechanism and the plausible involvement of GABAB 
receptors in generation of N100 component.  
Moreover, spectral analysis of EEG response following SAI in rat somatosensory cortex has 
demonstrated that the extent of SAI varies with the cortical state and the frequency of the 
underlying cortical oscillations. In particular SAI was enhanced following increases in delta 
oscillations (Funke & Benali, 2009). The findings of this animal experiment provides further 
support to reiterate the importance of online EEG recording during TMS-EMG, as some of 
the inter-subject and inter-laboratory variance that are observed across studies may be 
explained by the dependence of TMS-EMG measures on cortical states and cortical 
oscillatory activity immediately before or at the time of TMS stimulation. 

5.3 Repetitive TMS 
A key advantage of concurrent EEG recording is the ability to directly evaluate the effect of 
rTMS on cortical excitability. As previously mentioned, slow and fast frequency rTMS 
applied to the motor cortex may have a differential effect on the cortical excitability. As 
described earlier, the alteration of cortical excitability by rTMS is conventionally probed 
through evaluating the changes in MEP responses to single pulse of TMS applied to the 
motor cortex before and after rTMS session. However, brain is a network of interconnected 
cortical regions and it is unlikely that rTMS effect would remain solely within the stimulated 
region. In fact, as described above, the TMS induced cortical evoked activity propagates 
across cortical mantels and may differentially affect the interconnected local and distant 
brain regions (Ferreri et al., 2010; Voineskos et al., 2010).  Furthermore, evaluation of MEP 
modulations is limited to investigating the cortical activity of the motor cortex while rTMS 
treatment is often administered in non-motor regions of the cortex such as the DLPFC in the 
treatment of depression. Finally, the origin of rTMS mediated modulation of MEP remains a 
matter of debate. Therefore, recording both cortical and peripheral response before, during 
and after rTMS would enhance our understanding of the effect of rTMS on both motor and 
non-motor regions of the cortex and would be critical in examining the exact mechanisms 
through which rTMS exerts its therapeutic effect.  In this vein, research examining the 
cortico-peripheral effect of rTMS is expanding, some of which will be discussed here.  
In one of the earlier studies examining the cortical signature of rTMS induced MEP 
potentiation, the cortical and peripheral response to single pulse TMS were evaluated before 
and after 5 Hz rTMS of motor cortex in healthy human subjects (Esser et al., 2006).  It was 
reported that following rTMS, the TMS induced EEG components in response to subthreshold 
single pulse TMS were selectively potentiated within a time window of 15 to 55 ms. In a 
similar study, the effect of slow frequency rTMS (0.6 Hz) was assessed by examining the 
amplitude of EEG N45 response to subthreshold single pulse TMS before and after 15 minutes 
of rTMS administration (Van Der Werf & Paus, 2006). In this study, it was reported that 
despite the lack of any rTMS induced MEP modulation, the amplitude of N45 response was 
reduced. This finding may suggest that EEG response is a more sensitive indicator of rTMS 
effect as compared to MEP.  In another study, the effect of 1 Hz rTMS on cortical oscillations 
was examined and compared with the suppression of MEPs at the periphery (Brignani et al., 
2008). In this study, three 10-min blocks of 1 Hz rTMS was applied to the left primary motor 
cortex of healthy subjects. Spectral analysis was performed and the power of alpha and beta 
band oscillations was obtained during each three rTMS blocks. It was shown that the power of 
cortical oscillations, more prominently alpha oscillations, increased with increase in TMS 
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Therefore, the attenuation of N100 component following SAI is a further support for the 
inhibitory effect of SAI on GABAergic mechanism and the plausible involvement of GABAB 
receptors in generation of N100 component.  
Moreover, spectral analysis of EEG response following SAI in rat somatosensory cortex has 
demonstrated that the extent of SAI varies with the cortical state and the frequency of the 
underlying cortical oscillations. In particular SAI was enhanced following increases in delta 
oscillations (Funke & Benali, 2009). The findings of this animal experiment provides further 
support to reiterate the importance of online EEG recording during TMS-EMG, as some of 
the inter-subject and inter-laboratory variance that are observed across studies may be 
explained by the dependence of TMS-EMG measures on cortical states and cortical 
oscillatory activity immediately before or at the time of TMS stimulation. 

5.3 Repetitive TMS 
A key advantage of concurrent EEG recording is the ability to directly evaluate the effect of 
rTMS on cortical excitability. As previously mentioned, slow and fast frequency rTMS 
applied to the motor cortex may have a differential effect on the cortical excitability. As 
described earlier, the alteration of cortical excitability by rTMS is conventionally probed 
through evaluating the changes in MEP responses to single pulse of TMS applied to the 
motor cortex before and after rTMS session. However, brain is a network of interconnected 
cortical regions and it is unlikely that rTMS effect would remain solely within the stimulated 
region. In fact, as described above, the TMS induced cortical evoked activity propagates 
across cortical mantels and may differentially affect the interconnected local and distant 
brain regions (Ferreri et al., 2010; Voineskos et al., 2010).  Furthermore, evaluation of MEP 
modulations is limited to investigating the cortical activity of the motor cortex while rTMS 
treatment is often administered in non-motor regions of the cortex such as the DLPFC in the 
treatment of depression. Finally, the origin of rTMS mediated modulation of MEP remains a 
matter of debate. Therefore, recording both cortical and peripheral response before, during 
and after rTMS would enhance our understanding of the effect of rTMS on both motor and 
non-motor regions of the cortex and would be critical in examining the exact mechanisms 
through which rTMS exerts its therapeutic effect.  In this vein, research examining the 
cortico-peripheral effect of rTMS is expanding, some of which will be discussed here.  
In one of the earlier studies examining the cortical signature of rTMS induced MEP 
potentiation, the cortical and peripheral response to single pulse TMS were evaluated before 
and after 5 Hz rTMS of motor cortex in healthy human subjects (Esser et al., 2006).  It was 
reported that following rTMS, the TMS induced EEG components in response to subthreshold 
single pulse TMS were selectively potentiated within a time window of 15 to 55 ms. In a 
similar study, the effect of slow frequency rTMS (0.6 Hz) was assessed by examining the 
amplitude of EEG N45 response to subthreshold single pulse TMS before and after 15 minutes 
of rTMS administration (Van Der Werf & Paus, 2006). In this study, it was reported that 
despite the lack of any rTMS induced MEP modulation, the amplitude of N45 response was 
reduced. This finding may suggest that EEG response is a more sensitive indicator of rTMS 
effect as compared to MEP.  In another study, the effect of 1 Hz rTMS on cortical oscillations 
was examined and compared with the suppression of MEPs at the periphery (Brignani et al., 
2008). In this study, three 10-min blocks of 1 Hz rTMS was applied to the left primary motor 
cortex of healthy subjects. Spectral analysis was performed and the power of alpha and beta 
band oscillations was obtained during each three rTMS blocks. It was shown that the power of 
cortical oscillations, more prominently alpha oscillations, increased with increase in TMS 
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duration. The increase in power of cortical oscillations was inversely correlated with the 
suppression of MEP amplitudes at the periphery. It was suggested that the increase of 
oscillatory activity may be a representation of altered cortical excitability, possibly related to an 
increase in the activity of inhibitory mechanism (Brignani et al., 2008).  Interestingly, the 
increase in alpha and beta band cortical oscillations was also documented in a recent study 
that examined cortical response to 20 Hz rTMS applied to the left primary motor cortex 
(Veniero et al., 2011). It was demonstrated that synchronization of alpha and beta band cortical 
oscillations recorded from the C3 electrode was also positively related to the number of 
delivered stimuli. Furthermore, there was an inverse correlation between the MEP amplitude 
and synchronization of beta band oscillations, showing that smaller MEP amplitudes were 
related to higher power of beta oscillations (Veniero et al., 2011).  
Theta burst stimulation is a relatively new rTMS approach that has attracted a lot of interest 
due to its long lasting effect relative to the short administration period. While 25 minutes of 
1 Hz rTMS may induce changes lasting for about 30 minutes, only 40 seconds of TBS may 
result in MEP modulation lasting for more than 60 minutes (Huang et al., 2005). Previous 
TMS-EMG studies had shown that application of cTBS over the motor cortex results in 
suppression of MEPs at the periphery. Through combination of TMS-EMG with concurrent 
EEG recording, it has been demonstrated that the cortico-peripheral effect of cTBS involves a 
reduction in the cortico-muscular coherence within the cortical beta band oscillations 
measured thorough EEG C3 electrode in the primary motor cortex (Saglam et al., 2008). 
The effect of PAS on cortical evoked potentials has recently been investigated to also 
examine the cortical origin and EEG substrate of PAS induced LTP in the motor cortex of 
healthy subjects. In an interesting study by Hubert et al it was shown that the EEG changes 
following PAS, as opposed to MEP changes, could predict the modification of slow wave 
(0.5-4.7 Hz) activity during sleep (Huber et al., 2008). In this study, PAS was administered to 
healthy subjects at two ISIs of 10 ms and 25 ms. Authors then evaluated the cortical evoked 
potentials in response to single pulse of TMS applied to the motor cortex before and after 
PAS intervention. Subjects were then allowed to sleep shortly after PAS and their sleep EEG 
was recorded and analyzed. It was reported that on average PAS at 25 ms resulted in 
potentiation of TMS-evoked MEPs and PAS at 10 ms resulted in suppression of MEP 
responses, although the reverse was also observed in a few subjects.  The study yielded 
three interesting findings. First, it was shown that there was a weak but significant 
correlation between the MEP amplitudes measured through EMG and the cortical evoked 
potentials measured through EEG.  Second, interestingly, the location of maximum cortical 
activation was over the sensorimotor cortex near the site of stimulation where the effect of 
afferent and cortical stimulation would most likely overlap, thus further supporting the LTP 
like mechanisms that underlie PAS-induced MEP potentiation. Finally, in subjects that 
showed a potentiation of cortical evoked potentials in response to PAS intervention 
(regardless of the ISI or MEP modulation) the power of slow wave activity was increased 
during sleep that followed the PAS intervention. By contrast, in subjects that cortical evoked 
potentials were suppressed following PAS intervention (again, regardless of the ISI or MEP 
modulation), a relative reduction of slow wave activity was observed.  The finding that the 
modulation of cortical evoked potentials was a better predictor of subsequent changes 
during sleep is a further support for the significance of probing plasticity and modulation of 
cortical excitability directly from the cortex.  
Furthermore, utilizing the cortical evoked potentials to index PAS induced LTP and LTD 
like plasticity, a recent study has attempted to examine the PAS induced plasticity in both 
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the motor cortex and DLPFC of healthy subjects. Application of PAS in the DLPFC was 
achieved by pairing the afferent peripheral stimulation with single pulse TMS applied to the 
contralateral DLPFC. The preliminary results of this study, currently presented in an 
abstract form (Rajji TK et al., 2011), shows that in line with findings of Hubert et al. 
following PAS intervention in the motor cortex, there was a significant correlation between 
the cortical evoked potentials recorded at the stimulation site and the MEP response at the 
periphery. It was noted that while all subjects demonstrated potentiation of cortical evoked 
potentials, MEPs were not potentiated in a subset of subjects. Finally, it was shown that PAS 
applied to the DLPFC results in significant potentiation of cortical evoked potentials 
recorded from the DLPFC which is perhaps,  if not the first, one of the first studies directly 
probing LTP like plasticity in the DLPFC of healthy subjects, a cortical region more closely 
associated with learning and memory.  
Similarly, the effect of rTMS on non-motor regions of the cortex can also be evaluated 
through TMS-EEG. The observation that LICI modulated cortical oscillations differently in 
the motor compared to the prefrontal cortex (Farzan et al., 2009) suggests that fast versus 
slow rTMS and cTBS versus iTBS may have differential modulatory effect on cortical 
oscillations of motor compared to non-motor regions of the cortex such as DLPFC. In fact, in 
a recent study published by our group it was demonstrated that one session of 20 Hz rTMS 
applied bilaterally to the left and right DLPFC results in increased power of gamma cortical 
oscillations during cognitive performance in healthy subjects (Barr et al., 2009) and reduced 
gamma oscillations in patients with schizophrenia (Barr et al. 2011). Future studies should 
more systematically investigate the effect of rTMS with different stimulation parameters 
(e.g. frequency) on motor and non-motor regions of the cortex. Such studies would enhance 
the efficacy of rTMS therapy.  

6. Reproducibility and reliability of TMS-EEG-EMG measures  
Research experiments systematically examining the test-retest reliability of TMS induced 
MEPs are relatively scarce.  In this regard, one study has examined the reliability of TMS in 
identifying the APB muscle motor map between two separate sessions (Corneal et al., 2005). 
It was also shown that increasing the number of delivered stimuli in TMS paradigms would 
reduce the intersession variability (Boroojerdi et al., 2000).  There are also a few studies that 
have demonstrated the reliability of TMS induced MEP modulation in the paired pulse 
paradigms of SICI and ICF (Boroojerdi et al., 2000; Maeda et al., 2002). For example, Maeda 
et al. reported that SICI was reproducible and correlated between two sessions separated by 
two weeks (Maeda et al., 2002).  
Given the increasing popularity of TMS-EEG-EMG approach as both a therapeutic and 
diagnostic tool, the number of research experiments examining the reliability and validity of 
cortical and peripheral indices of TMS is on the rise. The reproducibility of TMS induced 
cortical responses to single pulse TMS were recently demonstrated in the motor cortex and 
DLPFC of healthy subjects (Lioumis et al., 2009). Lioumis et al. reported generation of six 
EEG peaks in the ipsilateral (at latencies 13, 32, 54, 66, 111, 172 ms post TMS) and 
contralateral (12, 31, 50, 73, 111, 176 ms post TMS) motor cortex following the application of 
suprathreshold single pulse to the left motor cortex, and six peaks were defined in the 
ipsilateral DLPFC (first one contaminated by noise, 25, 49, 64, 113, 170 ms post TMS) and 
contralateral DLPFC (21, 32, 48, 63, 113, and 174 ms post TMS) following suprathreshold 
TMS to the left DLPFC. It was reported that the amplitudes of TMS evoked cortical 
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the motor cortex and DLPFC of healthy subjects. Application of PAS in the DLPFC was 
achieved by pairing the afferent peripheral stimulation with single pulse TMS applied to the 
contralateral DLPFC. The preliminary results of this study, currently presented in an 
abstract form (Rajji TK et al., 2011), shows that in line with findings of Hubert et al. 
following PAS intervention in the motor cortex, there was a significant correlation between 
the cortical evoked potentials recorded at the stimulation site and the MEP response at the 
periphery. It was noted that while all subjects demonstrated potentiation of cortical evoked 
potentials, MEPs were not potentiated in a subset of subjects. Finally, it was shown that PAS 
applied to the DLPFC results in significant potentiation of cortical evoked potentials 
recorded from the DLPFC which is perhaps,  if not the first, one of the first studies directly 
probing LTP like plasticity in the DLPFC of healthy subjects, a cortical region more closely 
associated with learning and memory.  
Similarly, the effect of rTMS on non-motor regions of the cortex can also be evaluated 
through TMS-EEG. The observation that LICI modulated cortical oscillations differently in 
the motor compared to the prefrontal cortex (Farzan et al., 2009) suggests that fast versus 
slow rTMS and cTBS versus iTBS may have differential modulatory effect on cortical 
oscillations of motor compared to non-motor regions of the cortex such as DLPFC. In fact, in 
a recent study published by our group it was demonstrated that one session of 20 Hz rTMS 
applied bilaterally to the left and right DLPFC results in increased power of gamma cortical 
oscillations during cognitive performance in healthy subjects (Barr et al., 2009) and reduced 
gamma oscillations in patients with schizophrenia (Barr et al. 2011). Future studies should 
more systematically investigate the effect of rTMS with different stimulation parameters 
(e.g. frequency) on motor and non-motor regions of the cortex. Such studies would enhance 
the efficacy of rTMS therapy.  

6. Reproducibility and reliability of TMS-EEG-EMG measures  
Research experiments systematically examining the test-retest reliability of TMS induced 
MEPs are relatively scarce.  In this regard, one study has examined the reliability of TMS in 
identifying the APB muscle motor map between two separate sessions (Corneal et al., 2005). 
It was also shown that increasing the number of delivered stimuli in TMS paradigms would 
reduce the intersession variability (Boroojerdi et al., 2000).  There are also a few studies that 
have demonstrated the reliability of TMS induced MEP modulation in the paired pulse 
paradigms of SICI and ICF (Boroojerdi et al., 2000; Maeda et al., 2002). For example, Maeda 
et al. reported that SICI was reproducible and correlated between two sessions separated by 
two weeks (Maeda et al., 2002).  
Given the increasing popularity of TMS-EEG-EMG approach as both a therapeutic and 
diagnostic tool, the number of research experiments examining the reliability and validity of 
cortical and peripheral indices of TMS is on the rise. The reproducibility of TMS induced 
cortical responses to single pulse TMS were recently demonstrated in the motor cortex and 
DLPFC of healthy subjects (Lioumis et al., 2009). Lioumis et al. reported generation of six 
EEG peaks in the ipsilateral (at latencies 13, 32, 54, 66, 111, 172 ms post TMS) and 
contralateral (12, 31, 50, 73, 111, 176 ms post TMS) motor cortex following the application of 
suprathreshold single pulse to the left motor cortex, and six peaks were defined in the 
ipsilateral DLPFC (first one contaminated by noise, 25, 49, 64, 113, 170 ms post TMS) and 
contralateral DLPFC (21, 32, 48, 63, 113, and 174 ms post TMS) following suprathreshold 
TMS to the left DLPFC. It was reported that the amplitudes of TMS evoked cortical 
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potentials at various stimulation intensities were highly reliable in both the ipsilateral 
DLPFC and motor cortex between sessions separated by a one-week interval (test-retest 
correlation >0.83), while considering the contralateral response, contralateral DLPFC 
response was more reliable than motor cortex perhaps reflecting the stronger 
interhemispheric connectivity of the prefrontal cortices (Lioumis et al., 2009).  
In a study conducted by our group, we extended the results of previous reports by 
demonstrating the reliability of cortical and peripheral indices of LICI, as well as the 
reliability of LICI mediated modulation of each cortical oscillation in both the left motor 
cortex and left DLPFC (Farzan et al., 2010b). In the motor cortex, we showed that all EEG 
and EMG measures of LICI were highly reliable, and in the DLPFC all EEG indices of LICI 
were highly reliable between sessions separated by one-week (Cronbach’s alpha ranging 
from 0.7 to 0.9). Furthermore, we replicated the correlation between EEG measures of LICI 
and EMG measures of LICI in an extended sample size of 36 subjects. Finally, for the first 
time we demonstrated a positive correlation between the EEG measures of LICI and the 
duration of cortical silent period, as indexed through the CSP paradigm. Previous 
pharmacological studies had linked the cortical silent period and MEP suppression by LICI 
to the activity of GABAB receptor mediated inhibitory neurotransmission. Collectively, these 
findings further confirm the validity and reliability of EEG measures of LICI as indices of 
GABAergic inhibitory mechanism, and also provide evidence for the cortical origin of MEP 
modulation and the silent period in the LICI and CSP paradigms, respectively. In the next 
section, we will discuss how some of these measures can be used to enhance the diagnostic 
and therapeutic efficacy of TMS.  

7. TMS-EEG-EMG in diagnosis and treatment of neuropsychiatric disorders 
Since the introduction of TMS in 1985, deficits of TMS induced MEPs have been reported in 
a number of neurological and psychiatric conditions. Among movement disorders, 
reduction of SICI (Hanajima et al., 1996; Pierantozzi et al., 2001; Ridding et al., 1995; Strafella 
et al., 2000), prolongation of silent period, and increases in LICI has been reported in the 
motor cortex of patients with Parkinson’s disease (Berardelli et al., 2008; Berardelli et al., 
1996). In another study, impairment of both SICI and ICF was observed in early Parkinson’s 
disease patients not treated with dopamine agonists (Bares et al., 2003). Among 
neuropsychiatric disorders, reduction of CSP, IHI and SICI was reported in unmedicated 
patients with schizophrenia, while these measures of cortical inhibition were not 
significantly impaired in medicated patients with schizophrenia (Daskalakis et al., 2002a). 
Similarly, the reduction of SICI, IHI and CSP was also demonstrated in the motor cortex of 
patients with bipolar disorder (Levinson et al., 2007).  Application of TMS-EMG in cognitive 
disorders has shown that patients with Alzheimer’s disease have reduced SAI measures (Di 
Lazzaro et al., 2002b), and it was reported that an oral dose of rivastigmine enhanced SAI in 
a subgroup of patients (Di Lazzaro et al., 2002b). Reduction of SAI has also been reported in 
early Alzheimer’s disease (Nardone et al., 2008). While these TMS-EMG indices have moved 
us a step closer to the underlying source of some of these disorders, the exact mechanisms 
underlying the generation of MEPs and thus the sources of such impairments have 
remained a matter of debate. Furthermore, the pathophysiology of neuropsychiatric 
illnesses such as schizophrenia, bipolar disorder and Alzheimer’s disease is more closely 
associated with impairment of non-motor regions of the cortex which are not easily 
accessible through the conventional TMS-EMG indices of cortical processes.  
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The combination of TMS-EMG with concurrent EEG recordings permits the assessment of 
cortical origin of MEP impairments. For example, the cortico-muscular coherence and EEG 
spectral analysis, discussed in previous sections, can be used to understand the origin of MEP 
impairments in movement disorders and neurological diseases that have abnormalities of the 
corticospinal pathway and the cortical oscillatory activity of the  motor cortex such as in 
Parkinson’s disease and dystonia (Di Lazzaro et al., 2009; Levy et al.). Furthermore, the 
combination of TMS with EEG allows for examining cortical processes in neuropsychiatric 
disorders which are closely associated with impairments of cortical oscillatory activity in the 
non-motor regions of the cortex. For example, impairments in gamma oscillations have been 
reported during cognitive performance in the prefrontal cortex in patients with schizophrenia 
(Basar-Eroglu et al., 2007; Cho et al., 2006). In this regard, we have recently replicated previous 
studies, such as those by Basar-Eroglu et al. by demonstrating that patients with schizophrenia 
exhibit excessive power of gamma oscillations during working memory performance (Barr et 
al., 2010). Given these frontal gamma deficits, we conducted a TMS-EEG-EMG experiment to 
examine the integrity of LICI induced modulation of gamma oscillations in the DLPFC of 
patients with schizophrenia compared to healthy subject in whom, as described previously, 
LICI resulted in a significant inhibition of gamma oscillations following paired pulse 
stimulation of DLPFC(Farzan et al., 2009). Utilizing these EEG measures of LICI, which were 
shown to have high test-retest reliability (Farzan et al., 2010b), we have in fact  demonstrated 
that inhibition of gamma oscillations was selectively impaired in the DLPFC of patients with 
schizophrenia compared to both healthy subjects and patients with bipolar disorder (Farzan et 
al., 2010a). Interestingly, we observed no deficits in the EEG or EMG measures of LICI in the 
motor cortex or in modulation of any other frequency bands in the DLPFC. Patients with 
bipolar disorder were similar to patients with schizophrenia in relation to severity of 
symptoms, illness duration, and history of psychosis, and about half of them were on 
antipsychotic medications. In addition, the extent of gamma inhibition did not correlate with 
the medication dosage, suggesting that the specificity of gamma inhibition deficits to 
schizophrenia and the DLPFC is less likely to be part of a generalized deficit that is simply 
related to psychotropic medications and it may represent a candidate endophenotype for 
schizophrenia. Combining these finding with evidence of impaired gamma modulation during 
cognitive performance in patients with schizophrenia, it may be hypothesized that the 
impairments of LICI induced modulation of gamma oscillations in the DLPFC may, at least 
partly, underlie the excessive power of gamma oscillations that has been reported during 
working memory performance and perhaps the frontal cognitive deficits in this illness.  
In line with these findings, cognitive impairments and the deficits in learning and memory, 
a process thought to be related to cortical plasticity, constitute one of the core deficits of 
schizophrenia (Gold & Harvey, 1993). Indeed, in a previous TMS-EMG study, TMS 
paradigm PAS was used to investigate the integrity of LTP-like plasticity in the motor cortex 
of patients with schizophrenia (Frantseva et al., 2008). In this study, the effect of PAS in 
patients with schizophrenia and healthy subjects was evaluated through evaluating the TMS 
induced MEP response to single pulse of TMS after PAS, and also through examining the 
effect of PAS on learning a subsequent motor task (rotary pursuit motor task). It was 
demonstrated that not only patients with schizophrenia had significantly less MEP 
facilitation in response to PAS, but there was also a correlation between the PAS induced 
potentiation of MEPs and performance on the motor learning task (Frantseva et al., 2008). 
That is, patients with schizophrenia who had less MEP potentiation following PAS 
compared to healthy subjects, also performed poorly on the subsequent motor task 
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The combination of TMS-EMG with concurrent EEG recordings permits the assessment of 
cortical origin of MEP impairments. For example, the cortico-muscular coherence and EEG 
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examine the integrity of LICI induced modulation of gamma oscillations in the DLPFC of 
patients with schizophrenia compared to healthy subject in whom, as described previously, 
LICI resulted in a significant inhibition of gamma oscillations following paired pulse 
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that inhibition of gamma oscillations was selectively impaired in the DLPFC of patients with 
schizophrenia compared to both healthy subjects and patients with bipolar disorder (Farzan et 
al., 2010a). Interestingly, we observed no deficits in the EEG or EMG measures of LICI in the 
motor cortex or in modulation of any other frequency bands in the DLPFC. Patients with 
bipolar disorder were similar to patients with schizophrenia in relation to severity of 
symptoms, illness duration, and history of psychosis, and about half of them were on 
antipsychotic medications. In addition, the extent of gamma inhibition did not correlate with 
the medication dosage, suggesting that the specificity of gamma inhibition deficits to 
schizophrenia and the DLPFC is less likely to be part of a generalized deficit that is simply 
related to psychotropic medications and it may represent a candidate endophenotype for 
schizophrenia. Combining these finding with evidence of impaired gamma modulation during 
cognitive performance in patients with schizophrenia, it may be hypothesized that the 
impairments of LICI induced modulation of gamma oscillations in the DLPFC may, at least 
partly, underlie the excessive power of gamma oscillations that has been reported during 
working memory performance and perhaps the frontal cognitive deficits in this illness.  
In line with these findings, cognitive impairments and the deficits in learning and memory, 
a process thought to be related to cortical plasticity, constitute one of the core deficits of 
schizophrenia (Gold & Harvey, 1993). Indeed, in a previous TMS-EMG study, TMS 
paradigm PAS was used to investigate the integrity of LTP-like plasticity in the motor cortex 
of patients with schizophrenia (Frantseva et al., 2008). In this study, the effect of PAS in 
patients with schizophrenia and healthy subjects was evaluated through evaluating the TMS 
induced MEP response to single pulse of TMS after PAS, and also through examining the 
effect of PAS on learning a subsequent motor task (rotary pursuit motor task). It was 
demonstrated that not only patients with schizophrenia had significantly less MEP 
facilitation in response to PAS, but there was also a correlation between the PAS induced 
potentiation of MEPs and performance on the motor learning task (Frantseva et al., 2008). 
That is, patients with schizophrenia who had less MEP potentiation following PAS 
compared to healthy subjects, also performed poorly on the subsequent motor task 
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compared to healthy subjects. Consistent with these finding, both medicated and 
unmedicated patients with schizophrenia demonstrated a reduced plastic response to 15 
min of 1 Hz rTMS applied to the motor cortex compared to healthy subjects (Fitzgerald et 
al., 2004). It was also shown that the duration of CSP at baseline correlated positively with 
the rTMS response. That is, patients who had less plastic response to rTMS also had a 
shorter CSP duration at baseline. The results of these studies would be significantly 
complemented by examining LTP like plasticity in the DLPFC of patients with 
schizophrenia through PAS or rTMS combined with EEG. In fact, such experiments are 
currently underway. Preliminary results of a recent experiment has so far shown that 
following application of PAS in the DLPFC, patients with schizophrenia demonstrate a 
deficit in potentiation of cortical evoked potentials recorded from the DLPFC compared to 
the healthy subjects (Rajji TK et al., 2011).  
Furthermore, similar to PAS and LICI, EEG measures of SAI can be used to assess the cortical 
origin and the cortical oscillatory activity underlying the SAI deficits in Alzheimer’s disease. 
The combination of TMS-EMG with EEG would further permit assessing the effect of afferent 
sensory stimuli on the prefrontal cortex, which is perhaps more closely associated with the 
impairment of cognitive disorders. Similar to PAS, this can be conducted through combination 
of peripheral nerve and single pulse TMS applied to the DLPFC, as opposed to the motor 
cortex, and examining the amplitude and frequency components of the cortical evoked activity 
in the DLPFC as well as the spread of the signal to the interconnected cortical regions.  
Finally, the neurophysiological measures obtained through TMS-EEG-EMG studies would 
significantly enhance our understanding of the mechanism through which repetitive TMS 
exerts its effect, and would further enable us to optimally select stimulation parameters that 
would benefit individual patients based on their underlying impairment. To this day, the 
outcomes of repetitive TMS therapy have been inconsistent across studies. There are several 
reasons for this variability. First, certain stimulation patterns such as intensity, frequency, and 
number of stimuli delivered can significantly influence the outcome measures. Second, 
emerging lines of evidence suggest that rTMS effects are highly state dependent (Silvanto et 
al., 2008a; Silvanto et al., 2008b). That is the level of underlying cortical activity prior to rTMS 
treatment may influence the rTMS effect and could even be used to predict whether rTMS 
would suppress or facilitate cortical excitability. However, the classical rTMS treatments, not 
equipped with any concurrent EEG recordings, have not evaluated or controlled such baseline 
activities, which explains some of the variability observed in the rTMS studies.  
Therefore, online EEG recording during rTMS therapy can improve the efficacy of TMS 
therapy in several ways. First, proof of concept studies similar to some of the rTMS-EEG 
experiments described before (Barr et al., 2010; Esser et al., 2006; Saglam et al., 2008; Van Der 
Werf et al., 2006) should be expanded to more systematically examine the effect of various 
stimulation parameters (e.g. intensity and frequency) on the cortical evoked potentials that 
seem to be a better predictor of subtle changes that take place in the cortex, as compared to 
the conventional MEP responses (Farzan et al., 2010b; Ferreri et al., 2010; Huber et al., 2008; 
Van Der Werf & Paus, 2006). Second, the results of these studies can then be utilized to 
custom design rTMS treatment sessions though carefully selecting parameters that would 
induce a specific response in the cortex (e.g. increased or reduced cortical excitability) 
similar to the tACS frequency adjustments in a recent study by Schutter and Hortensius 
(Schutter & Hortensius, 2011). Finally, a major advancement in EEG and TMS technology 
would hopefully give rise to the design of reliable EEG triggered TMS machines in which 
continuous online monitoring of underlying cortical potential would trigger the rTMS 
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stimulation whenever the cortical activity reaches a state which would be more prone to be 
affected by the therapeutic efficacy of a specific rTMS therapy (e.g. low vs. fast frequency) 
(Rotenberg, 2009). Finally, in an even more advanced design, an EEG-triggered TMS system 
would be capable of updating the rTMS parameters (e.g. changing the rTMS frequency) 
during the treatment and based on the online analysis of changes in the cortical activity. 
Such advances in cortical stimulation technology could revolutionize the TMS field and 
would be a major step toward making the cortical stimulation a standard treatment 
approach for several neuropsychiatric disorders. 

8. Conclusion  
Advances in cortical stimulation and cortical recording techniques over the past few 
decades have allowed researchers to more systematically and non-invasively investigate the 
neurophysiological processes from the intact cortex of awake humans. Among such 
advancements, the concurrent TMS and EMG recordings has been instrumental in 
identifying and probing cortical processes that underlie generation and modulation of 
motor evoked potentials. The ability to evaluate cortical processes such as inhibition, 
excitation and plasticity in healthy subjects has further led to the discovery of 
pathophysiological processes in various neuropsychiatric disorders.  In recent years, the 
introduction of TMS compatible EEG systems has brought about a significant advancement 
to the TMS field, enhancing both the diagnostic and therapeutic aspects of TMS. This is 
achieved through the superior temporal, spatial and spectral precision of TMS-EEG 
combination in identifying subtle changes of cortical activity before, during and post TMS 
delivery in both motor and non-motor regions of the cortex. In addition, the integration of 
EEG data with EMG recordings has provided further confirmation for the cortical origin of 
the classical TMS-EMG paradigms and has provided new information about the cortical 
oscillatory activity that underlies the generation and modulation of the peripheral effects. 
Although today there are only a few number of studies that have systematically investigated 
the reliability of EEG measures of TMS, the results are promising and suggest that TMS does 
have a potential for reliably identifying biological markers for several neuropsychiatric 
disorders. In regards to the future prospect of TMS-EEG-EMG research, it is expected that 
the integration of online EEG recording during rTMS therapy and advancements of EEG 
triggered cortical stimulation technology would significantly enhance the therapeutic 
outcomes of TMS and increase the certainty with which its therapeutic efficacy is predicated 
for each clinical condition. Such advancement would ultimately assist physicians in 
selecting patients who would benefit from rTMS therapy.  
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stimulation whenever the cortical activity reaches a state which would be more prone to be 
affected by the therapeutic efficacy of a specific rTMS therapy (e.g. low vs. fast frequency) 
(Rotenberg, 2009). Finally, in an even more advanced design, an EEG-triggered TMS system 
would be capable of updating the rTMS parameters (e.g. changing the rTMS frequency) 
during the treatment and based on the online analysis of changes in the cortical activity. 
Such advances in cortical stimulation technology could revolutionize the TMS field and 
would be a major step toward making the cortical stimulation a standard treatment 
approach for several neuropsychiatric disorders. 

8. Conclusion  
Advances in cortical stimulation and cortical recording techniques over the past few 
decades have allowed researchers to more systematically and non-invasively investigate the 
neurophysiological processes from the intact cortex of awake humans. Among such 
advancements, the concurrent TMS and EMG recordings has been instrumental in 
identifying and probing cortical processes that underlie generation and modulation of 
motor evoked potentials. The ability to evaluate cortical processes such as inhibition, 
excitation and plasticity in healthy subjects has further led to the discovery of 
pathophysiological processes in various neuropsychiatric disorders.  In recent years, the 
introduction of TMS compatible EEG systems has brought about a significant advancement 
to the TMS field, enhancing both the diagnostic and therapeutic aspects of TMS. This is 
achieved through the superior temporal, spatial and spectral precision of TMS-EEG 
combination in identifying subtle changes of cortical activity before, during and post TMS 
delivery in both motor and non-motor regions of the cortex. In addition, the integration of 
EEG data with EMG recordings has provided further confirmation for the cortical origin of 
the classical TMS-EMG paradigms and has provided new information about the cortical 
oscillatory activity that underlies the generation and modulation of the peripheral effects. 
Although today there are only a few number of studies that have systematically investigated 
the reliability of EEG measures of TMS, the results are promising and suggest that TMS does 
have a potential for reliably identifying biological markers for several neuropsychiatric 
disorders. In regards to the future prospect of TMS-EEG-EMG research, it is expected that 
the integration of online EEG recording during rTMS therapy and advancements of EEG 
triggered cortical stimulation technology would significantly enhance the therapeutic 
outcomes of TMS and increase the certainty with which its therapeutic efficacy is predicated 
for each clinical condition. Such advancement would ultimately assist physicians in 
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1. Introduction 

Sports injuries, traffic accident, childhood diseases and life-style related diseases may cause 
movement disorder, and especially in aged persons, physical deterioration may leads to 
high risk of degeneration of motor function and falling in movement problems. Nowadays, 
in the trend of population aging of many countries, a large proportion of movement 
disorder patients are difficult to recover completely in the recent medical condition. 
Therefore, muscle strength and motor function recovery have aroused general concern from 
the society, musculoskeletal analysis and rehabilitation activities have been greatly 
progressed in many countries (Yoon et al., 2010), (Vallery et al., 2007), (Peshkin et al., 2005). 
Furthermore, modern robots are on high speed developing, but multiple-units foot has 
seldom caught scientists’ attention, robot feet are generally treated as a single rigid part 
which makes gait seems clumsiness (Park et al., 2009), (Ishida et al., 2003). The human 
walking style is adequate for various situations compared with wheeled mobile robot, and 
understanding the muscle works of human limb is implemental for medical diagnosis. It is 
valuable to develop a multiple-units foot for flexible walking robots and rehabilitation 
training robots. With economical considerations, developing an easy-operating muscle 
diagnostic system of multiple-units foot is practical for clinical applications. 
Muscle force estimation is not easy because some muscles are locating at inner part of limbs 
and human foot is a complex musculoskeletal system. For direct measurement of muscle 
forces, electromyography (EMG) method has been frequently applied as a standard clinical 
tool in identifying activation level of muscles, but in the EMG method the muscle activity 
result is relative large or small with the unit of % rather than quantitative values with the 
unit of Newton (Lee et al., 2008), (Merlo et al., 2003). Moreover through surface EMG 
method only activities of surface muscles could be estimated, but through needle EMG 
method the invasiveness of needles may cause reluctance of patients (Kizuka et al., 2009). 
For indirect estimation method, the quantitative muscle forces of human foot could be 
calculated, but acquirements of motions of limbs, forces applied on limbs, and the 
construction of musculoskeletal model are essential (Hou et al., 2007).  
Up to the present there are various methods to measure human motion and ground reaction 
force (GRF) for limb dynamics analysis. But many of them are restricted to laboratory 
environment and sick to adapt to different situations. The commercial motion camera 
system, which is regarded as the most popular instrument and a standard tool in measuring 
movement of human limb, could be performed only in laboratory environment and 
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expensive for implements (Ferreira et al., 2009). The force plate, which is the widely used in 
measuring GRF with high accuracy in various fields, is limited in single stride measurement 
(Moustakidis et al., 2008). In this situation, wearable sensor systems based on miniature type 
force sensors, acceleration sensitive units and gyroscopes play more important role in the 
applicability for continuously walking and climbing stairs or slopes (Liu et al., 2009), 
(Boonstra et al., 2006). For construction of musculoskeletal dynamic model, the AnyBody 
Modeling System, which works in a minimum fatigue criterion way, could be introduced in 
various applications of variable situation. The geometric data of the model could be decided 
based on measurements of human anatomy model, and through inverse dynamics method 
quantitative results of muscle forces of human foot could be calculated. Furthermore, the 
EMG system could be introduced to validate the calculated muscle force results. 
In this chapter, muscle forces of human foot were estimated through inverse dynamics 
method in AnyBody Modeling System based on wearable sensors and EMG method. A 
wearable sensor system was developed to measure rotational angles, GRF and centres of 
pressure (COP) of human limbs. Moreover one group of measured GRF and COP data are 
transferred into two group of GRF on two loading points in the musculoskeletal model. In 
AnyBody Modeling System a model of multiple-units foot was established to calculate 
quantitative muscle forces by inverse dynamics analysis. The shank was also built in the 
model for attaching muscles between foot and shank, and for the angular acceleration of the 
shank has influence on these muscles in inverse dynamics method. To make the model suit 
to different individuals, the size factor was indicated based on the length of human foot. To 
validate our estimation results of muscle forces, a personal surface EMG system was 
adopted in the experiment and the muscle activation level of Anterior Tibialis (ANT TIB), 
Peroneus Longus (PL), Gastrocnemius (GAST) and Soleus (SOL) were directly measured. 
The raw EMG result measured by hard type sensor system was filtered and rectified into 
integral EMG results, and the integral EMG results were introduced in the validation with 
the muscle force results of AnyBody Modeling System.  

2. Methods 
2.1 Wearable sensor system for measuring angular motion, GRF and COP 
Angular motions of shank and thigh were measured by two wearable sensors with 
acceleration sensitive units and gyroscopes. And angular motions, GRF and COP of 
multiple-units foot were measured by a pair of developed instrument shoes with both force 
sensors and motion sensors. The measured data were expressed in a general coordinate 
system which was aligned with the orientation of the shoe, and located on the contacting 
plane between the shoe and the floor. As shown in Fig. 1, the Z-axis was made vertical, and 
the Y-axis was chosen to represent the anterior-posterior direction of the shoe on the 
interface plane contacting with the ground, while the X-axis was chosen such that the global 
coordinate system would be right-handed (Liu et al., 2008). Accurate location of the sensors 
is not necessary because the limb segments are regarded as rigid bodies in the study.  
In this way the dispersion force on the bottom of shoe was expressed by concentrated GRF 
and COP, and the measured electrical data of angular motion, GRF and COP of multiple-
units foot were transmit into a signal process box, which took the responsibility for wave 
filtering, data consolidation and transmission, as shown in Fig. 2. The signal process box 
also played a role of signal synchronization by sending a start pulse to the wearable sensor 
system combined on the leg, as all the sensors have the same sampling frequency. The  
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Fig. 1. Ordinate system of an instrument shoe with multiple sensors to obtain GRF, COP and 
angular motion of multiple-units foot. 
 

 
Fig. 2. The instrument shoes and two wearable sensors designed to obtain GRF, COP and 
angular motions of lower limbs during successive walking trial.  

motion of shank was measured because muscles joint points in shank have non-separable 
relationship with the muscles driving the foot, and the process of gait is relied on the co-
operation of these muscles. The angular motion of thigh was not involved in the calculation 
of muscle forces of the foot because there are no muscles connect from thigh to the foot 
directly, although the motion of thigh was measured in this experiment for the future 
research. In the wearable motion and GRF sensor system, all the sensors had the sampling 
frequency of 100 Hz, and the GRF, COP, multiple-units foot and shank rotations had the 
units of Newton (N), millimeter (mm) and degree (°) respectively. Totally four groups of 
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GRF, two group of COP and four groups of angular of multiple-units foot were measured 
by the instrument shoes, moreover one groups of angular of shank and one groups of 
angular of thigh were measured by the wearable sensors. 

2.2 AnyBody modeling system for establishing multiple-units foot model 
In human body muscles are activated by the central nervous system (CNS) base on a 
complicated electro-chemical process. Determining the activation that realizes a desired 
movement requires an extremely intricate control algorithm. The AnyBody Modeling 
System is not only a professional musculoskeletal modeling system, but also a kinematics 
and kinetics analysis system, in which inverse dynamics method is adapted to quantitatively 
estimate muscle forces. AnyBody imitates the workings of the CNS by computing 
backwards from the movement and load specified by the user to the necessary muscle forces 
in a process known as inverse dynamics. Maximum synergism would be the case where all 
muscles capable of a positive contribution to balancing the external load work together, in 
such a way that the maximum relative load of any muscle in the system is as small as 
possible. It means that the body would maximize its endurance and precisely, this criterion 
might decide survival of the fittest in an environment where organisms are competing with 
each other for limited resources. So in AnyBody a minimum fatigue criterion way is 
employed because fatigue is likely to happen first in the muscle working on the maximum 
relative load, and it makes physiological sense that the body might work that way. 
To implement dynamic analysis of human foot, a multiple-units foot and shank model was 
created in AnyBody Modeling System. As shown in Fig. 3, the coordinates of knee, ankle, 
and toe joints and muscle joint points were determined by measuring datum of the human 
lower limb (McMinn et al., 1982). The shank was also built in the model for attaching  
 

 
Fig. 3. Method for obtaining coordinates of multiple-units foot model in AnyBody System. 
(a) Human anatomy sscannogram for obtaining geometric data of human foot.  
(b) Musculoskeletal multiple-units foot model in AnyBody Modeling System. 
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muscles between foot and shank; furthermore the angular acceleration of the shank has 
influences on these muscles in the inverse dynamics method. To simulate the true situation 
of human walking, the GRF were implemented on three loading points locating on the 
bottom of foot model, and the loads applied on loading points contain both pressure and 
tangential forces as shown in Fig. 3 (b). The main working muscles involved in the model 
were ANT TIB, GAST, SOL, PL, Peroneus Brevis (PB), Posterior Tibialis (POST TIB), 
Extensor Digitorum Longus (EDL) and Flexor Digitorum Longus (FDL), that were built with 
the maximum strength of 5000 N. Totally seventeen muscle points were created to join 
muscles, four joints of hip, knee, ankle and toe were created to restrict the activity freedom 
degree, and three loading points were created to load the GRF and COP. The model worked 
as an integrated kinetics system after all the units were combined by joints and muscles. The 
foot model was established based on a rigid barefoot as the instrument shoes nearly have no 
elasticity, and to make the model suit for different individuals, the model size factor was 
indicated based on the length of human foot. 

2.3 Inverse dynamics method for calculating muscle forces 
The GRF, COP and angular motion data measured by the wearable sensor system were 
imported into the developed multiple-units foot and shank model in AnyBody Modeling 
System to calculate muscle forces of human foot through an inverse dynamic method. To 
simulate the true situation of human walking, one group of GRF and COP was transferred 
into two forces on different locations based on Eq. (1) and Eq. (2), in this way the measured 
two groups of GRF and COP data were transferred into three groups of force data applied 
on three loading points on the bottom plane of foot model. In single gait cycle, loads were 
transferred from posterior foot to the anterior foot continuously and the whole force process 
was simulated. This transformation can perfectly imitate the GRF variation and COP 
shifting because the multiple-units foot is regarded as a rigid body system, furthermore real 
human foot receives GRF mainly on similar three points too. The loads applied on loading 
points contain both pressure and tangential forces. The pressure force of GRF was expressed 
on the Z-direction, and the COPz (x0, y0, z0) on this dirction is defined by Eq. (1), and the 
tangential force of GRF was expressed on the Y-direction, and the COPy (x0, y0, z0) on this 
direction is defined by Eq. (2).  
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Fz － A force on Z-direction. 
Fy － A force on Z-direction. 
x  － X-axis coordinate values of the force. 
y  － Y-axis coordinate values of the force. 
As shown in Fig. 4, the angular motion data of shank, the posterior foot and the anterior foot 
were measured in general coordinate system as 

shank
 , 

heel
 , toe . Because all the parts in 

the model were regarded as rigid bodies, the relative angular motion ( shankΔ , Δ heel , toe ) 
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could be calculated by quantitative subtraction. Furthermore in AnyBody Modeling System, 
the shank, the posterior foot and the anterior foot were driven by shankΔ , Δ heel , toe  
respectively as shown in Eq. (3), (4), (5). After all the model units were combined by joints 
and driven by imported motion data, the AnyBody musculoskeletal model worked as an 
integrated kinetics system and quantitative muscle forces were calculated out through 
inverse dynamic process. 

 shank shank    (3) 

 heel heel shank      (4) 

 toe toe heel      (5) 

 

 
Fig. 4. Angular motion data of shank, the posterior foot and the anterior foot were measured 
in general coordinate system as 

shank
 , 

heel
 , toe . 

2.4 EMG method for validating muscle force results 
The main muscles of human shank and foot were illustrated in Fig. 5, the motions of human 
limb are motivated by complex teamwork of these muscles, but only several of these 
muscles were involved in the EMG experiment, that because only the muscles visible in skin 
surface and offering primary motive power in walking process are possible and worthy for 
directly analysing. As shown in Fig. 6, the personal-EMG system (P-EMG-0403A01) includes 
hard type sensor system, filter box and data process system, and based on this system the 
EMG method was adopted to directly measure muscle activation level of ANT TIB, PL, 
GAST and SOL. The raw EMG results were filtered and rectified by the filter box and the 
data process system into integral EMG results that could represent the muscle activation 
levels. Both the raw EMG and the integral EMG were real time recorded and displayed by 
the data process system, furthermore the integral EMG results were introduced in the 
validation with muscle force results calculated by AnyBody Modeling System. Furthermore, 
one hundred percent standard voluntary contractions (100%SVC) were defined as standard 
isolation of muscle activity in the respective muscle tests for the normalization of EMG 
signal (Perry et al., 1986). 
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Fig. 5. Illustration of main muscles of human shank and foot. 

 

 
Fig. 6. Personal-EMG system adopted to directly measure muscle activation levels in human 
lower limb. 
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musculoskeletal disease history were requireed to performed their normal gait in the 
experiment. The distance of the performance was four meters, duration time was ten 
seconds. As shown in Fig. 7, three-dimensional angular motion of thigh, shank, posterior 
part and anterior part of the multiple-units foot were measured with the unit of degree (°), 
and three-dimensional GRF and two-dimensional COP were measured by the instrument 
shoes with the unit of Newton (N) and millimeter (mm) respectively. Because all the limb 
parts were regarded as rigid segments, precise location of wearable sensors which attached 
on human limbs was unnecessary, so was the size adjustable of the instrumented shoes for 
the same reason. The sampling frequency of all sensors were regulated as 100 Hz, signal 
synchronization was realized by the signal process box which would send a pulse to 
wearable sensors attached on shank and thigh. To remove noise, low-pass filtering was 
performed on obtained signals with the cut-off frequency of 10 Hz. 
 

 
Fig. 7. Prototype of a volunteer wearing instrument shoes, wearable motion sensors and 
muscle sensors of personal-EMG in the experiment. 

To directly measure muscle activation levels of ANT TIB, PL, GAST and SOL, the personal-
EMG system and dry type muscle sensors were adopted in the experiment. The dry type 
muscle senors, which works on a myoelectricity difference principle, could sensing the 
muscle activation level while being pasted on the eneurosis zone of muscle surface. 
Furthermore the measured raw EMG results were real time filtered and rectified into 
integral EMG results by the personal-EMG application system, and both raw EMG results 
and integral EMG results were real time displayed for easy checking and adjusting. As 
shown in Fig. 8, we divided one gait cycle into four steps: contacting step, supporting step, 
leaving step and swing step. The contacting step starts from the heel contacting the ground 
and ends in the whole foot bottom plane stamping on the ground, the supporting step 
represents the process of gravity movement from posterior to anterior while one foot 
supporting the whole weight, the leaving step stands for the action from the heel leaving the 
ground to the whole foot leaving the ground, and the swing step means the foot swing 
forward process without contacting the floor. 

Wearable motion sensors 

Instrument shoes 

Dry type muscle sensors 
of personal-EMG system 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

382 

musculoskeletal disease history were requireed to performed their normal gait in the 
experiment. The distance of the performance was four meters, duration time was ten 
seconds. As shown in Fig. 7, three-dimensional angular motion of thigh, shank, posterior 
part and anterior part of the multiple-units foot were measured with the unit of degree (°), 
and three-dimensional GRF and two-dimensional COP were measured by the instrument 
shoes with the unit of Newton (N) and millimeter (mm) respectively. Because all the limb 
parts were regarded as rigid segments, precise location of wearable sensors which attached 
on human limbs was unnecessary, so was the size adjustable of the instrumented shoes for 
the same reason. The sampling frequency of all sensors were regulated as 100 Hz, signal 
synchronization was realized by the signal process box which would send a pulse to 
wearable sensors attached on shank and thigh. To remove noise, low-pass filtering was 
performed on obtained signals with the cut-off frequency of 10 Hz. 
 

 
Fig. 7. Prototype of a volunteer wearing instrument shoes, wearable motion sensors and 
muscle sensors of personal-EMG in the experiment. 

To directly measure muscle activation levels of ANT TIB, PL, GAST and SOL, the personal-
EMG system and dry type muscle sensors were adopted in the experiment. The dry type 
muscle senors, which works on a myoelectricity difference principle, could sensing the 
muscle activation level while being pasted on the eneurosis zone of muscle surface. 
Furthermore the measured raw EMG results were real time filtered and rectified into 
integral EMG results by the personal-EMG application system, and both raw EMG results 
and integral EMG results were real time displayed for easy checking and adjusting. As 
shown in Fig. 8, we divided one gait cycle into four steps: contacting step, supporting step, 
leaving step and swing step. The contacting step starts from the heel contacting the ground 
and ends in the whole foot bottom plane stamping on the ground, the supporting step 
represents the process of gravity movement from posterior to anterior while one foot 
supporting the whole weight, the leaving step stands for the action from the heel leaving the 
ground to the whole foot leaving the ground, and the swing step means the foot swing 
forward process without contacting the floor. 
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Fig. 8. One gait cycle was divided into contacting step, supporting step, leaving step and 
swing step.  
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Fig. 9. The GRF were transferred into three forces on three loading points to imitate GRF 
variation and COP shifting in gait cycle.  
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transformation data applied on three loading points were drawn as Fz-Front, Fz-Middle and 
Fz-Back. Futhermore in Y-axis, the entire tangential GRF data were transformed into Fy-
Front, Fy-Middle and Fy-Back with the same algorithm. In order to make the foot model 
suitable for diferent individual, the size factors of foot length were dopted. As shown in 
Table 1, the size fators of five volunteers were summarized. Finally, the muscle forces and 
joint moment, while ankle joint muscles collaborating with each other in normal walking, 
were calculated through the inverse dynamics method in AnyBody Modeling System. This 
experiment has been approved by the ethics committee of the Department of Intelligent 
Mechanical System Engineering, Kochi University of Technology. 
 

Subject Size factor of AnyBody foot model (mm) 

1 
2 
3 
4 
5

245 
240 
265 
260 
235

Table 1. List of size factors of the five subjects in the experiment. 

3.2 Experimental results 
The muscle force results through indirect AnyBody method and direct EMG method were 
summarized in this section. In AnyBody Modeling System the complex walking kinematic 
system requires high collaborations of all units, so the muscle forces of human foot were 
calculated based on a minimum fatigue criterion way. As shown in Fig. 10, the established 
AnyBody model, which can demonstrate the walking process and the muscle activation 
video, made the whole process easier to understand in a visualized way. The muscle activity 
level could be identified by the muscle bulge level, the value and direction of GRF could be 
discerned by the length and direction of the arrow in the AnyBody gait process video. The 
quantitative results of ANT TIB, POST TIB, GAST, SOL, EDL and FDL of five subjects in 
their normal gait were shown in Fig. 11, in Y-axis the quantitative muscle forces were 
expressed while in X-axis the time was represented. The muscles connecting shank and foot 
were classified in foot muscle analysis because these muscles would offer foot driven power, 
whereas the muscle from thigh to shank were excluded because those muscles could only 
drive the movement of shank in the gait dynamitic system. 
To validate the muscle forces calculated by the musculoskeletal multiple-units foot model, 
contradistinctive analysis was implemented between AnyBody results and EMG results. 
Only ANTTIB, PL, SOL and GAST were involved in the analysis becasue these four muscles 
are powerful muscles for driving the movements of human limbs in normal gait, futhermore 
these muscles are easy to find in skin surface for surface EMG measurement. As shown in 
Fig. 12,  the AnyBody results were drawn in blue while the EMG results were expressed in 
shadow, in comparison diagrams the X-axis represented percentage of gait cycle (%GC) 
while the left Y-axis indicated the muscle force with the unit of Newton, and the right Y-axis 
indicated the percentage of standard voluntary contraction (%SVC) of muscles. Futhermore 
for making the discussion clearly, the step division figure of gait cycle was expressed on the 
top of each diagram.  
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            (a) Screenshot in contacting step                        (b) Screenshot in supporting step 

 
 

   
               (c) Screenshot in leaving step                             (d) Screenhots in swing step 

 
 
 
 

Fig. 10. Screenshots of gait video in AnyBody Modeling System, four postures in one gait 
cycle were shown. 
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          (a) Muscle forces diagrams of ANT TIB                   (b) Muscle forces diagrams of PL 

 
               (c) Muscle forces diagrams of SOL                    (d) Muscle forces diagrams of GAST 

 
              (e) Muscle forces diagrams of EDL                     (f) Muscle forces diagrams of FDL 

 

Fig. 11. Muscle forces diagrams of ANT TIB, PL, SOL, GAST, FDL and EDL of five subjects 
obtained in AnyBody Modeling System. 
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Fig. 11. Muscle forces diagrams of ANT TIB, PL, SOL, GAST, FDL and EDL of five subjects 
obtained in AnyBody Modeling System. 
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                         (a) ANT TIB 1                                                         (b) PL 1 
 

                   

    
                            (c) SOL 1                                                           (d) GAST 1 
 

                   

    
                          (e) ANT TIB 2                                                        (f) PL 2 
 

Fig. 12. (Continued) 
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                             (g) SOL 2                                                          (h) GAST 2 

Fig. 12. Comparison diagrams of muscle activation of ANT TIB, PL, SOL and GAST in one 
gait cycle. The results of AnyBody Modeling System were drawn in blue while the results of 
EMG method were expressed in shadow. 

4. Discussions 
As muscle force results were estimated base on wearable sensor system and AnyBody 
Modeling system, EMG results had been used to do the comparison as in EMG method the 
muscle activity result is relatively large or small. As shown in Fig. 11, AnyBody results of 
five volunteers was exhibited, futhermore reality sense for walking process and similarty 
could be found among different indivaduals. And in Fig. 12, contradistinctive analysis was 
implemented between calculated results of AnyBody method and measured results of EMG 
method, obviously similar comparability could be found although the two results had many 
differences. 
As shown in Fig. 11 (a), (e), the muscle force of ANT TIB and EDL were relatively larger in 
the first contacting step because the muscles in fronter of shank need to grow up to balance 
the moment of ankle joint while the heel contacting the floor. And in the last swing step 
ANT TIB and EDL were larger because they offered forces to drive the limb swing till next 
gait cycle started. Whereas the values of ANT TIB and EDL were keeping nearly zero in the 
other steps of gait cycle. As shown in Fig. 12 (a), (e), the value of ANT TIB was relatively 
high in both AnyBody results and EMG results in the beginning and ending period of one 
gait cycle, but in the middle steps the AnyBody results were keeping nearly zero while the 
EMG results were only keeping relatively smaller values. 
As shown in Fig. 11 (c), (d), the tensile forces of SOL and GAST increased obviously in the 
supporting step when the GRF were transfered from posterior foot to anterior foot, 
moreover the peak value of GAST occurred in this step too. And in the leaving ground step, 
the SOL continued to increase for pushing human body moving forward and upward till the 
whole foot separated from the ground and start to swing, moreover the peak value of SOL 
occurred in this step. The peak Achilles tendon forces occured in the leaving step of our 
results that ranging from 1.07 kN to 1.66 kN, which were in good agreement with the 
reported peak Achilles tendon forces of 1430±500 N (Finni et al., 1998). The SOL and GAST 
were keeping small vaules in the contacting step because the center of gravity were behind 
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the ankle joint. As shown in Fig. 12 (c), (d), (g), (h), the AnyBody results and EMG results 
were not in high agreement but the variation tendencies were similar. 
As shown in Fig. 11 (b), (f), FDL and PL had similar rising period and descending period, 
and peak values of PL and FDL both occurred in the leaving step, that because the two 
muscles are both located in the posterior of shank and play a similar role of pushing human 
body moving forward and upward in the normal human gait. As shown in Fig. 12 (b), (f), in 
contacting, supporting and swing steps the EMG results of PL showed relatively higher 
values while the AnyBody results were keeping nearly zero, but in the whole gait cycle 
obvious comparability could be found between the two results. 

5. Conclusions 
Muscle forces of human foot were estimated through the inverse dynamics method in 
AnyBody Modeling System based on wearable sensors and EMG method. The angular 
motions, GRF and COP of human limb segments could be measured by the developed 
wearable motion and force sensors with acceleration sensitive units and gyroscopes in 
various situations. AnyBody Modeling System that professional concerns on 
musculoskeletal kinematics and kinetics analysis could imported the sensor measured data 
into a bionic dynamic model. And through invise dynamic method the quantitative muscle 
forces of human foot could be estimated in AnyBody system. The EMG method was 
adopted to directly measure muscle activition levels for validation, and the muscle 
activation results of EMG method have certain comparability with the muscle force results 
of AnyBody model, futhermore the tendency curves of these muscle forces have reality 
sense for walking process analysis. This reserch method for human foot appears to be a 
practical means to determine muscle forces in musculoskeletal analysis and in on-the-spot 
medical applications. In the future, the muscle force can be made into vector quantity 
instead of scalar quantity by 3D technology in AnyBody Modeling System as the angular 
motion and GRF sensors own the capability of 3D measurement. 
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1. Introduction 
Human faces stand among the most unique stimuli in social and emotional communication. 
By looking at faces we can access a broad range of significant information about the other, 
such as personal identity, emotional state (facial expression), sex, age, race, attractiveness, 
attitudes (whether they are friendly or hostile), intentions, and thoughts (Dekowska et al., 
2008; Adolphs, 2009). Because of its relevance in everyday interactions, the face has been the 
target of much study throughout the past decades. Most studies on the psychology of face 
perception and recognition have focused on emotional facial expressions, following the 
pioneering work of Tomkins (1962), Izard (1971, 1977, 1994), and Ekman (1984, 1992) (see 
Russell, 1994; Dimberg, 1997; Whalen et al., 1998; Öhman et al., 2001; Adolphs, 2002; Eimer & 
Holmes, 2007; Vuilleumier & Pourtois, 2007; Li et al., 2010), based on the evolutionary 
perspective outlined by Darwin in his book The expression of emotions in man and animals (1872).  
More recently, a large body of research has been devoted to delineate the brain mechanisms 
involved in face perception and identity recognition (see Adolphs, 2002; Faihall & Isahi, 
2006; Dekowska et al., 2008; Li et al., 2010). In this context, studies using central 
electrophysiological techniques, such as  electroencephalography (EEG), event-related 
potentials (ERPs), or magnetoencephalography (MEG), and metabolic techniques, such as 
positron emission tomography (PET) or functional magnetic resonance imaging (fMRI), 
have proven particularly useful in describing the chain of events taking place in the 
processing of facial information and the neural circuitry responsible for face recognition, 
respectively. Thus, several event-related components such as P1, N170, N250r, P300, and 
N400, have been used to determine the temporal sequence that goes from 
pictorial/structural encoding to retrieval of biographical/emotional information (Bentin et 
al., 1996; Bruce & Young, 1986; Eimer, 2000a; Herrmann et al., 2005; Schweinberger, 2011). 
Imaging techniques, on their part, have helped identify the specific brain areas involved in 
face perception and recognition, including recognition of emotional expression and personal 
identity (Adolphs, 2002; Gobbini & Haxby, 2007; Zeki, 2007, Haxby & Gobbini, 2011). These 
brain areas constitute a distributed network with a core system responsible for the analysis 
of visual appearance (posterior superior temporal sulcus, inferior occipital and fusiform 
gyri), and an extended system that underlies the retrieval of person knowledge (medial 
prefrontal cortex, temporo-parietal junction, anterior temporal cortex, precuneus, and 
posterior cingulate), action understanding (inferior temporal and frontal operculum, and 
intraparietal sulcus), and emotion (amygdala, insula, and striatum/reward system). 
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In the context of this broad literature, a subset of studies has looked into the emotional 
processing associated with recognition of familiar loved faces (i.e., relatives, friends, own 
children, or romantic partner) by using electrophysiological or fMRI indices of brain activity 
(Aron et al., 2005; Baçar et al., 2008; Bartels & Zeki, 2000, 2004; Bobes et al., 2007; Fisher et al., 
2005; Grasso et al., 2009; Grasso & Simons, 2011; Herzmann et al., 2004; Langeslag et al., 
2007; Xu et al., 2011). A major shortcoming in this literature, besides the need to integrate it 
with research on the neural mechanisms of social and cultural cognition (Tomasello et al., 
2005; Amodio & Frith, 2006; Herrmann et al., 2007), is the lack of evidence regarding the 
elicitation of a genuine positive emotional response to loved familiar faces. This is in part 
due to the presence of two significant confounding factors in most experimental studies: 
emotional arousal and familiarity. 
Emotional arousal refers to the intensity of an emotion, regardless of its affective valence 
(positive or negative). Arousal-related ERP modulation is a robust phenomenon that 
primarily affects long-latency components (Oloffson et al., 2008). Those studies focusing on 
the modulation of brain responses (ERPs) associated with processing of loved familiar faces 
have consistently found enhanced P300 and Late Positive Potential (LPP) amplitudes when 
comparing loved familiar faces to control familiar (newly-learned) and neutral faces. 
However, similar amplitude increases have been reported in response to highly unpleasant 
stimuli such as mutilated faces or attacking animals, thus casting doubt on whether the 
larger late positivity evoked by loved faces reflects activation of positive emotional 
mechanisms or plain emotional arousal (Palomba et al., 1997; Cuthbert et al., 2000; Schupp et 
al., 2000, 2004; Sabatinelli et al., 2007; Bradley, 2009). 
On its part, familiarity has been defined as a form of explicit or declarative memory 
(Gobbini & Haxby, 2007; Voss & Paller, 2006, 2007) that is affected by factors such as length 
of time spent with an individual, number of previous encounters, duration of the 
relationship, or information accumulated about that individual. Attempts to control for 
familiarity effects include viewing faces of acquaintances, famous people, or newly learned 
faces. However, familiarity of loved faces will always exceed that of control faces because of 
the amount of time spent with them (Grasso et al., 2009). Studies on ERP modulation 
associated with familiarity have consistently found increases in late positivities at posterior 
locations (Eimer, 2000a, b; Voss and Paller, 2006; Yovel and Paller, 2004). Interestingly, these 
same effects have been reported in studies of loved familiar faces (Bobes et al., 2007; Grasso 
et al., 2009; Herzmann et al., 2004; Langeslag et al., 2007).    
Here we propose that studies on the processing of loved familiar faces would benefit from 
the use of those tools developed in the context of emotional processing research, with 
special emphasis on the potential contribution of electromyographic recordings.  
The picture-viewing paradigm used by Lang and colleagues (Bradley & Lang, 2007; 
Codispoti, Bradley, & Lang, 2001; Lang, 1995; Lang & Davis, 2006; Lang, Davis, & Öhman, 
2000) allows us to disentangle those effects attributable to picture valence (either positive or 
negative) from those elicited by emotional arousal (intensity of emotion, regardless of its 
affective valence). In this paradigm, a broad set of central and peripheral measures are 
simultaneously recorded while participants view pleasant, neutral, and unpleasant pictures 
taken from the International Affective Picture System (IAPS; Lang, Bradley, & Cuthbert, 
2008), an instrument that provides normative ratings of valence, arousal, and dominance for 
each picture. Research conducted within this framework has consistently shown that highly 
pleasant pictures are associated with (a) a pattern of accelerative changes in the heart rate, 
(b) reduced eye-blink startle responses, (c) increases in zygomatic muscle activity, and (d) 
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decreases in corrugator supercilii muscle activity. The inverse pattern is observed with 
highly arousing unpleasant pictures. Moreover, highly arousing pleasant and unpleasant 
pictures, when compared to neutral ones, provoke (a) increases in skin conductance, and (b) 
larger amplitudes for both P3 and LPP components obtained at central-parietal locations 
(Bradley et al., 2001; Lang & Bradley, 2010). Therefore, two different sets of measures can be 
identified: one that consistently responds to affective valence, and a second one that is most 
sensitive to variations in emotional arousal.  
Both eye-blink startle and facial EMG have been extensively investigated in the context of 
emotional processing (see Bradley & Lang, 2007, for a review), and their ability to 
differentiate affective states has been repeatedly established. The startle reflex consists of a 
chain of extensor-flexor movements that spread throughout the body (Landis & Hunt, 1939) 
in response to intense and abrupt stimulation (i.e., an intense white noise). Rapid closing of 
the eyes constitutes one of the most stable components of this reflex in humans and it can be 
easily measured by placing electrodes over the orbicularis muscle under the eye. In studies 
of emotional modulation of the startle reflex using the picture-viewing paradigm, startle 
eye-blink is consistently potentiated when viewing highly arousing unpleasant pictures, and 
inhibited when facing highly arousing pleasant pictures, compared to neutral ones (Bradley 
& Lang, 2007).  This valence-mediated effect has been interpreted in terms of the motivational 
priming hypothesis (Lang et al., 1997). According to this model, perceptual stimuli that engage 
the aversive motivational system potentiate the reflex, whereas those stimuli that engage the 
appetitive motivational system provoke startle inhibition. The same linear relationship 
between startle amplitude and affective valence is observed in a large variety of perceptual 
settings: using pictures (Bradley et al., 2001), films (Jansen & Fridja, 1994), sounds (Bradley 
& Lang, 2000), and odors (Miltner, 1994). 
Facial EMG also provides reliable indices of affective engagement. Special attention has 
been given to the activation of the corrugator supercilii and zygomatic major muscles in 
different induction contexts, such as perception, anticipation, and imagery (Bradley & Lang, 
2007). The corrugator supercilii muscles are located above and between the eyes and are 
responsible for drawing down the eyebrows. The zygomatic major muscles originate in the 
cheeks bones and exert their action by lifting the corner of the mouth obliquely and 
upwards. Activity in these two sets of muscles is associated with frowning and smiling, 
respectively.  
Since the pioneering work of Schwartz and colleagues (Brown & Schwartz, 1980; Schwartz 
et al., 1976a, b) and until recently, corrugator supercilii and zygomatic major EMG have 
been often used to study emotional processing. Processing of unpleasant material elicits 
larger corrugator activity than neutral or pleasant stimuli (Bradley et al., 2001; Cacioppo et 
al., 1986; Lang et al., 1993; Larsen et al., 2003). Lang and colleagues (1993) found a linear 
relationship between activity of the corrugator muscle and the hedonic valence of the 
pictures, with unpleasant slides eliciting the largest contraction, and pleasant pictures 
causing inhibition of the corrugator muscles. This same linear gradation was obtained by 
Larsen, Norris, and Cacioppo (2003) in a study that measured facial EMG in response to 
three different kinds of stimuli: pictures, sounds, and words. When looking at corrugator 
activity as a function of emotional picture contents (Bradley et al., 2001), slides depicting 
mutilations and contamination-related scenes elicit the largest activity in this muscle 
compared to other unpleasant material.  
The relationship between zygomatic activity and affective valence is somewhat more 
complex. Lang and colleagues (1993) obtained a quadratic relationship between emotional 
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valence and zygomatic activity, with highly pleasant pictures eliciting the largest responses, 
when compared to either neutral or unpleasant material. However, significant zygomatic 
activation was also found for unpleasant pictures, compared to neutral stimuli. Larsen and 
colleagues (2003) confirmed this finding for emotional pictures and sounds, but not for 
affective words. Because the zygomatic major is involved in smiling and smiling has an 
unquestionable communicative function in humans, it has been argued that its activity is 
malleable according to rules of social display. Ekman, Davidson, and Friesen (1990), 
however, noted that a true smile (the so-called Duchenne smile) is accompanied by 
simultaneous activation of the zygomatic and orbicularis muscles, while social smiles 
devoid of positive emotion involve only zygomatic activity. 
In this chapter, we summarize the results of three studies aimed at unraveling the mechanisms 
underlying the processing of loved familiar faces, while distinguishing the relative effects of 
affective valence, undifferentiated emotional arousal, and familiarity, with special emphasis on 
zygomatic and orbicularis activity. All three studies combine the following elements: (a) an 
experimental paradigm that allows differentiation of valence versus arousal effects, (b) 
simultaneous recording of a broad set of psychophysiological measures, and (c) different sets 
of stimuli that differ in valence, arousal, and familiarity ratings.  

2. Methodology 
2.1 Experiment 1 
Experiment 1 was aimed at investigating the neurophysiological mechanisms associated 
with the affective processing of loved familiar faces by combining peripheral and central 
electrophysiological measures while separating the relative contributions of valence (i.e., 
positive vs. negative affect), arousal (i.e., more vs. less activation), and familiarity (i.e., 
known vs. unknown faces). Event-related potentials, skin conductance, heart rate, and 
electromyography of the zygomatic major muscle were obtained along with subjective ratings 
of valence, arousal, and dominance for each picture. Because of the scope of the present 
chapter, we will focus on the activity of the zygomatic muscle.  

2.1.1 Participants 
Thirty female undergraduate students, ranging between 20 and 27 years of age, took part in 
the study. Subjects were required to have a current romantic relationship (between 6 months 
and 6 years in duration) and to live in close proximity to five loved ones, including the 
partner, so as to be able to take their photographs. None of the participants reported current 
physical or psychological problems and none were under pharmacological treatment. All 
were right-handed and had normal or corrected to normal vision. All subjects signed 
informed consent forms and received course credit for their participation. 

2.1.2 Materials and design 
Participants viewed faces belonging to one of five categories in two separate blocks that 
differed in picture presentation rate and were administered in counterbalanced order. The 
slow block, whose results are presented here, consisted of an initial 5-min baseline period, 
followed by 50 trials with the following structure per trial: 4-sec baseline, 4-sec picture 
presentation, and 4-sec post-picture period. Inter-trial intervals (ITI) varied randomly 
between 8 and 12 seconds. The study included 5 photographs of faces in each of 5 
categories: loved ones, neutral, unknown, famous, and baby faces. In addition to the 
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partner, faces of loved ones could include parents, siblings, second-degree relatives, and 
friends. Neutral faces were selected from Ekman and Friesen's (1978) "Facial Action Coding 
System". Unknown faces were selected among the photographs of loved ones provided by 
some other participant, after ensuring that those pictures did not depict anyone known to 
that participant. Famous faces were selected by each participant prior to the experimental 
session, from a set of 9 photographs portraying people that frequented Spanish media. 
Participants were asked to identify famous people as such, and were expected not to feel 
strong attraction or rejection towards them. Finally, faces of babies were selected from the 
IAPS (Lang et al., 2008) among those with valence scores over 7 (rating scale ranging from 1 
to 9) according to Spanish norms (Moltó et al., 1999; Vila et al., 2001). Pictures of loved ones 
were provided by each participant a few days before the experiment and after they had 
followed full detailed instructions on how to take the photographs (i.e., loved ones had to 
look straight at the camera with neutral expression in front of a light background). All 
pictures were edited using Corel-Draw Photopaint software (version 7). Photographs were 
matched in size, color, and background. All were cropped down to 650 x 650 pixels, 
transformed into gray scale (8 bits), and surrounded by a black background.  
Each picture was presented twice following a double Latin Square design. The first Latin 
Square included a 5x5 matrix, where each row and each column contained only one picture 
belonging to the same category. The second Latin Square was an inverted mirror of the first 
one. Participants, in groups of 5, were randomly assigned to 5 different sequences (each of 
those starting with a different picture category) to ensure that all categories were equally 
distributed within the complete sample. In addition, 15 participants had the slow 
presentation block followed by the fast presentation block, while the other 15 participants 
had the inverse order.  
Subjects were instructed to simply look at the pictures for the entire time they were on the 
screen, while trying to withhold from blinking or, if necessary, blinking during the ITI. After 
the second block, participants evaluated the valence, arousal, and dominance of each single 
picture according to the Self-Assessment Manikin (Bradley & Lang, 1994). 

2.1.3 Apparatus 
A Coulbourn polygraph, model V-Link, was used for the recording of zygomatic activity. 
Stimulus control and peripheral physiological data acquisition were accomplished using an 
IBM-compatible computer running VPM data acquisition and reduction software (Cook III, 
1997). E-Prime software (Psychological Tools, Pittsburgh) controlled the actual presentation 
of the pictures using a second Pentium 4 computer connected to the master computer 
through the serial port. Finally, a digital camera, model Kodak Easy Share DX6490, was 
used to obtain the photographs of loved ones. 

2.1.4 Zygomatic EMG recording 
Zygomatic EMG activity was recorded using miniature In Vivo Metrics silver/silver 
chloride electrodes. The raw EMG was amplified by 5000 and band-pass filtered (90-1000 
Hz) by means of a Coulbourn V75-04 bioamplifier. The signal was subsequently rectified 
and integrated using a Coulbourn V75-23A integrator. Time constant for zygomatic activity 
was 500 ms. The integrated EMG was sampled at 100 Hz and averaged every one half-
second for the length of the trial. Each value was expressed in terms of differential scores 
with respect to the averaged EMG activity during the 4 sec preceding stimulus onset.  
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2.1.5 Statistical analysis 
Zygomatic EMG data were averaged across trials within the same face category and order of 
block presentation, and analyzed by means of repeated measures ANOVA, using a 5 x 16 
design, with the first factor being Face Category (Loved, Neutral, Unknown, Famous, and 
Babies faces), and the second factor being Time, expressed in 16 one half-second bins 
following stimulus onset. The Greenhouse-Geisser epsilon correction was applied to correct 
for sphericity. Analysis of significant interactions was performed identifying the levels of 
the interacting factors explaining the significant effects, followed by post-hoc pairwise 
comparisons using Bonferroni test.  

2.1.6 Results 
Figure 1 shows changes in zygomatic activity during face presentation when the slow block 
was presented in first and second place, respectively. Regardless of task order, only loved 
familiar faces evoked a clear response, starting right after stimulus onset and continuing 
until the end of the 8-sec recording period. Although less pronounced, a response can also 
be observed for baby faces. The ANOVA revealed significant effects of Face Category 
(F(4,116)=9.74, p<0.002, ηp2=0.251), Time (F(15, 435)=3.56, p<0.04 , ηp2=0.109), and Face 
Category x Time (F(60, 1740)=3.59, p<0.007, ηp2=0.110). 
 

 
Fig. 1. Zygomatic activity across categories in the slow task as a function of task order. 

Analysis of the Face Category x Time interaction yielded significant Face Category effects 
for all Time points from second 1.5 to second 8 (all p-values < 0.02). Except for seconds 6 and 
6.5, loved familiar faces prompted a larger response than all other categories (all p-values < 
0.04). Significant differences were also found between babies and neutral faces in seconds 
2.5 and 3 (both p-values < 0.05). No differences were found between famous and unknown 
faces. 
Figure 2 displays  the average zygomatic response across the four subcategories of loved 
faces. Separate ANOVAs for each pair of subcategories yielded significant differences 
between partner and friend (F(1, 18)=4.015, p<0.05, ηp2=0.157), though only in the first trial. 
Differences between partner and parent (F(1, 21)=3.75, p<0.07, ηp2=0.160), and partner and 
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sibling (F(1,19)=3.346, p<0.08, ηp2=0.165), also during the first trial, were marginally 
significant. No other significant differences were found. 
 

 
Fig. 2. Zygomatic activity as a function of subcategory of loved familiar faces. 

2.2 Experiment 2 
In Experiment 1, familiarity of the faces was indirectly controlled by comparing loved faces 
with famous faces and, additionally, by examining the responses to loved faces differing in 
their familiarity (partner, parents, friends, and siblings) among themselves. The findings of 
the experiment above suggest that familiarity is not a major determinant of the substantial 
zygomatic activity differences obtained in that study. However,, two problems affect the 
familiarity issue in Experiment 1: on the one hand, the degree of familiarity of loved faces 
and famous faces is not comparable, since the former will always exceed any other category; 
on the other hand, the first experiment did not equate subcategories of loved faces in 
number or order of presentation. In fact, of the 30 participants, 15 included both parents 
among the 5 loved faces; 6 included only the father, and 8 did not include any parent. 
Similarly uneven numbers were associated with the rest of loved familiar faces (siblings, 
second-degree relatives, and friends) freely chosen by participants.  
In this second experiment, we examined psychophysiological responses in a design that 
controlled for familiarity differences among pictures and that included five different face 
categories: boyfriend, father, control-boyfriend, control-father, and baby faces. 

2.2.1 Participants 
Thirty-five female undergraduate students, ranging in age between 20-29 years, took part in 
this study. Inclusion criteria were the same as in Experiment 1. None of the participants 
reported current physical or psychological problems and none were under pharmacological 
treatment. All were right-handed and had normal or corrected-to-normal vision. All subjects 
signed informed consent forms and were given course credit for their participation. 
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2.2.2 Materials and design 
Subjects viewed faces belonging to one of five categories in a passive picture viewing 
paradigm: boyfriend, father, control-boyfriend, control-father and baby. A few days before 
the experimental session, participants provided photographs of their boyfriend and their 
father according to detailed instructions provided by the experimenters (i.e., neutral 
expression, face looking straight at the camera, and subject standing in front of a light 
background). Control-boyfriend and control-father pictures were selected among the 
boyfriend and father photographs provided by other participants, once the experimenter 
ensured that the pictures did not depict someone known to the participant. The baby picture 
was selected from the IAPS (Lang et al., 2008) and had a valence score over 7 (rating scale 
from 1 to 9) according to the Spanish norms (Moltó et al., 1999; Vila et al, 2001). Pictures 
provided by participants were taken using a Nikon D-60 camera. All pictures were edited 
using Corel-Draw Photopaint software (version 7). All of them were matched in size, color, 
and background. All photographs had 650 x 650 pixels, were transformed to a gray scale (8 
bits), and inserted into a circle surrounded by a black background. Pictures were presented 
by using Presentation software (Neurobehavioral Systems, CA) on a 19-in flat monitor 
located approximately 0.6 m from the participant. 
Each picture was presented 20 times following a quadruple Latin Square design. The first 
Latin Square consisted of a 5x5 matrix that included one picture category in each row and each 
column. The rest of the Latin Squares were inverted mirrors of the first one. Five different 
sequences of pictures were created, each one starting with a different category, so as to be 
equally distributed within the 35 participants. Participants, in groups of five, were randomly 
assigned to one of the five sequences. After a 5-min baseline period, 100 picture trials were 
presented with the following structure per trial: 4-sec baseline, 4-sec picture presentation, and 
4-sec additional recording period. The inter-trial interval varied randomly from 1 to 3 seconds 
(with an average of 2 sec). No recording was obtained during that period.  
Participants were instructed to simply look at the pictures for the entire time they were 
projected on the screen. 

2.2.3 Physiological measures 
Zygomatic major EMG activity was obtained using miniature In Vivo Metrics silver/silver 
chloride electrodes. EMG activity was sampled at 100 Hz. The raw EMG signals were 
amplified by 5000 and band-pass filtered (13-1000 Hz) with a Coulbourn V75-04 
bioamplifier. They were subsequently rectified and integrated using a Coulbourn V75-23A 
integrator. Time constant for zygomatic activity was 500 ms. Activity in the orbicularis 
muscle was recorded by placing two miniature In Vivo Metrics silver/silver chloride 
electrodes under the left eye. The raw EMG signal was amplified by 5000 and band-pass 
filtered (28-500 Hz) with a Coulburn V75-04 bioamplifier and a V75-48 High Performance 
Filter. Orbicularis EMG was subsequently integrated by a V75-23A integrator with a time-
constant of 20 ms. Integrated EMG was recorded with a sampling rate of 100 Hz and 
averaged every one half-second during the period of face presentation. Subsequently, each 
value was expressed in terms of differential scores with respect to the averaged EMG during 
the 4 sec preceding stimulus onset. 
Stimulus control and peripheral physiological data acquisition were accomplished using an 
IBM-compatible computer running VPM data acquisition and reduction software (Cook III, 
1997). 
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2.2.2 Materials and design 
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2.2.4 Data reduction and analysis 
Both zygomatic and orbicularis EMG data were averaged across trials within the same face 
category. Zygomatic activity was analyzed by repeated measures ANOVA using a 5x16 
design, with the first factor being Category (boyfriend, father, control-boyfriend, control-
father, and baby), and the second factor being Time (the 16 one half-second bins following 
picture onset). Post-hoc pairwise comparisons were performed using the same procedure 
than in the previous study. For correlation analysis between zygomatic and orbicularis 
EMG, the maximum amplitude values during the whole period of picture presentation were 
obtained across categories and the Pearson bivariate correlation calculated. 

2.2.5 Results 
Figure 3 shows changes in zygomatic activity for each of the 5 face categories. Only 
boyfriend and father pictures prompted visible responses starting right after stimulus onset. 
In addition, the face of the romantic partner elicited a larger response compared to the face 
of the father. 
 

 
Fig. 3. Zygomatic activity across categories in study 2. 

The ANOVA results yielded significant effects for Category (F(4,136) = 12.825, p < 0.0001, 
ηp2 = 0.274), Time (15,510) = 4.889, p < 0.017, ηp2 = 0.126), and Category x Time (F(60,2040) = 
7.307, p < 0.001, ηp2 = 0.177). Planned comparisons revealed the following results: (a) loved 
faces produced a significantly larger EMG response than control (p < 0.001) and baby (p < 
0.001) faces, and (b) the face of the boyfriend produced a significantly larger EMG response 
than the different of the father (p < 0.02). 
Significant positive correlations were found between the zygomatic and orbicularis muscle 
activity evoked by loved familiar faces, but not by unknown or baby faces (see Figure 4), 
thus suggesting that the Duchenne smile effect was present in these data. 
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Fig. 4. Correlation between zygomatic major and orbicularis oculii activity for boyfriend and 
father faces. 

2.3 Experiment 3 
Experiments 1 and 2 have shown that processing of loved familiar faces elicits a pattern of 
responses that are indicative of a positive emotional state. Further evidence supporting 
the view that loved familiar faces engage the appetitive motivational system would be 
available if the same loved familiar faces proved to be efficient inhibitors of some 
defensive response (e.g., the startle reflex). Consequently, this third experiment was 
conducted to explore whether faces perceived as highly positive (i.e., loved familiar faces) 
were able to inhibit the startle reflex when compared to either neutral (i.e., unknown) or 
unpleasant (i.e., mutilated) faces. Additionally, Experiment 3 was designed so as to 
replicate previous findings regarding central and peripheral physiological reactions to 
loved familiar faces 

2.3.1 Participants 
Forty-two undergraduate students (12 males) participated in this experiment. Inclusion 
criteria were the same as in Experiments 1 and 2. None of the participants reported current 
physical or psychological problems and none were under pharmacological treatment. All 
were right-handed and had normal or corrected-to-normal vision. All subjects signed 
informed consent forms and received course credit for their participation 

2.3.2 Materials and design 
Participants viewed faces in a passive picture viewing paradigm, which belonged to three 
face categories: loved familiar faces (partner, father, mother, and best-friend), neutral faces 
(control-boyfriend, control-father, control-mother, and control-best-friend), and unpleasant 
faces1: This latter category included pictures from the IAPS (Lang, Bradley, & Cuthbert, 
2008) that were present in the Spanish normative ratings (Moltó et al., 1999; Vila et al., 2001). 
The participants provided photographs of loved familiar persons a few days before the 
experiment and according to full detailed instructions on how to take the photographs (i.e., 
                                                 
1 International codes for unpleasant pictures were: 3000, 3051, 3060, and 3080) 
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pictures could not be taken by the participant him/herself, and people in the pictures 
should look straight at the camera with a neutral expression in front of a light background). 
Neutral pictures were selected among the loved familiar pictures provided by other 
participants after ensuring those pictures did not depict anyone known to that participant. 
Photographs of loved familiar persons were taken using a Nikon D-3000 camera. All 
pictures were edited using Corel Draw Photopaint (version 7). They were matched in size, 
color, and background. All photographs were cropped to 650 x 650 pixels, transformed to a 
gray scale (8 bits), and inserted into a circle surrounded by a black background. Pictures 
were presented using Presentation Software (Neurobehavioral Systems, CA) on a 19-in flat 
monitor located at approximately 60 cm from the participant. 
Participants were randomly assigned to 6 different picture-presentation sequences that were 
created following a set of eight 3x3 Latin Squares. In each of those 3x3 matrices, one out of 
the four pictures included in each category was discarded so that, in total, each picture was 
presented 6 times during the whole task. To control for order effects, each sequence started 
with a different category.   
The task started with a 5-min baseline period, followed by 72 trials with the following 
structure per trial: 4-sec baseline, 6-sec picture presentation, and 4-sec post-picture interval. 
Two-thirds of the pictures (48) were presented together with a startle probe (a burst of white 
noise at 105dBs, 50-ms duration and nearly instantaneous rise time) at 4, 4.5, 5, or 5.5 sec 
after picture onset. The same number of startle probes was assigned to each picture (n=4). In 
addition, 8 startle probes were delivered during the inter-trial interval in order to minimize 
noise predictability. The inter-trial interval varied randomly between 2 and 4 sec (with an 
average of 3 sec). Throughout the whole task a fixation point was presented in the centre of 
the screen to minimize eye movements. Participants were instructed to simply look at the 
pictures for the entire time they were on the screen. 

2.3.2 Physiological measures 
Zygomatic and orbicularis EMG activity were both measured using miniature silver 
chloride electrodes, and acquired using two Coulbourn V75-04 bioamplifiers. Band-pass 
filter settings for zygomatic and orbicularis raw signals were 13-1000 Hz, and 28-500 Hz, 
respectively. Both signals were amplified by 5000 and then rectified and integrated using a 
Coulbourn V76-24 integrator. Time constants for zygomatic and orbicularis muscles were 
500 and 20 ms, respectively. Both raw signals were acquired at a sampling rate of 100 Hz 
during baseline with an increase in sampling rate for orbicularis muscle activity to 1000 Hz 
from 500 ms before the onset of the startle probe up to 500 ms after probe onset. 

2.3.3 Data reduction and analysis 
Zygomatic EMG activity was determined by subtracting the activity in the 3 sec before 
picture onset from that occurring at each half-second after picture presentation. Amplitude 
of the startle reflex was defined as the difference in microvolts between the peak and the 
onset of the orbicularis muscle response in a time window between 20 and 120 ms after 
stimulus onset, computed following the algorithm described by Balaban et al. (1986). To 
control for between-subject variability, startle magnitudes for each subject were converted to 
t scores. 
Zygomatic activity was analyzed by repeated measures ANOVA using a 3x12 design with 
the first factor being Category (loved familiar faces, unknown faces, and unpleasant faces) 
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and the second factor being Time (the 12 half-second increments following stimulus onset). 
Startle reflex magnitude was analyzed using repeated measures ANOVA with Face 
Category as single factor. 
Finally, correlational analysis between zygomatic and orbicularis muscle activity was 
conducted as in the previous study, except that the maximum amplitude values were 
obtained during the first 4 seconds of picture presentation in order to avoid orbicularis EMG 
contamination by the startle probe. 

2.3.4 Results 
As can be observed in Figure 5, loved familiar faces prompted a clear zygomatic response, 
starting right after picture presentation and continuing until the end of the picture-
presentation interval. No activation of the zygomatic muscle was observed for all other 
picture categories.  
 

 
Fig. 5. Zygomatic activity response across face category. 

The ANOVA yielded significant effects for Face Category (F(2,82) = 16.629, p <0.001,  
ηp² = 0.289), Time (F(11,451) = 13.065, p <0.001, ηp² = 0.242), and Face Category x Time 
(F(22,902) = 15.594, p <0.001, ηp² = 0.276). 
Analysis of the Face Category x Time interaction revealed significant Face Category 
effects for all Time points from the second 1.5 to the end of the picture presentation. At all 
these Time points, loved familiar faces differed significantly from all others (all p-values 
<0.007). No significant effects were found between neutral and unpleasant faces at any 
Time point. 
The correlational analysis revealed a significant positive covariation between zygomatic and 
orbicularis EMG only for loved familiar faces, as can be seen in Figure 6. 
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Fig. 6. Correlation between zygomatic major and orbicularis oculii across face category. 

Finally, a clear modulation of the startle response was observed: loved familiar faces 
inhibited the startle response whereas mutilated faces potentiated the startle response, 
compared to neutral (unknown) faces, as can be seen in Figure 7. The ANOVA results 
yielded a significant main effect of Face Category (F(2,82) = 25.135, p <0.0001, ηp² = 0.380). 
Planned comparisons revealed significant differences (a) between loved familiar and neutral 
faces ((p<0.01)), (b) between neutral and unpleasant faces (p<0.002), and (c) between loved 
familiar and unpleasant faces (p<0.0001). 
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Fig. 7. Startle eyblink modulation for the different subcategories of loved familiar faces. 

3. Discussion 
The results of the three studies highlight the relevance of including electromyographic 
measures to advance knowledge on the psychological and physiological mechanisms 
underlying the affective processing of faces associated with identity recognition. The three 
studies were highly consistent in showing a large zygomatic major response to faces of 
loved ones, a response that starts around one second after picture onset and lasts for several 
seconds after picture offset. This response was totally absent or greatly diminished to all 
other categories of faces used as control in our three studies: unknown, famous, baby, 
neutral, and unpleasant faces. In all cases, the faces were photographs in black and white 
and with no emotional expression. Moreover, in the three studies, loved and unknown faces 
were physically identical since they were interchangeable across participants, guaranteeing 
that the observed differences among faces in physiology and subjective ratings were due to 
identity recognition and not to differences in emotional expression or physical features of 
the faces.  
The sequence of the three studies was also highly consistent in confirming that the 
processing of loved familiar faces involves activation of an intense positive emotional 
response that cannot be explained by undifferentiated emotional arousal or familiarity. In 
the first study, the arousal effect was controlled by simultaneously recording heart rate and 
skin conductance. In the context of Lang’s picture-viewing paradigm (Bradley & Lang, 
2007), heart rate is an unambiguous index of emotional valence (positive versus negative 
emotion), whereas skin conductance is an index of emotional arousal (the intensity of the 
emotion, regardless of its positive or negative valence). Both indices confirmed that the 
zygomatic response to the loved faces was reflecting the presence of an intense positive 
emotional response. In this study, the familiarity effect was indirectly controlled by 
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comparing famous versus unknown faces, as well as loved faces with different levels of 
familiarity among themselves. No differences were found between famous and unknown 
faces, and the few differences found among loved faces were contrary to the familiarity 
explanation: larger responses to the less familiar (partner) than to the more familiar (parent 
and siblings) faces.  
In the second and third study, the confounding arousal and familiarity effects were further 
controlled by including a second electromyographic measure (the orbicularis muscle 
activity) and by using an experimental design that better controlled for familiarity. The 
simultaneous recording of the zygomatic and orbicularis muscles provides two additional 
specific indices of emotional valence: the Duchenne smile and the eye-blink startle response. 
As mentioned in the introduction, the Duchenne or true smile is characterized by 
simultaneous activation of the zygomatic and orbicularis muscles, whereas social smile 
devoid of positive emotion involves only zygomatic activation (Ekman et al., 1980). The 
significant correlation found between zygomatic and orbicularis muscle activity only for 
loved faces in our second and third study is another piece of evidence supporting the 
conclusion that viewing faces of loved ones induces a feeling of genuine positive affect that 
cannot be explained in terms of arousal or familiarity.  
On the other hand, the eye-blink startle response is perhaps the most robust physiological 
response showing emotional modulation by affective valence. Numerous studies (see 
Bradley & Lang, 2007, for a review) have consistently demonstrated that viewing highly 
pleasant pictures (e.g., erotica or sport images) reduces the magnitude of the eye-blink 
startle response, whereas viewing highly unpleasant pictures (e.g., mutilation or threatening 
images) increases its magnitude, compared to neutral pictures (e.g., household objects or 
non-emotional faces). In these studies, however, the startle magnitude while viewing 
neutral pictures not always occupies an intermediate position with significant differences 
with respect to both pleasant and unpleasant images. The results of our third study, 
showing significant differences between our three categories of faces (loved, neutral, and 
unpleasant), are not only an independent confirmation of Lang’s motivational priming 
hypothesis (startle inhibition during activation of the appetitive motivational system by 
pleasant pictures and startle potentiation during activation of the aversive motivational 
system by unpleasant pictures, compared to neutral ones). They are also an unambiguous 
demonstration that viewing loved familiar faces induces an intense positive emotion 
capable of inhibiting defensive reflexes. 
The electromyographic results of our second and third study also contribute to disentangle 
the confounding effects of familiarity in the processing of loved familiar faces. The control of 
familiarity has always been a major methodological problem in this type of studies. 
Although difficult to separate, emotional valence and familiarity are not inevitably 
confounded. In studies using the picture-viewing paradigm with pleasant, neutral, and 
unpleasant pictures from the IAPS, the enhanced zygomatic response while viewing 
pleasant pictures has been interpreted in terms of positive affect, rather than familiarity, 
since all pictures are new and there is no explicit memory involvement. But in studies on 
loved familiar faces, familiarity is necessarily confounded with emotion, since both memory 
and emotion are involved in their processing. Our second and third study controlled for 
familiarity by comparing the face of the romantic partner (with less than 6 years 
relationship) with the face of the parent of same sex (with more than 18 years relationship). 
Therefore, two categories of loved familiar faces, differing in amount of familiarity, were 
compared. Both studies (although the details of the third one are not reported here)  
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replicated the results of the first study revealing larger zygomatic responses to the less 
familiar face (i.e., the romantic partner) than to the more familiar face (i.e., the parent), thus 
disconfirming the familiarity hypothesis. 
It should be noted, however, that the three studies reported here not only recorded EMG 
responses. A broad set of autonomic (heart rate and skin conductance), electromyographic 
(zygomatic and orbicularis muscle activity), and brain (N100, P200, P3, and LPP) responses 
was recorded, in addition to subjective indices of valence, arousal, and dominance, the three 
general dimensions of emotional reactions (see Osgood, Suci & Tannenbaum, 1957; 
Mehrabian & Russel, 1974; Bradley & Lang, 2007). The results of the three studies revealed a 
very consistent pattern of physiological and subjective responses to loved familiar faces: (a) 
increases in heart rate, skin conductance, zygomatic activity, and the event-related 
potentials P3, and LPP; (b) decreases in eye-blink startle magnitude and the event-related 
potential N200; and (c) higher ratings of positive valence and arousal, but lower ratings of 
dominance. This set of physiological and subjective responses suggests that the processing 
of loved familiar faces involves a complex pattern of psychophysiological mechanisms that 
single physiological measures, whether central or peripheral, would fail to capture 
accurately.  The use of both central and peripheral measures to investigate the affective 
processing of familiar faces contrasts with the dominant trend in current cognitive and 
affective neuroscience, almost limited to central physiological measures (EEG, ERP, MEG, 
PET, or fMRI). In the context of studies on emotional processing, the neglect of peripheral 
physiological measures, such as facial EMG or heart rate, has the shortcoming of not 
providing unambiguous evidence of the type of response being elicited, confounding 
emotional valence, undifferentiated emotional arousal, and familiarity. 
But the shortcoming of a neuroscience approach that ignores peripheral physiological 
measures has much wider implications. It assumes a model of brain function apparently 
unrelated to efferent motor components. As Robert Sperry emphasized in 1952, the human 
brain primarily evolved not to contemplate and understand the world but to facilitate 
behavioral adaptation: The primary function of the brain is essentially the transformation of 
sensory patterns into patterns of motor coordination (Sperry, 1952, p. 297)… Cerebration, 
essentially, serves to bring into motor behavior additional refinement, increased direction toward 
distant, future goals, and greater over-all adaptiveness and survival value. The evolutionary increase 
in man’s capacity for perception, feeling, ideation, imagination, and the like, may be regarded, not so 
much as an end in itself, but as something that has enabled us to behave, to act, more wisely and 
efficiently (Sperry, 1952, p. 299). Sperry’s neuroscience approach implies that mental and 
motor processes are intimately associated and that research on brain mechanisms of 
psychological processes should integrate both central and peripheral physiological 
measures.  
This approach not only has distinguished roots in early behaviorism and motor theory of 
thought and emotion (Watson, 1913; Washburn, 1928; Jacobson, 1929). It also has relevant 
defendants among more recent psychophysiologists and cognitive neuroscientists. 
McGuigan published in 1978 a book entitled Cognitive Psychophysiology: Principles of covert 
behavior gathering together a bulk of experimental studies showing the close covariation 
between electromyographical measures at different muscle locations and numerous 
cognitive processes. Based on these data, he suggested that all brain circuits are basically 
neuromuscular circuits, a proposal not too different from Sperry’s ideas on mind-body 
interactions. More recent developments within cognitive and affective neuroscience are also 
beginning to suggest the need to integrate brain and bodily responses in order to fully 
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between electromyographical measures at different muscle locations and numerous 
cognitive processes. Based on these data, he suggested that all brain circuits are basically 
neuromuscular circuits, a proposal not too different from Sperry’s ideas on mind-body 
interactions. More recent developments within cognitive and affective neuroscience are also 
beginning to suggest the need to integrate brain and bodily responses in order to fully 
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comprehend the brain mechanisms underlying psychological processes.  The embodied 
cognition (Lenggenhager et al., 2006; De Vega, Glenberg & Graesser, 2008; Niedenthal et al., 
2009) and social cognition (Tomasello et al., 2005; Amodio & Frith, 2006; Herrmann et al., 
2007; Losin et al., 2010) groups are perhaps the most relevant cognitive movements of this 
new approach within neuroscience research. The basic idea of both movements is that 
bodily responses and affective social interactions are integral part of our cognitive 
representations in the brain and that both, central and peripheral responses, play a crucial 
role in successful behavioral adaptation and survival. 
In summary, the present chapter summarizes a set of three studies aimed at investigating 
the affective processing of loved familiar faces using a set of central and peripheral 
physiological measures, including electromyographic recordings of the zygomatic major 
and orbicularis oculii muscle, in the context of Lang’s picture-viewing paradigm. The results 
of the three studies support the conclusion that viewing the faces of familiar loved ones 
elicits an intense positive emotional reaction that cannot be explained either by familiarity or 
arousal alone. The three studies highlight the relevance of integrating central and peripheral 
measures to advance knowledge on the brain mechanisms underlying affective processing. 
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1. Introduction 
The evaluation of swallowing parameters and of interactions between breathing and 
swallowing is crucial to optimise the management of patients with chronic respiratory 
failure, as swallowing must occur in precise coordination with breathing. Various 
techniques have been used to study the physiology and biomechanics of the oral and 
pharyngeal stages of swallowing. Among them, the two most commonly used, 
videofluoroscopy and videoendoscopy, provide information on the motion of anatomic 
structures during swallowing. The determination of muscle activation patterns is best 
achieved with electromyography (EMG). Most of the initial EMG studies of swallowing 
used needle electrodes to record intramuscular EMG activity (Doty and Bosma 1956; 
Perlman, Palmer et al. 1999). Ertekin et al. (Ertekin, Pehlivan et al. 1995) were the first to 
describe an electrophysiological method for investigating swallowing in humans. 
Recent advances in the management of respiratory failure have considerably improved the 
survival of patients with neuromuscular disease (Finder, Birnkrant et al. 2004). For example, 
the introduction in the 1990s of mechanical ventilation (MV) improved the survival of 
patients with Duchenne muscular dystrophy (DMD) from about 15 years in the 1960s to 
more than 30 years now. Quality of life, however, declines over time as the disease 
progresses. Malnutrition is common: in one study, for instance, 44% of patients had 
malnutrition (Willig, Bach et al. 1995). The main causes of malnutrition are prolonged 
swallowing, respiratory failure, and dysphagia, which jeopardize the patient's ability to 
meet intake needs. Feeding difficulties often develop insidiously, being frequently 
underestimated by family members and healthcare professionals (Hill, Hughes et al. 2004). 
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Aspiration is another important consequence of impaired swallowing that becomes 
increasingly common as the disease progresses (Finder, Birnkrant et al. 2004). 
Studies have demonstrated that swallowing dysfunction is closely associated with impaired 
inspiratory muscle strength (Terzi, Orlikowski et al. 2007; Orlikowski, Terzi et al. 2009) and 
improve with tracheostomy and mechanical ventilation (Terzi, Prigent et al.; Terzi, 
Orlikowski et al. 2007). Swallowing and inspiratory muscle strength are being evaluated in 
patients with acute exacerbations of chronic obstructive pulmonary disease (COPD) 
requiring noninvasive ventilation. 
Noninvasive methods for evaluating swallowing are useful to investigate various disorders 
and the interactions between breathing and swallowing. Here, after a review of swallowing 
physiology to explain the EMG evaluation and a discussion of interactions between 
breathing and swallowing, we describe the most commonly used electrophysiological 
method, which is noninvasive and easy to perform at the bedside. We do not address 
methods requiring the connection of measurement devices directly to the airway. 

2. Physiology of swallowing 
Swallowing is a complex physiological function that was generally investigated using 
videofluoroscopy, videoendoscopy, manometric methods, or invasive methods providing 
information on a single pair of muscles involved in swallowing. Swallowing was usually 
divided into three phases: an initial oral phase; a pharyngeal phase; and an esophageal 
phase (Dodds 1989). These phases of swallowing involve different in innervation patterns. 
Thus, the oral phase is usually described as voluntary, the pharyngeal phase as a reflex 
response, and the esophageal phase as controlled by both the somatic and the autonomic 
nervous system (Doty and Bosma 1956; Miller 1982). 

2.1 Oral phase 
The oral phase is mainly voluntary and highly variable in duration depending in humans on 
taste, environment, hunger, motivation, and consciousness. First, the tongue presses the 
bolus against the hard palate and initiates displacement of the bolus to the posterior part of 
the tongue and toward the oropharynx. This stage ends with the triggering of the 
pharyngeal phase of swallowing. 
When the volume swallowed is small (1-2 ml, e.g., saliva), there is no preparatory phase and 
the oral and pharyngeal phases occur in sequence. In contrast, with large liquid boluses, the 
oral and pharyngeal phases overlap (Logemann, Kahrilas et al. 1992; Ertekin, Celik et al. 
2000). The size of the bolus does not alter the sequence of events during oropharyngeal 
swallowing but modulates the timing of each phase of the swallow. As volume size 
increases, pharyngeal transit time increases, as do laryngeal closure and elevation (Ertekin, 
Aydogdu et al. 1997). 
When 20 ml of water is placed in the mouth, normal individuals tend to divide the water 
into two or more parts, which are swallowed in sequence (Ertekin, Aydogdu et al. 1996). 
This phenomenon is called piecemeal deglutition. 
From this stage to the end of the swallow, breathing is inhibited. 

2.2 Pharyngeal phase 
The pharyngeal phase is closely related to the oral phase, and the distinction between the 
two is often unclear. This intimate relationship is expressed by the widespread use of the 
terms oropharynx and oropharyngeal swallowing. 
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When the movement of the bolus from the oral cavity to the pharyngeal space triggers the 
swallowing reflex or response, several closely coordinated events occur in rapid 
overlapping sequence, transporting the bolus from the oropharynx to the esophagus 
without allowing aspiration. Coordination of these events may be chiefly under the control 
of the central pattern generator (CPG) in the brainstem (Miller 1982; Jean 2001). These events 
are as follows: (i) several reflexes governed by the CPG protect the nasal, laryngeal, and 
tracheal airways and support laryngeal closure; (ii) the tongue moves backward to push the 
bolus through the pharynx; (iii) and the upper esophageal sphincter relaxes and opens, 
allowing the bolus to descend into the esophagus. 
Once the pharyngeal phase is initiated, the chain of events is irreversible. The entire 
oropharyngeal sequence takes only 0.6 to 1.0 second, and this duration is remarkably 
constant in humans (Ertekin, Pehlivan et al. 1995). 

2.3 Esophageal phase 
In comparison with the extraordinary complexity and rapidity of the oropharyngeal phase, 
the esophageal phase of swallowing is simpler and slower. It consists of a peristaltic wave of 
contraction of the striated and smooth muscles, which propagates to the stomach. 

2.4 Neurological control of swallowing 
The process of swallowing is an ordered sequence of sensory and motor events. Swallowing 
is a fundamental motor activity, since it serves two vital functions: by propelling food into 
the stomach, swallowing subserves the alimentary function; and the swallowing reflex 
protects the upper respiratory tract, thus preventing aspiration of food particles into the 
lungs (Miller 1982). Swallowing can occur voluntarily via cerebral cortex activation and/or 
as a reflex under brainstem control. 
The central neural control of swallowing is also divided between the cortex and brainstem. 
Cortical centers in conjunction with afferent feedback from the musculature initiate and 
modulate the volitional swallow (Sumi 1969; Car and Roman 1970; Martin and Sessle 1993), 
whereas the brainstem swallowing CPG generates the sequence of reflex swallowing via the 
nuclei of the Vth, IXth, and XIIth cranial nerves. Normal swallowing requires coordinated 
interactions among these outputs. Any disruption in the process of coordination leads to 
swallowing dysfunction. 
The importance of suprabulbar influences in regulating swallowing has been established in 
animal models in which cortical swallowing regions are disrupted by lesion induction, 
anesthesia, or cooling (Sumi 1969; Martin and Sessle 1993). In humans, the development of 
functional magnetic resonance imaging (fMRI) has allowed the identification of the cortical 
regions involved in voluntary swallowing. The primary motor and sensory areas are 
consistently active in healthy adults during swallowing. The anterior cingular cortex is also 
activated during swallowing (Hamdy, Mikulis et al. 1999; Humbert and Robbins 2007). 
There is convincing evidence that the sequential and rhythmic patterns of swallowing are 
formed and organized by a central pattern generator (CPG) located within the medulla 
oblongata (Jean 2001). The CPG was first described as a swallowing center that can be 
subdivided into three systems: an afferent system composed of the central and peripheral 
inputs to the center; an efferent system composed of outputs from the center to various 
motor neuron pools involved in swallowing; and an organizing system composed of 
interneuronal networks that program the motor pattern. 
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Although the central regulation of swallowing is chiefly dependent on the brainstem, 
which receives sensory input from the oropharynx and esophagus, the initiation of 
swallowing is a voluntary action that requires the integrity of sensorimotor areas of the 
cerebral cortex. Therefore, both the brainstem and cortex must be intact to ensure normal 
swallowing. 

3. Interaction between respiration and swallowing 
The temporal coordination of pharyngeal and laryngeal swallowing events with breathing is 
essential to prevent aspiration of oropharyngeal contents into the lungs. Indeed, both 
breathing and swallowing occur continually, although at different frequencies. As the upper 
airway is used for both breathing and swallowing, the motor pattern generators for these 
two activities must work in tight coordination to prevent aspiration and to ensure clearance 
of lower airway secretions (Feroah, Forster et al. 2002). 
The swallowing CPG may play a crucial role in coordinating swallowing and breathing. 
Within this CPG, some of the premotor and motor neurons can be involved in at least two 
different tasks, such as swallowing and breathing, swallowing and mastication, and 
swallowing and phonation (Jean 2001). 
During swallowing, mechanisms that protect the airways include adduction of the vocal 
cords, inversion of the epiglottis, and the upward and forward movement of the larynx 
away from the flow of the bolus. Respiratory control during swallowing contributes to 
airway protection. 
In 1985, Nishino et al. clarified the effects of swallowing on the pattern of continuous 
breathing in humans. In adults, approximately 80% of spontaneous or water-induced 
swallows occurred during the expiratory phase. Furthermore, breathing resumed at the 
point of the expiratory phase where the interruption had taken place (Nishino, Yonezawa et 
al. 1985). A striking finding was that most of the water-induced swallows occurred during 
expiration although the timing of water administration was determined at random. The 
mechanisms underlying these findings are unclear but may involve reflex-mediated 
responses, as all the study participants reported being unaware of the breathing phase 
during which their swallows occurred. One of the main hypotheses is that the timing of 
swallows is not entirely independent from volitional control. The effects of swallowing on 
the pattern of continuous breathing were analyzed in detail in this study. Spontaneous 
(automatic) and volitional (water-induced) swallows occurring during expiration were 
followed by a small increase in the duration of the interrupted expiration. As the time from 
expiration onset to swallowing increased, the duration of the expiration increased. Swallows 
that interrupted the inspiratory phase were followed by short expirations. Thus, swallowing 
was followed by resetting of the respiratory cycling with a return to the functional residual 
capacity before the initiation of a new inspiration. This alteration in the breathing pattern 
may help to clear the airway of secretions and foreign material before the next inspiration, 
thus contributing to prevent aspiration (Nishino, Yonezawa et al. 1985). 
Breathing-swallowing interactions and the underlying mechanisms have been studied in 
healthy volunteers by measuring a variety of parameters including the duration of 
deglutition apnea (Nishino, Yonezawa et al. 1985; Selley, Flack et al. 1989; Martin, 
Logemann et al. 1994; Klahn and Perlman 1999) and the timing of breathing events relative 
to swallows (Perlman, Schultz et al. 1993; Martin, Logemann et al. 1994; Paydarfar, Gilbert et 
al. 1995; Klahn and Perlman 1999). Several factors that influence breathing-swallowing 
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interactions were identified. Interestingly, many studies showed that breathing-swallowing 
coordination was influenced by neurological disorders affecting the brain, spinal cord, or 
peripheral nerves. 
Studies in unconscious patients demonstrated that several mechanisms integrating 
breathing and swallowing remained operative, leading to changes in the breathing pattern 
during repeated swallows. These findings are consistent with a role for brainstem control 
(Nishino and Hiraga 1991), especially as both the respiratory center and the swallowing 
CPG are located in the same area of the brainstem. In contrast, other studies demonstrated 
that the cortex influences breathing-swallowing interactions in unconscious patients 
(Hadjikoutis, Pickersgill et al. 2000). 
In the other direction, alterations in breathing patterns and ventilation may influence the 
coordination of swallowing and breathing. This effect is of particular importance in 
patients with chronic respiratory failure, in whom close breathing-swallowing 
coordination is essential to maintain adequate ventilation despite the limited ventilatory 
capacity. Alterations in breathing-swallowing coordination have been reported in patients 
with chronic obstructive pulmonary disease (COPD) (Shaker, Li et al. 1992) and in awake 
healthy volunteers subjected to added respiratory loads (Kijima, Isono et al. 1999). 
Tachypnea and lung volume have also been demonstrated to influence breathing-
swallowing coordination. 
Alterations in breathing-swallowing coordination chiefly affect temporal coordination. 
When temporal coordination is disrupted, most swallows are followed by an inspiration, 
which significantly increases the risk of aspiration. 

4. Breathing-swallowing interaction in neuromuscular patients 
Elucidation of breathing-swallowing interactions in patients with specific neuromuscular 
diseases is of considerable interest. Patients with neuromuscular disease have achieved 
substantial survival gains in recent years as a result of advances in the management of 
respiratory failure (Finder, Birnkrant et al. 2004). The introduction of mechanical ventilation 
(MV) in the 1990s improved survival in patients with Duchenne muscular dystrophy (DMD) 
from about 15 years in the 1960s to more than 30 years now. Quality of life, however, 
declines over time as the disease progresses. Malnutrition is common: in one study, for 
instance, 44% of patients had malnutrition (Willig, Bach et al. 1995; Finder, Birnkrant et al. 
2004). The main causes of malnutrition are prolonged swallowing, respiratory failure, and 
dysphagia, which jeopardize the patient's ability to meet intake needs. Feeding difficulties 
often develop insidiously, being frequently underestimated by family members and 
healthcare professionals (Hill, Hughes et al. 2004). Aspiration is another important 
consequence of impaired swallowing that becomes increasingly common as the disease 
progresses (Finder, Birnkrant et al. 2004). 
To the best of our knowledge, breathing-swallowing interactions initially received little 
research attention (Hadjikoutis, Pickersgill et al. 2000). Moreover, improvements in the 
management of chronic respiratory failure translate into differences in breathing conditions 
across patients and over time, and this variability is likely to complicate the evaluation of 
breathing-swallowing interactions. These breathing conditions are now well defined and 
include spontaneous breathing (SB), (Raphael, Chevret et al. 1994), noninvasive mechanical 
ventilation (NIV) (Bach, Alba et al. 1993; 1999; Mehta and Hill 2001; Annane, Orlikowski et 
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al. 2007), tracheostomy with SB (Bach and Alba 1990; Chadda, Louis et al. 2002), and 
tracheostomy with MV (Bach and Alba 1990; Bach 1993; Simonds 2003). 
In contrast to spontaneously breathing patients, tracheostomized patients receiving assist-
control MV cannot prolong their expiratory phase. Consequently, the ventilator determines 
whether expiration or inspiration occurs after swallowing. Under normal breathing 
conditions, swallows are nearly always followed by expiration (Nishino, Yonezawa et al. 
1985; Smith, Wolkove et al. 1989; Paydarfar, Gilbert et al. 1995), which may contribute to 
prevent aspiration. 
In studies of breathing-swallowing interactions in neuromuscular patients with chronic 
respiratory failure, we found that SB was associated with piecemeal deglutition leading to 
an increase in the time needed to swallow a water bolus, as well as with inspiration after 
nearly half the swallows. These abnormalities may contribute to feeding difficulties. They 
correlated with the reduction in respiratory muscle performance, suggesting a relationship 
between breathing-muscle performance and swallowing-muscle performance. 
Accordingly, tongue strength and indices of global and respiratory strength varied in 
parallel throughout the course of Guillain-Barré syndrome (Orlikowski, Terzi et al. 2009). 
Tongue strength can be considered representative of the strength of the various muscles 
involved in swallowing. Another hypothesis is that respiratory failure alone may alter 
breathing-swallowing coordination. In keeping with this possibility, breathing-
swallowing abnormalities were documented in COPD patients with respiratory failure 
but no upper-airway muscle-strength abnormalities. These findings indicated a need for 
evaluating the positive impact of MV on breathing-swallowing interactions in patients 
with respiratory failure. 
First, in tracheostomized NM patients who were able to breathe spontaneously, we 
demonstrated that MV decreased both piecemeal deglutition and swallowing time per 
bolus (Terzi, Orlikowski et al. 2007). 
Second, we evaluated the impact of tracheostomy with MV on swallowing performance in 
patients with DMD. To this end, we assessed swallowing performance and breathing-
swallowing coordination before and after tracheostomy in the same patients. Piecemeal 
deglutition over several breathing cycles occurred in all patients. Before tracheostomy, 
half the swallows were followed by inspirations. Tracheostomy was associated with 
significant decreases in total bolus swallowing time and number of swallows per bolus, 
compared to the values before tracheostomy. These findings indicated that invasive 
ventilation via a tracheostomy improved swallowing. Several hypotheses can be put 
forward to explain this effect. Breathing and swallowing use the same initial pathway 
and, therefore, competition occurs between these two functions. Under physiological 
conditions, this competition is well controlled via close coordination of breathing and 
swallowing. Respiratory failure exacerbates the competition, giving preference to 
breathing over swallowing and altering the coordination between these two activities. 
Our results suggest that, by reversing the respiratory failure and separating the breathing 
and swallowing pathways, invasive MV may have a positive impact on swallowing in 
patients with respiratory failure. 
The question is now whether treating the respiratory failure without separating the 
breathing and swallowing pathways, e.g., by using NIV, improves swallowing performance 
in patients with respiratory failure. We are currently studying the impact of NIV on 
swallowing in patients with chronic obstructive pulmonary disease (COPD) admitted to the 
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compared to the values before tracheostomy. These findings indicated that invasive 
ventilation via a tracheostomy improved swallowing. Several hypotheses can be put 
forward to explain this effect. Breathing and swallowing use the same initial pathway 
and, therefore, competition occurs between these two functions. Under physiological 
conditions, this competition is well controlled via close coordination of breathing and 
swallowing. Respiratory failure exacerbates the competition, giving preference to 
breathing over swallowing and altering the coordination between these two activities. 
Our results suggest that, by reversing the respiratory failure and separating the breathing 
and swallowing pathways, invasive MV may have a positive impact on swallowing in 
patients with respiratory failure. 
The question is now whether treating the respiratory failure without separating the 
breathing and swallowing pathways, e.g., by using NIV, improves swallowing performance 
in patients with respiratory failure. We are currently studying the impact of NIV on 
swallowing in patients with chronic obstructive pulmonary disease (COPD) admitted to the 
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intensive care unit for acute respiratory failure. The first results strongly support a beneficial 
effect of NIV on swallowing performance. 
All these studies underline the clinical usefulness of noninvasive dynamic evaluations of 
breathing-swallowing interactions in order to detect patients at risk for swallowing 
dysfunction due to respiratory failure. All our studies were done using a previously 
described noninvasive method (see below). 

5. From bench to the bedside 
EMG can be used to demonstrate the sequential and orderly activity of the muscles involved 
in swallowing and breathing. The anatomical components of the swallowing apparatus 
include the bony and cartilaginous support structures, striated and smooth muscles, and 
neural elements. 
The muscles involved in swallowing have been studied in experimental animals and, to 
some extent, in humans. In dogs, the pattern of EMG activity was studied in the oral and 
pharyngeal muscles during swallowing elicited reflexively by electrical and mechanical 
stimuli (Doty and Bosma 1956). Needle electrodes were used to record intramuscular EMG 
activity during swallowing from a large complex of oral, pharyngeal, and laryngeal muscles 
in anesthetized animals. Descriptive studies based on this technique consistently found that 
the nonvolitional component of swallowing was controlled by a CPG (Miller 1972; Suzuki, 
Tokuriki et al. 1977; Kobara-Mates, Logemann et al. 1995). In humans, most of the 
intramuscular EMG studies of the pharyngeal phase of swallowing focused on a single 
muscle or muscle pair (Basmajian and Dutta 1961; Perlman, Luschei et al. 1989). Such 
studies can shed valuable light on the properties of the muscle of interest. However, they 
provide no information on the dynamics of swallowing. 
To evaluate the dynamics of swallowing, researchers used quantitative surface EMG of the 
submental complex (SM) composed of submandibular/suprahyoid muscles including the 
mylohyoid, genohyoid, and anterior digastric muscles. All the muscles in this complex 
contract simultaneously to initiate a swallow and function as laryngeal elevators (Miller 
1982). Consequently, submental surface EMG activity provides considerable information 
about the onset and duration of the oropharyngeal swallowing phase, as contraction of the 
SM complex pulls the hyoid bone into an anterosuperior position, thereby elevating the 
larynx and initiating the other reflexive changes that constitute the pharyngeal phase of 
swallowing (Donner, Bosma et al. 1985; Dodds, Logemann et al. 1990; Ertekin, Pehlivan et al. 
1995). However, pharyngeal and laryngeal EMG recording during swallowing was difficult 
to perform noninvasively and usually required the insertion of a needle electrode. However, 
laryngeal motion can be detected fairly easily using a mechanical sensor. 
To evaluate swallowing, we used a method previously described by Ertekin et al. (Ertekin, 
Aydogdu et al. 1998). Skin-surface electrodes are placed on the chin to record submental 
muscle activity and a piezo-electric sensor is placed between the cricoid and thyroid 
cartilages on the midline to detect laryngeal motion (Figure 1) (Terzi, Orlikowski et al. 2007). 
Breathing-swallowing coordination is assessed by using respiratory inductive 
plethysmography to record thoracic and abdominal movements. All signals are digitized 
and recorded on a personal computer equipped with an MP 150 data acquisition system 
(Biopac Systems, Goleta, CA, USA). The system software (AcqKnowledge) is configured to 
display the EMG signals, laryngeal movements, thoracic and abdominal movements 
simultaneously on separate channels. 
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Fig. 1. Noninvasive monitoring. Extracted from Terzi et al. (Terzi, Orlikowski et al. 2007) 

First, using this method we have demonstrated that the breathing-swallowing interaction 
was associated with piecemeal deglutition in neuromuscular patients, contrary to healthy 
subjects (Figure 2). 
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Fig. 2. Example of recordings in healthy subjects, and in patient with neuromuscular 
disorder. Extracted from Terzi et al. (Terzi, Orlikowski et al. 2007). 

Piecemeal deglutition and breathing-swallowing anormalities was also demonstrated when 
neuromuscular patients were tracheostomized, however swallowing performance improved 
with mechanical ventilation (Figure 3). 
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Fig. 3. Example of recordings with or without mechanical ventilation. Swallowing 
performance was improved by mechanical ventilation. 
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1. Introduction 
The study of electrical signals due to muscle activation has been evolving since Francesco Redi 
found electrical generation in the muscles of the electric ray fish in 1666 (Fishman, Wilkins, 
2011), Dubois discovered electrical activation in voluntary muscles in 1849 (Blanc, Dimanico, 
2010), and Mari coined the term Electromyography in 1922 (Raz, et al., 2006). Evolving over 
the following decades, electromyography has found widespread use in clinical settings as well 
as extensive use in ergonomic assessment and biomechanics research laboratories.  
As with many technologies, the discovery of electromyography occurred long before 
inexpensive and robust hardware was developed to utilize the vast amount of information 
available from myoelectric signals. Until recently, existing technology could not support 
efficient generation of repeatable robust signals for even highly sophisticated research 
laboratories, let alone the widespread availability of affordable, robust hardware required to 
propagate electromyography through the research communities. New high-speed 
computation tools make real-time analysis feasible. With the emergence of low cost 
hardware, high speed wireless communication technology, and low cost, high speed 
computing/signal processing equipment, Electromyography is becoming available to a 
whole new set of experimenter. With these advances making electromyography a feasible 
option in many situations, we see the emergence of a key period in the evolution of the 
technology. Surface electromyography (sEMG) provides a convenient and relatively non-
invasive avenue for determining muscle activation, particularly as highly portable devices 
become available. Of course with the benefits of wider availability, we must consider the 
risks inherent in this spread, as the practitioners involved move from electromyography 
specialists, to technologists in other fields, using electromyography either part time, or only 
occasionally. Electromyography is a detailed art, and can easily lead to erroneous conclusions 
if not practiced carefully. With new applications, particularly where electromyography is 
employed as a means for humans to control electromechanical systems, care must be taken to 
insure that these systems are developed with robust safety systems, and improper 
assumptions about electromyography do not cause harm, injury, or even death. 

2. Background 
Recognized as a potentially powerful tool EMG was first used in measuring human 
movement at the turn of the 20th century (Medved, 2001). As use spread, techniques for  
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recording, processing, and interpreting EMG signals varied widely. With a lack of 
standardization, various styles developed and the discipline became an art as much as it 
was a science (De Luca, 1997).Efforts have been underway to standardize the EMG process, 
with considerable efforts in the past decade to implement standards which 1) formalize 
scientific understanding of the concepts behind EMG (De Luca, 1997), 2) allow 
interpretation and repetition of previously published results (Hermens, et al., 2000) , and 3) 
provide standards going forward for generating as well as publishing EMG data (Hermens, 
et al., 2000). In the following sections, three major efforts to standardize the EMG recording, 
processing, interpreting, and publishing procedures are discussed 

2.1 What is electromyography? 
Muscle cells are surrounded by a selectively permeable membrane with a resting electrical 
potential of 70 to 90 millivolts. The outside of the cell is positive relative to the inside. 
Motoneurons carry impulses from the central nervous system to the muscle cells called the 
nerve action potential (NAP). All muscle cells (or fibers) innervated by one motoneuron are 
called a motor unit, and are stimulated simultaneously when the motoneuron fires. The 
muscle fibers of one motor unit are not bundled within a muscle. Rather they are spread 
throughout the muscle with a relatively uniform distribution. When a series of NAP’s reach 
the cells of a muscle unit they cause a release of chemical transmitters which depolarize the 
cell to a threshold value, initiating an action potential as the cell wall permeability changes. 
This depolarization causes a brief contraction, or twitch, of the muscle cell (and all other 
cells in that motor unit) and comprises the basis of muscle movement. The depolarization 
that travels along the muscle fiber and can be detected on the surface of the muscle as a 
small electrical potential called the muscle action potential (MAP). Each muscle is comprised 
of many muscle motor units, which are comprised of many cells, and are connected to many 
motoneurons, thus a seemingly simple muscle contraction will correspond to a complex 
overall MAP waveform. An electrode properly positioned with respect to the muscle can 
record these MAP waveforms. The sensing and recording of these electrical waveforms is 
called electromyography (EMG). Though a motor unit is either on or off, based on whether 
or not it is being stimulated by a NAP, an increase in muscle tension beyond that caused by 
a single NAP can occur either from multiple NAPs stimulating the same motor unit, or from 
recruitment of additional motor units. Fortunately, both phenomena cause an increase in 
overall MAP waveform amplitude, corresponding to an increased EMG signal (Chaffin, 
Andersson, 1999). Properly recorded and processed EMG signal is known to correlate to 
muscle activation level, and in some cases can be used to determine muscle tension (De 
Luca, 1997). EMG recordings can be done through two basic methods; 1) Intramuscular, 
where needle based electrodes are inserted through the skin into the muscle of interest, or 2) 
Surface, where flat electrodes are adhered to the skin surface above the muscle of interest. 
Intramuscular EMG is the preferred method when measuring small muscles, particularly 
those surrounded by large muscles which may prevent accurate recording of the signal of 
interest or when attempting to measure only a few motor units. Surface EMG is preferred 
when studying large muscles, especially those near the surface and with few large muscles 
nearby. An added advantage of surface EMG is that the electrodes are adhered to the skin 
surface, thus piercing of the skin is not required. 

2.2 EMG, proper signal detection and processing 
In the Journal of Applied Biomechanics, De Luca details the factors affecting EMG signal 
and proper procedure for detecting and processing the signal (De Luca, 1997). These  
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a single NAP can occur either from multiple NAPs stimulating the same motor unit, or from 
recruitment of additional motor units. Fortunately, both phenomena cause an increase in 
overall MAP waveform amplitude, corresponding to an increased EMG signal (Chaffin, 
Andersson, 1999). Properly recorded and processed EMG signal is known to correlate to 
muscle activation level, and in some cases can be used to determine muscle tension (De 
Luca, 1997). EMG recordings can be done through two basic methods; 1) Intramuscular, 
where needle based electrodes are inserted through the skin into the muscle of interest, or 2) 
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2.2 EMG, proper signal detection and processing 
In the Journal of Applied Biomechanics, De Luca details the factors affecting EMG signal 
and proper procedure for detecting and processing the signal (De Luca, 1997). These  
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discussions are followed by a summary of recommendations in the use of EMG. In most 
biomechanics applications, EMG is used in three areas, 1) to identify the initiation of muscle 
activity, 2) as a surrogate for estimating muscle tension (force), and 3) as a method for 
estimating muscle fatigue. In this discussion we cover applications involving filtered and 
processed EMG signals, thus initiation and fatigue will serve only as tertiary topics of 
discussion, with the focus of this chapter on muscle activation level. In detecting and 
recording an EMG signal with maximum fidelity and minimum noise, one must consider a 
number of factors. 
 Electrode configuration. This includes shape and area, material, and inter-electrode 

distance (IED) which determines the number of motor units being detected. Also to be 
considered are location of the electrodes on the muscle, laterally and longitudinally. 
This effects the amplitude and frequency of the signal detected as well as the level of 
cross-talk from other nearby muscle groups. An appropriate IED should be chosen 
which is small enough to minimize crosstalk, yet large enough to minimize risk of 
shunting (electrical contact between electrodes, in effect making them one larger 
electrode and reducing signal amplitude and signal to noise ratio). 

 Intrinsic (muscle) factors. This includes the number of active motor units at any time, 
fiber type of the muscle, blood flow to the muscle, fiber diameter, and the depth of 
active muscle fibers. These considerations can affect amplitude and frequency 
characteristics of muscle response. Also of consideration are the amount and type of 
tissue between the muscle surface and the electrode. Signal may experience 
considerable spatial filtering due to interstitial tissue. 

 Intermediate factors. These effects include electromechanical properties of the 
electrodes, and their ability to act as band-pass filters or integrators, and the tendency to 
record cross-talk from other muscles. Also of concern is the conduction velocity of 
action potentials and spatial filtering effects of relative electrode-muscle fiber position, 
as these tend to affect amplitude and frequency characteristics of an EMG signal. This is 
particularly important when considering anisometric EMG, as EMG signal varies as 
muscle fibers change in length. 

 Deterministic factors. This includes the number of active and detected motor units, 
motor unit force twitch, fiber interaction, firing rate, characteristics of the action 
potentials, and recruitment characteristics. 

 Other interstitial tissue properties. It can be understood that the movement of 
subcutaneous tissues including muscle and fat can cause signals erroneously. These 
signals should be considered in EMG data as a source of artifact error. 

The recorded EMG signal can be used to determine muscle activation level in many 
situations and even to determine muscle force in some cases. These relationships are not 
automatic however, and care must be taken to design the experiment correctly and to draw 
only appropriate conclusions from the data. For the isometric case, the amplitude of the 
EMG signal is understood to increase with muscle force. This qualitative relationship 
however can not be extrapolated to a force magnitude for one subject or especially as a force 
comparison or magnitude measurement from subject to subject. In order to make force 
predictions or make comparison between subjects, EMG signals must be normalized to 
some applied force. This is usually done normalizing to maximum contraction of the muscle 
(MVC 100%) or to a reference voluntary exertion (RVE). Additionally, every time an 
electrode is moved (between sessions or simply due to electrode dislodging) normalization 
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must be repeated. When electrodes are placed, no matter how carefully, they cover a slightly 
different set of motor units. As the muscle units under study and the spatial filtering 
characteristics will change with the new electrode placement, they will yield a slightly or 
even substantially different signal. Also, if the joint angle changes, the location of the 
electrodes relative to the muscle belly change. In comparing signals between subjects, the 
amount of subcutaneous fatty tissue can vary substantially and becomes a major concern. 
De Luca warns that all of these issues become magnified, and new issues arise when 
dynamic EMG is considered. 
Several recommendations are given and are listed in an abridged form below. 
 The preferred electrode configuration (general, not muscle specific) consists of two 

parallel bars, 1cm by 1-2 mm wide placed 1 cm apart, which record at a bandwidth 20-
500 Hz. 

 Locate the electrodes on the midline of the muscle belly. 
 Use the RMS value of the signal for measuring amplitude of the EMG signal. 
 Measure activation time of all contractions. 
 Check for crosstalk 
 Quantitative comparisons between EMG signals are to be performed in static cases 

only, and require additional precautions and procedures. 
 Instantaneous EMG signals should be treated as stochastic. To obtain a force-EMG 

relationship, signal should be filtered over a 1 second window, among other 
precautions. 

 In constant force isometric contractions, motor units should not be near their threshold. 
 Avoid measurement of anisometric contractions. Additional considerations are required. 
 Normalize EMG at values less than 80% of maximum voluntary contraction (MVC), but 

calibrate between electrode placements and between subjects at MVC. 

2.3 EMG, and SENIAM (surface EMG for a non-invasive assessment of muscles) 
European group SENIAM has a specific objective of creating collaboration, developing 
recommendations on sensors, sensor placement, signal processing and modeling. From  
1996 – 1999, a major effort was conducted to scan the literature for existing surface-
electromyography (SEMG) work, contact these researchers for details and clarifications on 
their SEMG work, and develop recommendations for SEMG in the future (Hermens, et al., 
2000). This effort yielded results showing the breadth of hardware and procedures used, as 
well as those that were most common.  
Based on this research as well as parallel investigation into optimum properties (as opposed 
to the most commonly reported ones discussed above), SENIAM generated the following 
recommendations for SEMG. 
 There is no recommendation regarding electrode shape, but the size of the electrode 

should not exceed 10 mm in the direction of the muscle fiber. 
 IED should be 20 mm, but this should be reduced for small muscles. 
 Pre-gelled Ag/AgCl electrodes are recommended. 
 Skin at the sensor location is to be shaved if covered with hair and is to be cleaned with 

alcohol prior to adhering the sensors. 
 SENIAM refers to their CD data for proper subject posture during sensor attachment 

for specific muscles. This is also the case with determining proper sensor location on 
specific muscles. 
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2.4 Standards for reporting EMG data, ISEK 
The International Society of Electrophysiology and Kinesiology (ISEK) has endorsed 
standards for reporting EMG data, and have published them in the Journal of 
Electromyography and Kineseology (Merletti, 1999). Standards applicable to the 
experiments conducted here are summarized below. 
 Electrode material, shape, and size should be reported. 
 Skin and electrode preparation should be given, including abrasion, shaving, cleaning, 

and use of gel or paste. 
 Electrode orientation and location over the muscle should be given. 
 Detection details, including gain range used should be given. 
 Filtering details, hardware and software, should be given, and amplifier filters should 

be in the range of high pass 5 Hz, and low pass 500 Hz. 
 If rectification and smoothing occur in hardware prior to sampling and storing data, 

sampling rates can be reduced to 50 – 100 Hz. 
 Description of the A/D card used should be given. 
 If the Mean Average Value (MAV) of the rectified signal over time T is used, then T 

should be given. 
 EMG values should be normalized about MVC, and conditions should be described. 
 When normalizing, the following information should be provided: Training, rate of rise 

of force, velocity of shortening or lengthening and range of angles if not isometric, load 
in non-isometric contractions. 

 Efforts should be taken to determine that crosstalk did not contaminate the signal. And 
care should be taken in areas with subcutaneous adipose tissue (body fat). 

In reviewing the recommendations from these sources, and especially when comparing 
them to published experiments, one sees some ambiguity and even some conflicting 
recommendations. For the most part, however, the guidelines allow the design of well 
organized experiments, and data can be taken with considerable confidence as to standards 
and repeatability. In using these agreed upon methods, EMG based devices and applications 
can anticipate good, robust, and recognizable result. These relatively consistent results can 
be used to control an array of devices. 
As discussed above, EMG data is not a reliable method of predicting forces during 
individual events within a short task, because EMG signals do not correlate with muscle 
forces on a real time basis, and individual event measurement is understood as stochastic 
data only. De Luca expressed concern over the repeatability of tests based on calibration 
around maximum voluntary contraction and the consistency of subjects applying a truly 
maximum contraction. Depending on the application, calibration based on maximum or 
reference contractions are of varying importance. In many applications, truly real-time event 
recognition may not be necessary, so filtering over a relatively long timeframe (hundreds of 
milliseconds) may be perfectly acceptable. In other applications, higher speed may be 
necessary, but accuracy of signal magnitude may be of low concern. In such applications, 
different approaches to interpreting myoelectric signals should be undertaken. For yet other 
applications, very little lag is permissible, and high signal fidelity is also required. For such 
applications, EMG may not currently be the optimum sensing tool. As with most design 
projects, clearly understanding the parameters and scope of the endeavor is key to 
developing a successful device or tool. So while standards are in place for interpreting 
myoelectric signals, proper care and design structure is required to insure the best possible 
results.  
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3. Chapter organization 
Electromyography is being used in a myriad of evolutionary and revolutionary ways, both 
alone and in conjunction with other technologies. Along with the widespread availability of 
high speed, robust computing and sensing equipment at a relatively low cost, EMG is 
pushing the forefront of human machine interface. We discuss several of the interesting 
applications of EMG, including current and emerging areas of EMG use, as well as mixed-
use applications in which EMG is used in conjunction with other technologies to yield a 
suite of sensors providing robust signals for the application at hand. Next, we cover possible 
future applications of EMG, and we discuss the relative merits and cautions of using EMG 
in various applications. 

4. Methods of utilizing EMG in engineering devices 
Electromyography can be used in many ways for various applications, with various 
techniques and concerns corresponding to each new application. This chapter covers five of 
the most common methods of employing EMG. Each technique has advantages and 
disadvantages to be explored or avoided based on the specific application. 
Methods of using EMG in engineering applications: 
Method 1. Sense and emulate/amplify. Here, Electromyography is used to sense the 
activity of a muscle and the myoelectric signal is processed in order to determine an 
activation magnitude as a function of time. This magnitude is then used to determine a 
target force, position, or motion of a worn mechanical device emulating, or actually worn 
over the same limb. In this method, the myoelectric signal is interpreted in order to 
determine a discrete magnitude, not a target threshold value. This method is used in 
controlling the HAL exoskeleton discussed later (Kasaoka, Sankai, 2001) 
 

 
Fig. 1. Method 1 Schematic. 

Method 2. Sense and interpret, proportional. Similar to method one, EMG is used to 
determine activation level of a muscle as a function of time. Rather than interpreting the 
signal in order to control a local device and directly emulate the limb being sensed, this 
method interprets the signal in order to provide input to another device, either locally or 
remotely. Signal strength is used to interpret a desired magnitude (such as speed, lift force, 
grip strength) For example, a prosthetic arm can not use EMG signals from the missing limb 
(an exception to this, using the emerging TMR techniques, will be discussed later in the 
chapter) but can be controlled by sensing the activity of other muscles. Likewise, myoelectric 
signals can be used as an input source for other devices, either locally or remotely. In this 
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method, as in method one, signal strength is interpreted to determine a magnitude which 
changes over time rather than a threshold value. 
 

 
Fig. 2. Method 2 Schematic. 

Method 3. Sense and interpret, threshold. A myoelectric signal is read, processed, and 
compared to a predetermined threshold value. When that value is reached, a condition is 
considered satisfied. Rather than interpreting a signal to determine a curvilinear magnitude 
with respect to time, this application is more similar to an on-off switch. EMG signal can be 
used to signal stop-go, open-close, or other two state situations. Other configurations such 
as three state situations or any number of two state situations are also possible. The matrix 
of possible states available is limited only by the number of EMG channels available, and 
user skill/endurance in operating the device. A simple two or three state device offers the 
advantage of being easier to operate and has a faster learning curve. This method is used in 
some prosthetic devices and is believed to cause less fatigue for users than the proportional 
control in method 2 when the system is designed properly with this goal in mind. This 
advantage is possible because with the threshold value technique, the controlling muscle is 
not required to maintain a consistent activation level to maintain the device state. 
 

 
Fig. 3. Method 3 Schematic. 

Method 4. Monitor to design. EMG signals are recorded and evaluated during the design 
and development phases of a device in order to optimize device effectiveness. After 
development is completed, the EMG tools are no longer used on the device. This use of 
EMG may be completely transparent to the end user or purchaser of the retail device. This 
method was used in the development of the Berkeley Lifting Exoskeleton device to evaluate 
the effectiveness of the device in reducing activation levels in the muscles of the lower back 
during lifting (Wehner, et al., 2009). 
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Fig. 4. Method 4 Schematic. 

Method 5. Monitor to evaluate. EMG technology is used to study muscle activation levels 
and report on the effectiveness of a device after it has been designed, and possibly after it is 
already commercially available. In devices, procedures, or workplace layouts developed to 
reduce operator exertion or injury, this method can be used alone or with other tools such as 
surveys to gather data. In some of these cases, EMG was not used during the development 
of the device, and the developer may not even be aware of EMG technology or its use in 
evaluating the design. Ergonomic evaluations often fall under this method (Ulrey, Fathallah, 
2011). 
 

 
Fig. 5. Method 5 Schematic. 

5. On-body devices (worn devices, human exoskeletons, and prosthetics) 
Electromyography lends itself especially well to use in on-body devices, as the devices are 
by definition local to the user. In some applications, EMG provides a particularly intuitive 
and convenient interface, as the device is intended to perform an action very similar to the 
motion of the wearer. Because surface EMG is less invasive than some other options, it has 
natural advantages in non-clinical settings. EMG also has the advantage that the hardware 
required to record and process myoelectric signals can be relatively small and light, making 
it more convenient than other sensors which would be awkward or impossible to 
incorporate into mobile devices (MRI, fMRI). Because EMG electrodes are placed locally, it 
can anticipate a greater user acceptance than a full EEG sensor array, designed to cover the 
user’s head. Social acceptance can be a considerable block to device use, so eliminating the 
requirement of wearing a sensor network on one’s head can greatly affect a devices 
widespread success. 
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5.1 Human exoskeletons 
Human exoskeletons have undergone rapid development recently, and are enjoying a surge 
in popularity. With the wide variety of applications for which human exoskeletons are 
utilized, use of EMG can fall under any of the five methods discussed earlier. For re-
ambulation of patients with reduced ability due to illness or advanced age, method one can 
be the most suitable technology. To amplify the efforts of able bodied workers, providing 
additional strength, reach, or range of motion, method one may also be a valuable method 
and additional features can even be employed in which the wearer controls an additional 
device utilizing methods two or three. For paraplegic patients with no muscle signal to 
measure, or patients with other disorders causing spastic muscle behavior, method one 
would be an inappropriate and possibly dangerous choice. Many exoskeleton designs can 
utilize method four during the design optimization process or method five after 
development is complete. As with any application, the appropriate parameters must be set 
prior to deciding on a method.  
The selection of muscle to measure and electrode placement is critical to effective use of 
EMG for exoskeleton and machine control, particularly if a worn device is intended to 
perform such complex tasks as interpreting a wearer’s intent. A selection of muscles and 
sensor locations must maximize signal strength, and minimize noise/crosstalk. 
Additionally, the design must maximize sensitivity to desired signals, yet insure maximum 
specificity, and not read undesired signals as intended commands. In addition, the decision 
regarding sensor placement must consider variability in wearer physiology as well as gait 
variations. Body shapes and sizes vary and have a vastly varying amount of adipose tissue 
interfering with proper EMG sensing. Additionally, any electrode placement should not be 
overly invasive, cause discomfort, and can not obstruct proper use of the device. These often 
competing concerns make EMG sensor placement a difficult task. For example, perhaps the 
most readily measurable muscle contains high signal variability (false positives), and the 
most predictive muscle (both sensitivity and specificity) is either small, difficult to reach, or 
surrounded by larger muscles. Zhen, Songli, Yanan, and Jinwu discuss the relative merits of 
using sEMG signals of four ankle muscles for gait analysis and control (Zhen, Songli, 2007). 
The following is a discussion of some human exoskeleton projects, and their use of EMG. 

5.1.1 Berkeley exoskeleton (BLEEX, Austin, HULC, etc) 
The exoskeleton systems developed at the University of California at Berkeley are used for a 
variety of applications and come in both active and passive versions (application based). 
The Lifting Exoskeleton project employs a passive device, as it is used to reduce back forces 
in able bodied workers during lifting (Wehner, 2009). The Austin, medical exoskeleton, 
however, is active as it re-ambulates patients with no use of their lower extremities. 
Intended for paraplegic users, the Austin project would not be a suitable candidate for the 
direct use of EMG for control. Other exoskeletons, BLEEX, ExoClimber and HULC, are 
active exoskeleton systems, intended to amplify the movements and abilities of able-bodied 
users. While not using EMG for sensing or control, and not using EMG during development, 
method five is still a viable candidate for further experimentation, and can be incorporated 
with other techniques such as VO2 monitor and treadmill tests. Passive ExoHiker, shown 
below, uses active damping control based on stride, and swing/stance gait phase to support 
heavy weight, but actuation is performed by the able bodied wearer. This exoskeleton 
system does not use EMG for sensing or control, but could utilize method five during future  
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experiments. The Lifting Exoskeleton project used EMG by method four to monitor and 
evaluate the device during design, development, and testing (Wehner, 2009). The device 
was developed as a research platform, intended to generate data which will serve as a 
knowledge base for the development of an eventual low-cost passive device to reduce back 
forces. It was never anticipated that the final device would include EMG capability. 
 

 
Fig. 6. Berkeley ExoHiker exoskeleton. 

On the Lifting Exoskeleton project, a passive exoskeleton based device was developed to 
reduce back forces during lifting. During device development, a variety of techniques were 
used to optimize the design balancing effectiveness at reducing forces and user comfort. The 
device featured a spectrum of adjustable features including adjustable size of various 
features for wearers of varying height and body type. Additionally, the device featured 
adjustable overall restoring force, adjustable onset angle, and adjustable restoring moment 
profile, allowing wearers to vary the amount of restoring moment provided in various 
portions of the squat-lift cycle. Key techniques employed in optimizing the design were 
human subject comfort surveys, video motion tracking, force plate based lift analysis, and 
surface EMG, used during static squat postures and dynamic squat lifting. sEMG was used 
to track the activity of the lumbar erector spinae muscles during repeated lifting of objects 
with and without the assistance of the device. Use of these techniques facilitated tuning of 
the device using a variable stiffness spring profile, yielding a reduction of erector spinae 
muscle activity (as measured by EMG) of 27 to 52%. Tests were conducted in dynamic 
squat-lift scenarios as well as static squat-sustain postures. This allowed the utilization of 
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the benefits of static EMG (well understood muscle contraction correlation, averaging over 
long periods, minimal electrode-to-muscle relative motion), but also generated valuable 
data over more realistic dynamic tasks. Issues such as crosstalk, relative muscle movement, 
and inability to determine momentary muscle activation were considered individually 
during experiment design, as should be done by any EMG practitioner. 
 

 
Fig. 7. Berkeley lifting exoskeleton. (a) device. (b) the device with a wearer in squat position. 
Forces illustrated. 

5.1.2 HAL (hybrid assistive limb) exoskeleton by cyberdine 
The HAL system by cyberdine (Kasaoka, Sankai, 2001) uses a number of innovative 
techniques in order to allow the device to function using EMG method one described above. 
Due to the inherent sensitivities, requirements, and considerations with EMG, specifically 
high noise rate, muscle movement relative to skin, and difficulty in determining momentary 
events (detailed in the background section), direct sensing-actuating can not be conducted 
with the confidence required of such a fault-intolerant application as bipedal walking. For 
this reason, HAL uses an assortment of techniques to anticipate user actions, adapt to each 
user’s gait, and vary impedance in the knees of the HAL device. (Lee, Sankai, 2002). It is 
believed that the human limb moves most efficiently at its natural frequency, thus HAL uses 
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the natural frequency/pendulum model to determine initial settings for the device, 
modifying the dynamics based on user behavior and EMG signal based feedback (Lee, 
Sankai, 2003). These techniques utilize known characteristics of EMG signals, standard 
human gait and gait variation, using a recursive least square (RLS) technique to optimize 
HAL’s gait and impedance realtime. These techniques allow a more natural gait, reduced 
energy consumption by the exoskeleton device, a robust sensing/actuation loop, and 
reduced energy expenditure by the user (Kawamoto, Suwoong, 2003). Further refinement, 
including correlation between a large amount of data from many gait studies by biomedical 
research groups has allowed the HAL project to develop a calibration algorithm, further 
developing the natural gait capabilities based solely on sensors onboard the exoskeleton 
system (Fleischer, Hommel, 2008), and based mainly on surface EMG signals. 

5.1.3 Other exoskeletons 
Though the above exoskeletons use EMG for design optimization and force amplification, 
several exoskeleton devices are not currently using these methods. The Sarcos/Raytheon 
exoskeleton (Sarcos, 2011) MIT exoskeleton (MIT, 2011) and the Berkeley BLEEX exoskeleton 
(BLEEX, 2011) use direct force control to sense/anticipate user intention. Use of EMG for 
gait control is an exceedingly difficult task, as seen by the HAL system. Despite not using 
EMG to directly control the motion the exoskeleton actuators, these exoskeleton systems can 
incorporate EMG into the development and refinement of their devices (methods 4 and 5). 
There is no indication if such efforts are currently underway. 

5.2 Lift assist devices 
Numerous knee-to-shoulder lift assist devices have been designed and are at various levels 
of development (We hner et al., 2009). Professor Fathallah at UC Davis has conducted 
extensive tests on these devices, and an additional two person device (Ulrey & Fathallah, 
2011; Paskiewicz & Fathallah, 2007). Research tools include extensive use of sEMG, 
inclinometers, electrogoniometers, and a lumbar motion monitor were used. The worn 
devices evaluated are shown in figures 8, 9, and 10 below. Figure 11 shows a two-person 
device, GRIPSystemTM. Device effectiveness varies between devices, but sEMG proves to be 
an effective method of evaluating relative muscle activation and is relatively easy to switch 
test setups between subjects. While numerous variables must be considered, sEMG provides 
a highly quantifiable measure of back muscle activation (magnitude and variability from lift 
to lift and from subject to subject) with and without the device. Other factors such as user 
comfort and satisfaction as well as device adaptability to various body shapes are critically 
important to a lift assist device. These factors are not, however, as readily quantifiable as 
EMG based muscle activation information. Comfort surveys can yield valuable data, but 
uncertainty is much greater than with EMG muscle activation data. Even if a device is 
ineffective or yields highly varied results, which can be shown in a quantifiable manner 
with EMG based experiments, making sEMG particularly useful in this suite of data options. 
In testing the BNDR system, investigators were able to witness and quantify the flexion 
relaxation (FR) phenomenon, where some subjects are able to relax the erector spinae 
muscles of the lower back during sustained static stoop postures, where other subjects 
maintain high back stresses. The device under study (BNDR) reduced erector spinae forces 
by 26% (p<.001) among non-FR subjects, while those experiencing FR had such low erector 
spinae activation that the device did not cause a significant change in activation. Without a  
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Fig. 8. Happy back, two versions. Top, in use. Bottom, both versions alone. 

quantitative analysis tool such as EMG, this phenomenon would have been difficult to 
detect, let alone separate out the subjects experiencing FR. Device comfort and adjustability 
were major concerns (Ulrey, Fathallah, 2011). In a study of the GRIPSystemTM, twelve 
subjects performed a variety of real-world lift scenarios, lifting 3 devices at various weights 
(weight adjusted with the addition of sandbags). EMG was used to monitor the activation 
levels of ten muscle groups (right and left erector spinae, latissimus dorsi, rectus 
abdominus, internal abdominal obliques, external abdominal obliques) with and without 
the use of the device. Erector spinae muscles of the low back saw reductions in low back 
muscle activation (erector spinae) of varying percentages, all yielding p values below 0.05. 
EMG allowed researchers to quantify the benefits of the device, but other concerns were 
evaluated through careful manual analysis. It was noted that the device couples the two 
workers and makes It more difficult to release an object. Thus, other safety concerns may 
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arise from such a device.In both the GRIPSystemTM and the BNDR study, EMG was the 
conduit to valuable information, but the researcher was still required to make the 
observations and decisions which lead to the true discoveries.  
 

 
Fig. 9. BNDR lift assist system. 

 

 
Fig. 10. PLAD lift assist system. 

6. Prosthetics, upper limb 
Upper limb prosthetics (hand, elbow) have been available in some form for millennia. In 
recent decades, these prosthetics have developed from fairly rudimentary rigid devices to 
single degree of freedom (DOF) devices, controlled by movment of the shoulder inside of a 
mechanical harness. More recently, modern upper limb prosthetics have used EMG to 
control much more advanced devices, incorporating more complex motion into reduced  
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Fig. 11. GRIPSystemTM. 

order devices and multiple DOF devices more closely resembling actual hands and arms. 
EMG based prosthetic hands were first used in 1960 by Kobrinkski et al., and have been 
growing in popularity and capability ever since. In 1980, forty-three subjects were tested 
using Otto Bock EMG based as well as hook based hands. Results varied based on many 
factors, but overall observations included a desire for more durable fingers and finer control 
of the prosthetic’s fingers (Northmore-Ball, et al., 1980). Since this time, of course, advances 
in materials science, controls, robotics, and other areas have permitted modern designs to 
greatly improve on the earlier models. In reviewing the five methods of using EMG in on-
body devices, we can make several observations. Because prosthetics specifically deal with 
replacement of missing body parts, method one (amplifying existing motion) does not 
apply. An exception to this using emerging TMR technology is discussed below. Methods 
two and three (sense and interpret, proportional or threshold) are the most common use of 
EMG in prosthetics. Methods four and five (monitor to design or evaluate) can be used to 
evaluate/optimize designs, or determine metabolic cost of a design or configuration. 

6.1 Proportional sensing versus threshold sensing 
Upper extremity prosthetics present a considerably different set of challenges from lift assist 
devices and lower extremity/walking exoskeletons. Emulating a natural gait is not the goal, 
and precise measurement of muscle activation/muscle force is not necessarily a requirement 
or even a goal. One popular choice in EMG based upper limb prosthetic control is to use 
threshold sensing to achieve robust control of a reduced order (one or two DOF) prosthetic 
hand or hand/elbow system. Otto Bock has developed a full line of threshold based 
prosthetic hands (Ottobock, 2011a) using a myoelectric signal to activate a degree of 
freedom based on a threshold. Signal above a threshold initiates or ceases a command. Force  
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is exerted based on yes/no value (breaking a threshold) rather than proportional to the 
signal strength. A variety of signal-logic structures are possible, the most basic of which 
causes a gripper to open/close based on presence of one EMG signal. More complex 
possible logic structures include a combination of signals all acting as ‘switches’ to indicate 
various states such as Signal 1: open, signal 2: close, signal 3: make the DOF go limp, no 
signal: lock DOF at present location. Of course, the matrix of possible logic states is limited 
only by the number of EMG sensors available, the available DOF’s, and of course the 
ability/endurance of the patient. Another option in prosthetic control is proportional 
sensing. In this method, the speed or force of a DOF is controlled by the magnitude of a 
signal. This presents all of the traditional difficulties of EMG (crosstalk, filtering, realtime 
issues), and presents new challenges of safety, accuracy/repeatability, and user fatigue. 
While potentially much more elegant, and possibly capable of providing more realistic 
emulation of natural hand movement, proportional sensing includes the fundamental issue 
of requiring a much higher level of continuous engagement from the user. Proportional 
sensing, by its nature requires continuous stimulation of the controlling muscle by the user. 
User fatigue quickly becomes a major concern. Recent advancements in computer science 
and machine learning are addressing this. Current work uses EMG with downsampling 
techniques to reduce the exertion/fatigue issues (Castellini & Smagt, 2009) and use of a 
linear-nonlinear projection method to more effectively control myoelectric prosthetic hands 
real-time (Chu, et al., 2006).  

6.2 Current research and commercial prosthetic hands 
Currently, Otto Bock provides a variety of EMG based prosthetic hands to the commercial 
market (Ottobock, 2011b) including high speed (300mm/s) and high force (160N 
compression) options. i-Limb provides a hand with five independently powered digits, but 
is controlled by only two EMG electrodes (Touch Bionics, 2011). Antfolk et al. discuss 
controlling the SmartHand prosthetic using sixteen myoelectric sensors on able bodied and 
amputee participants (Antfolk, et al., 2010). 86% accuracy was reported on this extremely 
complex sixteen DOF system (three per finger plus one for thumb-opposition). Despite these 
considerable advances, EMG control of prosthetic hands is still far from natural hand 
motion, and some feel that a great deal of improvement is possible (Massa, et al., 2002). 
Currently, feedback is a major concern in upper limb prosthetics. Clearly, existing 
prosthetics can not ‘feel’ in the traditional sense. While much research is underway to 
provide haptic touch/force feedback, for position, feedback is still obtained by visual 
examination of the prosthetic. Touch/force research is currently underway using 
vibration as a feedback mechanism to indicate contact, or even force feedback (Cipriani, et 
al., 2008). 

6.3 Targeted Muscle Reinnervation (TMR) 
Research is also underway to use targeted muscle reinnervation (TMR), in which residual 
nerves of an amputated limb are connected to spare muscle fibers of a target nerve. EMG 
signals from these newly innervated muscle fibers are then used to drive a prosthetic device 
(Zhou et al., 2005a) (Zhou et al., 2005b). Using this technique, a patient performs the mental 
action of moving the phantom extremity. The rerouted nerves stimulate the newly 
innervated fibers, generating a myoelectric signal. This signal can be measured similar to 
traditional EMG measurement of the original muscle fibers, allowing patients to generate a 
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signal in a much more natural manner. With additional development, TMR could allow 
researchers to fundamentally rethink the control of prosthetics, and allow for innovative 
new designs. If successful, this promising technique would allow the use of EMG in 
prosthetics to move from Methods 2 and 3 to the highly preferable Method 1. Because TMR 
allows users to actuate prosthetics by “moving” their corresponding phantom muscles, 
prosthetics controlled by TMR based EMG signals have been shown to be much more 
intuitive. This new technique has been shown to yield a much shorter learning curve, and 
has allowed users to control far more sophisticated devices with a greatly increased number 
of DOF’s. As this technology evolves, it will allow the development of considerably more 
realistic, higher order devices (Kuiken, et al., 2009). Emerging technology, targeted Sensory 
Reinervation (TSR) promises a complementary technique, providing a sense of touch to the 
missing limb. A segment of the skin over the TMR site is denervated and regenerating 
nerves from the TMR procedure reinnervate in this area. When this area is touched, the 
patient feels a touch sensation in the phantom limb Kuiken et al., 2007). These two emerging 
technique could allow the realistic closed loop control of multi DOF prosthetics. 

7. Lower extremity prosthetics 
Electromyography has been used extensively in upper limb prosthetics, and has enjoyed 
numerous advancements in myoelectric signal processing, as well as pattern recognition 
(PR) software algorithms. Rates as high as 97.4% EMG based recognition accuracy have been 
achieved (Chu, et al., 2007). While this is a major achievement in upper extremity control, in 
highly fault-intolerant tasks such as walking, a 2.6% error rate could prove disastrous. A 
great deal of effort has gone into EMG for lower extremity exoskeletons, and tremendous 
strides have been made in this extremely difficult task (see exoskeleton section for details). 
In EMG controlled prosthetic ankle/knee applications, where the limb is completely absent, 
patients would be required to control active prosthetics by enervating other muscles. This is 
considerably difficult in upper limb prosthetics, where real-time movement control (walking 
gait) is not required. For many applications, grasping can be completed at a modified pace, 
with position feedback being generated by observing the position of the prosthetic. This 
would provide overly cumbersome for EMG as a neural control system for lower limb 
prosthetics, and failures could be dangerous for the user. Due to the critical importance of 
real-time control and very fault-intolerant nature of walking, lower limb prosthetics are 
generally not EMG based, though recent research brings new hope about it’s future 
viability. Even in research scenarios, there is a large variation between cycles, making PR 
difficult. Without the ability to sense or predict the user’s intent, active control becomes 
difficult, because impedance and power must be varied in a feed-forward manner (Huang, 
et al., 2008). While several active prosthetic ankles and knees have been developed at a 
research level (Au, et al, 2009; Johansson, et al., 2005; Wilkenfeld, Herr, 2000). There has 
even been very preliminary work on the possibility of controlling an active ankle prosthetic 
using EMG, and it has shown promise over a neural network approach (Au, et al., 2006). For 
the most part, however, other techniques are largely used to control lower limb prosthetics. 
Despite not currently being suitable for methods one through three, methods four and five 
can be utilized in lower limb prosthetics development and evaluation. The Otto Bock C-Leg 
is a popular active lower extremity prosthetic, making it a prime candidate for EMG based 
gait research (Orendurff, et al., 2006). 
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8. Tele-operation and gesture based remote control 
Just as EMG can be used to control on-body devices, it can be used to tele-operate remote 
devices from great distance or nearby. While tele-operation via EMG possesses the same 
restrictions and drawbacks of EMG control of worn devices, it can nevertheless be a 
powerful tool, and in certain situations the so-called drawbacks of EMG can be used as 
advantages. Current research in EMG teleoperation includes controlling a wheelchair 
through a combination of EMG and electroencephalography (EEG) (Han, et al., 2003). In this 
research, a novel application of EMG has been proposed. In addition to a neural control 
system for the wheelchair, EMG can be used as a monitoring and alarm system. Other 
research has used EMG and EEG to control a robot system, with the intent of future use by 
the handicapped (Ferreira, et al., 2008). In this application, eight subjects were able to control 
a computer algorithm designed to command devices, with a rightness rate of 95%. 
Experiments were undertaken to control a robotic arm by EMG signals in the forearm 
(Flexor Carpi Radialis), control a robotic wheelchair by EMG signals acquired from a neck 
muscle (elevator scapulae) to allow use by patients with upper and lower limb motor 
disabilities due to paralysis or amputation (Moon et al, 2003). Yet other research has 
investigated using EMG to control humanoid robots such as Honda’s Asimo (Honda, 2011). 
Clearly, other possibilities exist, from remotely operating machinery in dangerous locations 
such as nuclear reactors or deep undersea, to a more intuitive control mechanism for any 
number of applications. Gesture based control of machinery and computer systems are well 
within the realm of EMG research, using methods 2 and 3 (Xu, et al., 2009). In these 
applications, monitoring, warning, and feedback control can be incorporated much more 
simply and effectively than in previously discussed applications. Each of these remotely 
operated applications would incorporate a method of feedback. An audio or video warning 
could be included indicating various states or warnings. An indicator could illuminate to 
indicate that the device has contacted an object. Complex haptics configurations can be 
eliminated or greatly reduced in these applications. In order to retain force magnitude 
“sensing”, an array of strain gauges can record forces, and transmit this information to the 
controller. One is not limited to emulating human capability. Proximity sensors can also be 
installed to indicate when a remotely-operated device is approaching the desired object. Bar-
graph style indicators could be included on a monitor to indicate magnitude based values 
such as force based control. In any of these applications, just as with worn devices, user 
comfort must be considered. To this end, a design/evaluate/optimize cycle can be included 
during the development process, and method four can be used to reduce user fatigue from 
operation.  

9. Emerging applications in modern culture and technology based art 
Electromyography is being used to illustrate muscle phenomena in the technology-based-art 
community. Experimental artists are using EMG to generate a signal from muscles to control 
audio or video signals, and to actuate electromechanical apparatus in performance settings. 
As has been the case with previous emerging technologies, artists are using EMG in creative 
new ways. With the availability of high-speed real-time wireless devices at ever increasingly 
high bandwidth and low cost, the same technology that allows convenient gathering of 
walking and running gate-data allows avant-garde dance troupes to collect EMG data 
during performances to control audio signals or video displays. Artistic applications are 
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often more fault tolerant than traditional applications (In art, a bad myoelectric signal can 
hurt an artistic performance. In a prosthetic knee, a bad signal can cause injury or even 
death). The art community can therefore utilize technologies before the technologies are 
commercially viable for the mass market. 
Australian performance artist Stelarc has been using technology in his art, and using the 
human body as an art medium since 1976 (Elsenaar & Scha, 2002). His work has explored 
the boundary between man and machine, using signals from his body to control machinery, 
and using external machinery to control parts of his body, through mechanical animation, 
and by electrically stimulating muscles, often using his own body as the art medium. Stelarc 
has used electromyography in conjunction with numerous other sensor technologies (EEG, 
ultrasound, electromechanical encoders, goniometers), along with other more broadly used 
sensors (accelerometers, thermistors, and contact microphones) to control devices in 
performances around the world. In one work, Stelarc developed a “Third Hand”, a robotic 
appendage, attached to his own arm, but controlled via EMG sensors measuring activation 
of muscles in his abdomen and thigh. In another piece, Stelarc used a similar suite of sensors 
to create a variety of sounds, all generated, directly or indirectly, real-time by the human 
body. In this piece, he contrasted rhythmic sounds (heartbeat, breath) with more “chaotic” 
sounds such as those found in myoelectric signals (Elsenaar & Scha, 2002). Stelarc uses these 
techniques and sensors to blur the line between himself, electromechanical devices, and the 
audience. Many of his performances even blur the line between local and remote self, 
transmitting the body signals over the internet to control remote devices or manipulate 
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device to allow audience members to manipulate his body via actuators. EMG was used to 
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Electronic/visual artist, Sean Clute often incorporates electronics and technology more 
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group Double Vision (Jennings, 2011) uses EMG extensively. Professor Clute describes the 
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interface. Conceptually, the work highlights two symptomatic conditions of Multiple 
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legs. The data is sent via the Open Sound Control (OSC) communication protocol developed  
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at the Center for New Music and Audio Technologies at the University of California at 
Berkeley. The data is received by a computer using custom software created in the language 
Max/MSP Jitter. The software takes the incoming data, runs it through a band pass filter, 
and then maps to the x and y axis of prerecorded video footage. If the EMG activity is below 
a certain threshold then the video begins to “wiggle.” This visually represents the foot drop. 
Additionally, the same data is used to control the contrast of the video. Artistically, this 
relationship is to demonstrate the unusual characteristics of Uhthoff’s phenomenon 
including increased optic neuritis and vision abnormalities with nerve weakness. 
This work is proof of the growing application of electromyography in the performing arts 
community. As the cost of producing works using electromechanical encoders decreases 
with an increase in the shared knowledge base of how to use such technologies, emerging 
groups such as Double Vision are experimenting with ways to map the human condition 
artistically” (Clute, 2011). 
Such use of EMG in the art world helps expose the technology to ever growing numbers of 
people from more varied fields. Clute and Stelarc show that as previously arcane 
technologies become more robust, reliable, and affordable, the arts communities can provide 
a conduit to expose them to these populations. Figure 12 shows images from the work of 
Clute’s group Double Vision (with co-director Pauline Jennings). Included are a preliminary 
image for the upcoming performance entitled Wishing for the Perfect Dorsiflexion, and a 
still image from a previous live performance. 
 

 
Fig. 12. Double Vision. Left, preliminary image from “Wishing for the Perfect Dorsiflexion”. 
Right, image from a previous performance. (Jennings, 2011a, Jennings, 2011b). 

10. Mixed applications - EMG in combination with other technologies 
While a powerful tool on its own, some of the greatest benefits of EMG come when 
combined with other sensing technologies. If well planned, an application can be designed 
so that the weaknesses in EMG can be supplanted by strengths in other sensors, and the 
inherent strengths in EMG can be fully leveraged, often overcoming difficulties in other 
methods. Designers must also keep in mind that myoelectric signals can have a detrimental 
effect on other signals. Electroencephalography (EEG) practitioners have long found 
problems with EMG signals contaminating their data. As EEG detects brain signals of even 
smaller amplitudes (10 to 100 microvolts) noise from the relatively much larger EMG waves 
signals (10 to 100 milivolts) can completely drown out an EEG signal. As careful as EMG 
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practitioners must be in minimizing crosstalk when studying EMG signals, EEG 
practitioners must deal with a much greater relative problem. Fortunately, muscles of the 
human body are either relatively small (cranio-ocular musculature) or relatively distant 
from the brain and EEG setup (shoulders, arms, back, legs) (Shackman, et al., 2009). With 
proper consideration, valuable data can be taken from different technologies 
simultaneously, valuable information can be learned, and innovative new devices can be 
developed, all of which would be impossible using only one type of sensor.  

10.1 EMG with fMRI 
Magnetic resonance imaging (MRI) and functional magnetic resonance imaging (fMRI) 
allow practitioners to generate detailed internal structures of the human body, often the 
brain. Of course, such valuable technology comes with features which can be drawbacks or 
even make the tool unusable in some applications. The devices are very large, not portable, 
and in the case of MRI, involve a very high dose of electromagnetic radiation. Additionally, 
the hardware and operation of the devices is very expensive. While tremendously valuable 
in many applications, these factors make MRI and fMRI prime candidates for mixed use 
applications, particularly those in which initial procedures can be completed with MRI 
fMRI, but can later be simplified to eliminate the large expensive machinery. It has been 
shown (Dai, et al., 2001) that fMRI, EMG, and joint muscle force can be correlated in some 
cases. Ten volunteer participants were asked to exert a hand grip force as measurements 
were taken. Brain images were acquired using FMRI, as participants gripped at 20, 35, 50, 
65, and 80% of their maximal force. Concurrently, EMG signal data was taken on the 
activation levels of the flexor and extensor muscles. EMG based signals were directly 
proportional to brain signal amplitude. Both of these signal intensities also correlated with 
hand grip force. A novel technique, computed myography (CMG), uses a dense array of 
individual sEMG electrodes rather than traditional bipolar electrodes to determine muscle 
activation across several muscle groups. Multiple electrodes were attached to a human 
forearm to record a broad spectrum of EMG data during flexion/extension (number and 
locations of sensors were varied based on the experiment performed) Then, using the finite 
element method (on commercial analysis packages Comsol and Matlab), this array of 
electrode data is inverted to determine qualitatively and quantitatively the activation levels 
of the internal muscles. Concurrently, the arm is monitored with fMRI, yielding a well 
understood map of the desired muscle activation. It is believed that with further correlation, 
the fMRI can be eschewed completely, and an essentially fMRI level map can be generated 
using only EMG and this novel CMG method (Vand Den Doel et al., 2008). An EMG based 
prosthetic arm was used to study the mutual adaptation between the system and the human 
body. A 13 DOF prosthetic was used, including electrical stimulus for tactile feedback. fMRI 
data is recorded to clarify the plasticity of portions of the brain due to changes in the device. 
The experiments show adaptation in the studied areas (from fMRI data) of a phantom limb 
image to the prosthetic (Kato, et al., 2009). 

10.2 EMG with EEG 
Recently, great strides have been made in brain-machine interface using EEG. 
Unfortunately, because EEG signals are several orders of magnitude smaller than EMG, and 
because interstitial layers, particularly the skull, tends to damp out much of the frequency 
range of EEG signals, EEG signals are notoriously difficult to record, process, and interpret 
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accurately (Saneei & Chambers, 2007). Just as advances have been made in interpreting 
EMG signals, the field of EEG has been rapidly evolving and hardware is becoming 
available at ever reduced cost to ever larger groups. Concurrently, much research has 
occurred developing a hybrid approach to human-machine interface utilizing EEG, EMG, 
fMRI, and recently even motion tracking systems such as the Kinect by Microsoft. EMG has 
been used in conjunction with EEG in a clinical setting to detect changes in sleep and shift 
between sleep stages in healthy patients and patients suffering from narcolepsy or other 
ailments, leading to increased ability to diagnose certain disorders and has lead to a greater 
understanding of sleep and the many musculo-physical issues associated with it (Ferri, et 
al., 2008; Rechtschaffen & Kales, 1968). This EMG EEG hybrid approach has also been used 
to control machinery and virtual conditions. Often, EEG is used as a source of multi-
dimensional data, and EMG is used as a more reliable safety/backup system, utilizing the 
advantages of both systems. Research has been done on wheelchair control, allowing users 
to control the device with EEG. EMG was used to correlate desired commands with 
recorded EEG states. While research shows encouraging preliminary results, additional 
research and possible further hybridization with EMG is required (Blankertz, et al., 2006). 
This research was particularly encouraging, because it found that very little training was 
required before subjects could begin controlling the apparatus using only EMG and EEG. 
Robotic control using EMG and EEG has been proposed and is the subject of several 
experiments. A technique labeled Biopotential, using EMG and EEG to control machines 
was studied. Data acquisition rates in EMG and EEG realms are quite high and more work 
is required to process this magnitude of data real-time (McMillan, 1998). Flight control via 
EMG and EEG is far from a reality, as any fault could be catastrophic. However, virtual 
flight control research can readily be performed. EEG was used for control, with EMG as 
validation and backup signal (Friedman, et al., 2004). Yet another study into flight 
simulation via human-machine interface actually used both EMG and EEG to control the 
simulation. In this experiment, subjects showed the ability to control the single DOF 
simulation with relative accuracy (though some suffered cybersickness from immersion in 
the simulator). The study presented the questions of users’ limits of control, suggesting 
future experiments including multi-DOF tasks. A program is now underway in the 
Netherlands to control a lower limb exoskeleton using EEG and EMG signals. Entitled 
MINDWALKER, the project attempts to develop a device primarily for use among those 
suffering from spinal cord and other injuries. An ambitious project, the use of both EEG and 
EEG EMG based controls will be implemented, because it is understood that those with 
spinal cord injuries may not be able to control such a device using EMG. The addition of 
EEG with EMG expands the realm of applications, and techniques used for voluntary and 
semi-voluntary control. Event-related potential (ERP), or the direct brain response to a 
perception/thought as well as P300, by which the patient can learn to control slow brain 
waveforms in order to control devices. These techniques along with measures of autonomic 
system balance (Heart Rate Variability, Skin Conductance) expand the use of EMG into 
entirely new realms of system control from gaming to dentistry. 

11. Future directions 
As technologies mature, additional applications become feasible. Just as many applications 
discussed above were the subject of wild fancy a short time ago, we will continue to see 
advancements including EMG as the primary driver, or one tool in a suite of technologies 
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bringing us ever greater opportunities. Energy Harvesting/Scavenging is an ever growing 
field, in which low power and intermittently powered devices use available energy from the 
surroundings. Energy sources include heat and vibration, and are absorbed using pieso-
electrics and thermopiles (Vullers, et al., 2009), often for applications in difficult to reach 
areas, where changing a battery or hard-wiring electricity is difficult or costly. In vivo 
devices are prime examples of such difficult to access applications. One highly plausible 
method for research is the study of EMG or EKG as a power source for energy harvesting. In 
such an application, signal clarity, timing, and interpretation are unimportant. Cross talk 
from other nearby muscles can actually be a benefit. The focus in this application is the 
magnitude of the signal. It has also been proposed that EMG and EEG can be used as a form 
of human/robot interaction where a robot/device would sense EMG/EEG signals to learn 
about nearby humans, not explicitly for control (Bien, et al., 2008). EMG techniques can also 
be used to monitor users for fatigue, alertness, or other variables in various situations. Work 
has already begun in user monitoring in wheelchair applications, in which the device will 
stop if EMG signals fall below a threshold or become abnormal, allowing a failsafe in 
wheelchair operation (Han, et al., 2003). Research has been conducted on using EMG signals 
to trigger a hands-free electrolarynx device (Goldstein et al., 2004), in which myoelectric 
signals are monitored to control initiation and termination of the device. Additional research 
includes EMG for voice/speech recognition even at the sub-auditory level (Jorgensen et al., 
2003) 

12. Discussion 
The field of Electromyography is developing into new areas. As the necessary technology is 
developed and the devices become more reliable and less expensive, EMG can be used more 
reliably and at a reduced cost, making it feasible in an ever increasing range of applications. 
As the applications of EMG change, we must consider the benefits as well as the potential 
drawbacks inherent in this proliferation. The applications exploring the possible use of EMG 
have different priorities, and if used appropriately, many of them may use EMG as a 
powerful tool. If used improperly, however, erroneous data taken from a myoelectric signal 
can be useless, if not harmful or even fatal. In traditional applications, crosstalk is a major 
concern. In energy scavenging, or in spread array techniques such as CMG, crosstalk 
becomes less of a concern, or even an additional source of electrical energy. Some EMG 
applications rely on robust signal fidelity, divisible into fine resolution to obtain maximum 
data. Other applications, such as two state and three state conditions discussed as method 
three in this chapter, do not require such high signal fidelity. Table 1 below covers major 
applications of EMG, and addresses the relative importance of major factors for each. 
When developing new devices or applications drawing EMG out of the traditional setting, 
one must consider the challenges, risks, drawbacks, and advantages involved in using EMG. 
Some challenges are being addressed through modern sensing, signal processing, and 
computational techniques, but other issues are inherent to the nature of the phenomenon. 
Advanced hardware now allows us to acquire and filter signals real-time in a ever more 
portable packages. Computer modeling and other software techniques are now allowing us 
to learn about myoelectric signal and even predict motions and muscle activity. EMG is 
being used in various suites of sensors to extract the best components of EMG as well as the 
other sensors such as fMRI, EEG, and motion tracking. As EMG becomes available to more  
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  Consideration 

Application   

Signal 
Fidelity & 
Resolution  Realtime Convenience 

Crosstalk & 
Accuracy cost 

Worn 
Devices Exo (lower extremities) 2 1 3 1 3 

  
Prosthetic hand, 
proportional (method 2) 2 1 3 1 3 

  
Prosthetic hand, 
gradient (method 3) 3 1 3 3 2 

  Lower Limb Prosthetics 1 1 3 1 3 
Device 
control 

virtual environment 
control 2 2 1 3 1 

  
hybrid, fail-safe, signal 
check 3 3 3 3 2 

Art/dance/culture 3 3 2 3 1 

Design validation/ Optimization 
(methods4, 5) 2 4 2 2 2 

Matrix devices/FEA/CMG 2 3 3 4 4 

Energy Scavenging 4 4 4 4 3 

Table 1. Relative importance, applications vs major areas of concern in EMG. 1. Critical. 2. 
Important. 3. Somewhat Important. 4. Not Important. 

practitioners and applications, it becomes tempting to use the technology as a “black box” 
(simply extracting data without understanding the details), and not understand the 
background and limitations. As EMG becomes easier to use, it becomes easier to abuse. 
Untrained practitioners can draw erroneous conclusions, which can cause harm, injury, or 
even death. We must be mindful to maintain the integrity of EMG applications, along with 
the other sensing techniques used, in worn devices, devices to assist the elderly and 
handicapped, control machinery, and other new and emerging technologies. 
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1. Introduction  

Registration of electrical muscle activity with the use of surface electromyography (SEMG) 
is today already a routine neuro-physiological method. Over the course of a few decades it 
has moved from the field of the purely experimental to the area of rehabilitation medicine, 
kinesiology, and sports issues. Together with this trend, interest has begun to deepen in the 
study of all types of movement patterns stereotypes conducted in a water environment and 
in a dry environment. This has also opened a new area of electromyographic diagnostics 
that represents a modification of the basic methodology of surface EMG in a water 
environment, so-called Water Surface Electromyography -WaS-EMG (Pánek et al., 2010). 
Although current modern technology allows a huge number of computer post-processing of 
an acquired native recording, a key phase of the actual recording of electrical activity 
remains in the hands of the experimenter. For these reasons significant attention is paid to 
the methodology and issue of correct placement and fixing of electrodes in all neuro-
physiological methods. In general approach, recording an EMG signal in a water 
environment is no different from the common methodology of surface EMG, but there are 
certain specifics in that case. Currently, great attention is paid in the literature to the issue of 
the different effect of water and dry environments on the nature of the EMG recording itself 
(Kelly et al., 2000; Masumoto et al., 2004, 2008; Rainoldi et al., 2004; Veneziano et al., 2006), 
and thus on the course of a defined movement stereotype (Kelly et al., 2000; Masumoto et 
al., 2004, 2005, 2008; Pavlů & Panek, 2008; Holländerova, 2011; Sladká, 2011). 
In this work we take up the issue of Water Surface Electromyography (WaS-EMG), both in 
terms of research and the practical, including a summary of the results of several of our 
experiments.  

2. WaS-EMG methodology 
In our workplace we use a telemetric EMG instrument, the TelemyoMini 16, which is made 
by the Neurodata company. We evaluate and process the acquired data with the help of 
MyoResearch XP Master Edition software for concurrent video monitoring. However, the 
following items are also needed to complement the equipment for recording an EMG signal 
in a water environment (Fig. 1): 
1. Water-resistant sac for the EMG amplifier and transmitter. 
2. Special bipolar electrodes with a set of two-sided adhesive patches that are necessary 

for solidly affixing the electrodes to the skin.  
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3. Covering, waterproof patches for the electrodes, which prevent moistening and the 
subsequent release of electrodes into the water. 

4. An abrasive and conductive paste. 
5. Alcohol benzine. 
6. Electrode conductive cream (from GE Medical System). 
7. Universal Silicone. 
 

 
Fig. 1. The equipment for recording EMG singnal in a water environment (Pánek et al., 
2010). 

2.1 Preparatory phase of measurement 
Significant attention must be paid to placing the EMG transmitter in the water-resistant sac. 
Unless we ensure proper sealing of the sac, the damage will reach large financial sums. 
Closing the main opening of the sac poses no problems, but sealing the openings for the 
bipolar electrode cables is more complicated. Because this involves relatively complex and 
precise work, we recommend immediately preparing all the cables that we have at our 
disposal. If we do not use all the cables in the measurement, we can secure the remaining 
cables with water-resistant adhesive tape right to the sac. We place the cables in grooves 
already prepared in the sealing rubber, which is divided into two halves and secured with a 
screw. Nevertheless, it is still necessary to assure that it is water-resistant by sealing the 
cables in the grooves with common Universal Silicone. This method makes it possible to 
later free up the cables and clean the grooves in the sealing rubber without problems. Before 
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closing the main opening of the sac it is good to place the transmitter on a polystyrene 
board, which will allow the transmitter to float. In this way we can avoid loss of the EMG 
signal at the moment when the proband is moving actively in the water, which can lead to 
the EMG transmitter being submerged below water level (Pánek et al., 2010).  

2.2 Application of electrodes on the skin 
For recording an EMG signal in a water environment we use special bipolar electrodes (Fig.2). 
This involves Ag/AgCl disk electrodes that are 5 mm in diameter, which are embedded in 
plastic periphery so that only the central part, which is placed against the skin, remains free.  
 

 
Fig. 2. WaS- EMG electrodes intended for water environments with accessories (Pánek et al., 
2010). 

Here, too, the basic rule applies that the electrodes are affixed to thoroughly cleaned and 
degreased skin. In our case, we used an abrasive tape and alcohol benzine. We stick two-
sided adhesive tape, which copies the round shape of the electrode and is supplied together 
with the electrodes, to the plastic disk of the electrode, which is placed against the skin. 
Only then do we apply the conductive gel to the electrode. In our experience this phase is 
very important, because too much gel markedly increases the risk of the electrode coming 
loose during the course of the experiment. Of course a small amount does not ensure proper 
adherence of the electrode to the skin, it increases the impedance between the electrodes and 
the skin, and there is a weakening and disruption of the electrical signal. Each subsequent 
correction of the attachment to the skin is, due to the wet environment, significantly 
complicated. After sticking the electrode to the skin, we cover it with a special round sealing 
patch with a central opening, which we place precisely over the electrode. We also paste 
over the electrode cable; passing the cable through the central opening has not worked, as in 
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water the electrode itself always came unstuck. Maintaining the recommended distance 
between electrodes at 1cm (DeLuca, 2002) is impossible for use of this methodology, as any 
decrease in the diameter of the covering patch leads to the electrode becoming unstuck. 
However, it follows from our experience that covering the individual patches by about 1/3 
of their diameter is stable, and the electrodes do not fall off in water.  

2.3 Affixing the water-resistent sac to the body, and entering the pool 
After applying all the electrodes on the skin we can proceed to affixing the water-resistant 
sac to the body. It seemed to us that the best option is to pull the sac’s blue hanger (Fig. 3) 
over the head and loosen it sufficiently so that during movement in water it will slip into the 
C-Th area and not cause an unpleasant feeling of pulling in the area of the neck. We adjust 
the sac’s strap in the area of the torso in such a way that during movements the sac can be 
above water surface level.  
 

 
Fig. 3. Water-resistant sac with EMG transmitter and electrodes (Pánek et al., 2010). 

It is necessary to affix the loose cables from the bipolar electrodes placed on the skin to the 
proband’s body, because they can both obstruct movement and lead to detachment of the 
electrode from the preamplifier placed for the electrode itself, and their free movement can 
also affect the EMG signal (Rainoldi et al., 2004). It is possible to use water-resistant straps 
that are used in various water sports for affixing loose cables, but there is the possible risk of 
allergic contact reactions. One variant appears to be to cut patches for the electrodes that do 
not come unstuck in water or cause allergic reactions.  
Because we are working in a wet environment, we must protect the EMG instrument itself 
and the notebook against damage. We select a place that is relatively well protected against 
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direct contact with water. For this reason, most of the affixing of electrodes and the overall 
preparation of the proband proceed further from optimal entry into the water. 
In Figure 4 we see how the proband climbs over the side area of the pool only with the help 
of an assistant who holds the sac and the loose cables. We consider this method of entering 
the pool to be simply unsuitable, because its result can be only yanking or unsticking an 
electrode. 
 

 
Fig. 4. Unsuitable entry into swimming pool 

 

 
Fig. 5. Recommended entry into pool. 

For this reason we recommend that the proband enter the pool in a freely accessible place, in 
our case by the steps, and on the side of the pool, where it is possible to comfortably stand 
on the bottom (Fig. 5). In this way the proband can´t demage the loose cables and the water-
resistant sac, which remains on the water surface behind the proband. When using the 
telemetric EMG instrument it is necessary to ensure that the water-resistant sac remains 
above the water level during the course of the experiment. We achieved this by placing 
lightening floats right in the sac (Fig. 6), or we used an assistant who always kept the sac 
above water level, thereby limiting increased movement of loose cables during the course of 
the probands’ motor activity (Sladká, 2011).  
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Fig. 6. WaS-EMG: Recording of swimming (Pánek et al, 2010). 

The issue of the difference between telemetric measurement and direct connection of the 
EMG instrument and the electrodes by cables has already been dealt with in the study by 
Clarys et al. (Clarys et al., 1985). When using both methods for registering an EMG signal no 
difference was found. And for this reason, due to the more advantageous manipulation with 
the telemetric system, this method is primarily recommended for recording electrical 
activity of muscles.  
Other technical parameters of registration are also taken up by Masumoto and Mercer 
(Masumoto & Mercer, 2008), who evaluated whether it is better to use a water-resistant suit 
or to affix each electrode covered by water-resistant tape with a foam cushion. Although a 
water-resistant suit appears to be better, there are also many disadvantages. The suit must 
both fit every individual, thereby increasing the price of the measurement, and the cables 
must leave through holes in the suit, resulting in potential places for leaks. And, last but not 
least, it is not entirely clear whether the suit limits the proband’s dynamic movement. For 
these reasons, according to Masumoto and Mercer it is better to apply each electrode 
separately, with covers of waterproof tape.  

3. Effect of water environment on the amplitude and spectral characteristics 
of an EMG signal 
During electromyographic studies in a water environment, and especially when comparing 
the motor behaviour of an individual in water and on a dry land, the relevant question 
arises as to how the water environment affects the native EMG signal, and what the specific 
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both fit every individual, thereby increasing the price of the measurement, and the cables 
must leave through holes in the suit, resulting in potential places for leaks. And, last but not 
least, it is not entirely clear whether the suit limits the proband’s dynamic movement. For 
these reasons, according to Masumoto and Mercer it is better to apply each electrode 
separately, with covers of waterproof tape.  

3. Effect of water environment on the amplitude and spectral characteristics 
of an EMG signal 
During electromyographic studies in a water environment, and especially when comparing 
the motor behaviour of an individual in water and on a dry land, the relevant question 
arises as to how the water environment affects the native EMG signal, and what the specific 
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changes are in muscle activity caused by the change in gravitation and by the resistance of 
the water environment.  
The original studies by Clarys et al. (Clarys et al., 1985) and Pöyhönem et al. (Pöyhömen et 
al. 1999) pointed to decreased amplitude of the EMG signal in the course of maximal 
voluntary contraction (MVC) in water compared to EMG activity on a dry land. But it was 
not clear whether this result was affected by methodological limitations or physiological 
changes caused by the water environment. That is to say, in both cases the authors did not 
use waterproof attachment of electrodes or attachment of electrode by means of adhesive 
tape (Sulkova, 2011).  
A significant contribution to the solution of this problem is the study by Rainoldi et al. 
(Rainoldi et al., 2004). The authors monitored the EMG activity of the brachial biceps muscle 
during maximal voluntary contraction on a dry land, in standing water, and in a flowing 
water at 25° C. In all cases they compared the individual parameters of the EMG signal 
(average rectified value, root mean square, mean frequency, median frequency) during 
isometric contraction with and without attachment of electrodes by means of water-resistant 
adhesive tape and with attachment of free electrode cables. The results of the study 
indicated that without the covering tape over the electrodes, the amplitude of the signal is 
recorded in standing and flowing water as lower (by 6.7%) than during contractions on a 
dry land. A dramatic change appeared during isometric contractions in flowing water 
without the covering tape, when there was a significant increase of the frequency 
component in the low frequency band of 0-20Hz, which affected all of the monitored 
parameters. The incidence of this artefact was caused by the movement of free cables, and 
after they were affixed and the electrodes were glued on it disappeared. The conclusion of 
this study was to recommend the use, when registering EMG activity in water, water-
resistant adhesive tape, whereby we can rule out the occurrence of marked artefacts and 
ensure constant conditions during the course of the entire experiment.  
Da Silva Carvalhoa et al. (Da Silva Carvalhoa et al., 2010) present many studies that stress 
the importance of water-resistant tape when measuring EMG in a water environment, but 
also several practices that cast this fact in doubt. They conducted an experiment that should 
have clarified the inconsistency. We can see the following from the results: during isometric 
contractions in water without taping, there was a EMG amplitude decreased in to 50%. 
When comparing isometric contractions in a water environment with the use of covering 
tape, the results were in accord with those that were measured on a dry land with and 
without tape. So according to them, the covering tape used on a dry surface does not affect 
the EMG amplitude, yet it had a marked effect on the EMG recording in a water 
environment.  
Similarly, Veneziana et al. (Veneziano et al., 2006) also recommend the use of covering tape in 
a water environment and on dry land, because among other things, the covering tape also 
develops a certain mechanical pressure on the skin and the muscle tissue under the electrode.  
Many authors thus agree on the necessity of attaching the electrodes with water-resistant 
tape, which eliminates the artificially lowered amplitude of the EMG recording and the 
spectral changes in water. We thus ensure that the EMG signals acquired on a dry land and in 
water can be correctly reproduced and compared. When adhering to the correct methodology 
for attaching the electrodes the water environment does not affect the registered electrical 
activity of the muscle or the maximum muscle contraction.  
Another discussed question is whether we should normalise the EMG data to the maximal 
voluntary contraction (MVC) in water or on a dry land. Masumoto and Mercer (Masumoto 
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& Mercer, 2008) recommend that it all be normalised to MVC on a dry land, because most 
prior studies were conducted in precisely by this way. Silvers and Dolny (Silvers & Dolny, 
2001) tested maximal voluntary contraction on a dry land and in water on 12 probands. 
From the results they conclude that no marked difference was found between individual 
MVC values on a dry land and under water. So they also recommend normalisation to MVC 
values registered on a dry surface.  

4. Effect of water temperature on the native EMG signal 
The heat conductivity of water is 23 times higher than the conductivity of air. Dewhurst et 
al. (Dewhurst et al., 2005) documents that the temperature of a muscle is, under ordinary 
conditions, always higher than the temperature on the surface of the body. In a water 
environment there is a faster exchange of heat between the water and tissues, and therefore 
the organism cools earlier than on the air. 
Proximal muscles are warmer at rest, by an average of 4.1° C, than distal muscles. Muscle 
temperature changes the most in the first 5 minutes after being submerged in water, and in 
15 minutes their temperature equals the temperature of ambient water (Petrofsky J, 2005). 
Petrofsky and Laymon (Petrofsky & Laymon, 2005) tracked the effect on an EMG signal in 
connection with water temperature on 7 probands. They registered EMG activity from the 
upper and lower extremities (m. biceps brachii, m. brachioradialis, m. quadriceps femoris, 
m. gastrocnemius) after 20 minutes of submersion in water at temperatures of 24°, 27°, 34° a 
37° C. For all four examined muscles there was no statistically significant difference between 
the MVC values and the median frequency among the three highest water temperature. 
Nevertheless, after submersion in the coolest water (24° C), all of the monitored muscles 
showed a significant MVC decrease (by up to 44.8%), a shift of the median frequency by 
32 Hz in the direction of lower values, and a slower speed of action potential conduction in 
the muscle fibre by 2m/s in comparison with the value achieved in the warmest water.  
A similar issue was taken up in the diploma thesis by Stejskalová (Stejskalová, 2011), where 
she evaluated the amplitude changes in isometric contraction after 5 minutes in water at 
temperatures of 15° C, 24° C, 35° C for 30%, 50%, and 70% of the maximum output muscle 
strength measured by pressing a hand dynamometer. She registered EMG activity from 
finger flexors and the wrist of the right upper extremity, which was submerged in a water 
bath at the level of half the forearm. The results of the study, as opposed to the work of 
Petrofsky and Laymon (Petrofsky & Laymon, 2005), did not show any effect of water 
temperature on the EMG recording. This finding explains the shorter period of the 
extremity’s submersion in water, when for the first time after 15 minutes the temperature 
between the ambient water and the muscle stabilize which subsequently appears in cool 
water as changes of electromyographic activity.  
The water temperature and duration of submersion are significant factors that affect the EMG 
record. For these reasons, the stimulation of the water temperature must be stated and 
considered. According to Jandová (Jandová, 2009), after an isothermic bath the water bath 
temperature was designated as 34-35 C. But this involved baths in their entirety for which no 
physical activity was assumed. At a temperature of 25-32 C, the bath was cooling, 
hypothermal. At a temperature of 25 C there was already a decline in body temperature of 1 
C after 7 minutes (Jandová, 2009). Most electromyographic studies in a water environment 
work at temperatures between 27 and 34° C (Miyoshi et al., 2004; Masumoto et al., 2004, 2009; 
Veneziano et al., 2006; Shono et al., 2007; Kaneda et al., 2008; Pavlů & Pánek, 2008). 
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5. Comparison of movement in a water environment and on a dry land 
The growing popularity of all sorts of rehabilitation and fitness procedures in water has led 
to many studies that deal with dynamic regimens of muscle activity and their comparison 
when done on dry land or in water. The specificity of the water environment leads, in 
comparison with dry surfaces, to different muscle timing through a change in the 
proportional representation of activity agonistic-antagonistic muscles, and through a 
different compensation mechanism that follows from a certain postural “instability” in 
movements in water. Most published works deal with the issue of normal or modified gait 
or the monitoring of activity of muscles of the lower extremities in variously defined 
movements. Less attention is paid to the activity of muscles of the upper extremities, mostly 
with a focus on the shoulder girdle. 

5.1 WaS-EMG analysis of walking in water 
Movements in a water environment are affected by the viscosity of the water, which is eight 
hundred times as great as that of air. Bodies submerged in water are lighter than in air thanks 
to the buoying force. This buoying force of water decreases the vertical burden in a water 
environment against to walking on a dry land. This result was objectivised on the basis of 
treading on a Kistler pressure-sensitive surface in a water environment (Miyoshi et al., 2004). 
Masumoto et al. (Masumoto et al., 2004) monitored muscle activity during walking on a 
treadmill in a water environment with the use of an water counterflow and without, and they 
compared it with walking on a dry land. They monitored muscles in the lower extremities 
(m.gluteus medius, m.rectus femoris, m.vastus medialis, m.biceps femoris, m.gastrocnemius 
lateralis, m.tibialis anterior) and bilaterally on the trunk (mm.paravertebrales in the area of 
the fourth lumbar vertebra and the m.rectus abdominis). The gait speed in a water 
environment (30 m/min, 40 m/min, 50 m/min) was half that of the gait speed on a dry 
surface. The depth of the water in the pool reached the level of the processus xiphoideus. 
Significantly lower electrical activity values were found in the monitored muscles when 
walking in a water environment with a counterflow and without a counterflow in 
comparison with identical movement on a dry land, the difference amounting to 10-20%. 
These results corresponded to previous studies, which also describe decreased EMG activity 
in a water environment compared with identical movement on a dry land (Clarys et.al., 1985; 
Fujisawa et al., 1998; Pöyhömen et al., 1999; Kelly et al., 2000). The following year Masumoto 
et al. (Masumoto et al., 2005) published a further study. In which, while keeping the previous 
conditions, they again monitored the activity of muscles of the lower extremity and trunk 
musculature while walking on a treadmill backwards on a dry land and in a water 
environment (with and without a water counterflow). They arrived at similar reasults. The 
sole exception was heightened activity of paravertebral muscles in the area of the fourth 
lumbar vertebra. They explained the increase in their activity in water by citing the greater 
resistance of the water environment, greater demands on balance, and backwards walking.  
In the work of Shono et al. (Shono et al., 2007), electrodes were placed on muscles of the 
right lower extremity: m.tibialis anterior, m.gastrocnemius medialis, m.vastus medialis, 
m.rectus femoris, m.biceps femoris. Gait was measured among sixty years old women at 
speeds of 20 m/min., 30 m/min, and 40 m/min in a water environment, and then at twice 
these speeds on a dry land. The gait cadence was lower (by nearly one-half) and the stride 
length was longer in a water environment, if the same gait speeds in both environments 
were compared. However, when comparing the same intensity of movement, i.e., 
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approximately 30 m/min in a water environment against 60 m/min on a dry land, the stride 
length was not significantly different. At a corresponding intensity of movement, nearly 
identical activity for the m. tibialis anterior, m. vastus medialis, and m. biceps femoris was 
recorded, but the m. gastrocnemius medialis and m. rectus femoris showed lower activity in 
a water environment. When comparing the results of the same speeds, activity of the tibialis 
anterior, vastus medialis, and biceps femoris was higher in a water environment, while 
activity of the gastrocnemius medialis and the rectus femoris was the same.  
Pöyhönen (Pöyhönen T, 2001) evaluated the muscle activity of the m. quadriceps femoris 
and the m. biceps femoris during flexing and extension of the knee on a dry land and in a 
water environment. In the water environment the test was run with and without the use of a 
“Hydro Boot.” Eighteen persons without any physical problems took part in the study. The 
underwater EMG results showed a decline in time in the concentric activity of the agonist 
muscles with concurrent activity of the antagonist muscles without the “Hydro Boot.” When 
measuring activity in a water environment with and without the resistance boot the 
probands were seated on a chair so that they are submerged up to the mid-sternum level. In 
the results, the EMG amplitudes were similar in both cases. The authors are of the opinion 
that with and without the use of the boot the size of the EMG amplitude was similar, 
especially thanks to the “power-speed” relationship of the muscle contraction. But it was 
pointed out that if a muscle acts as an agonist it is active in roughly the first 50-60% of the 
extent of the movement. If it is acting as an antagonist it is active in roughly the last 50-60% 
of the extent of the movement, while on a dry surface an agonist is active throughout the 
entire period of movement and an antagonist shows only a little activity. 

5.2 WaS-EMG analysis of muscle timing during cycling on dry land and in a water 
environment 
In the work of Sladká (Sladká, 2011), with the help of surface EMG, was compared the 
timing of muscles of four probands aged 23-24, while riding a bicycle on a dry land and in a 
water environment. In the experiment she used two identical Sapilo water bicycles (Fig. 7). 
She placed WaS-EMG electrodes on the right and left paravertebrales muscles and the m. 
biceps femoris, m. gastrocnemius lateralis, m. vastus medialis, and m. tibialis anterior of the 
left, non-dominant extremity. 
 

 
Fig. 7. Sapilo water bicycle. 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

464 

approximately 30 m/min in a water environment against 60 m/min on a dry land, the stride 
length was not significantly different. At a corresponding intensity of movement, nearly 
identical activity for the m. tibialis anterior, m. vastus medialis, and m. biceps femoris was 
recorded, but the m. gastrocnemius medialis and m. rectus femoris showed lower activity in 
a water environment. When comparing the results of the same speeds, activity of the tibialis 
anterior, vastus medialis, and biceps femoris was higher in a water environment, while 
activity of the gastrocnemius medialis and the rectus femoris was the same.  
Pöyhönen (Pöyhönen T, 2001) evaluated the muscle activity of the m. quadriceps femoris 
and the m. biceps femoris during flexing and extension of the knee on a dry land and in a 
water environment. In the water environment the test was run with and without the use of a 
“Hydro Boot.” Eighteen persons without any physical problems took part in the study. The 
underwater EMG results showed a decline in time in the concentric activity of the agonist 
muscles with concurrent activity of the antagonist muscles without the “Hydro Boot.” When 
measuring activity in a water environment with and without the resistance boot the 
probands were seated on a chair so that they are submerged up to the mid-sternum level. In 
the results, the EMG amplitudes were similar in both cases. The authors are of the opinion 
that with and without the use of the boot the size of the EMG amplitude was similar, 
especially thanks to the “power-speed” relationship of the muscle contraction. But it was 
pointed out that if a muscle acts as an agonist it is active in roughly the first 50-60% of the 
extent of the movement. If it is acting as an antagonist it is active in roughly the last 50-60% 
of the extent of the movement, while on a dry surface an agonist is active throughout the 
entire period of movement and an antagonist shows only a little activity. 

5.2 WaS-EMG analysis of muscle timing during cycling on dry land and in a water 
environment 
In the work of Sladká (Sladká, 2011), with the help of surface EMG, was compared the 
timing of muscles of four probands aged 23-24, while riding a bicycle on a dry land and in a 
water environment. In the experiment she used two identical Sapilo water bicycles (Fig. 7). 
She placed WaS-EMG electrodes on the right and left paravertebrales muscles and the m. 
biceps femoris, m. gastrocnemius lateralis, m. vastus medialis, and m. tibialis anterior of the 
left, non-dominant extremity. 
 

 
Fig. 7. Sapilo water bicycle. 

 
Water Surface Electromyography 

 

465 

The temperature of the water in the pool was 32 C (±0.5 C), and the temperature of the air 
was 28 C (±0.5 C). The depth of the water was up to 125 cm. The measurement itself of the 
EMG recording was made while riding on the water bicycle, first on a dry surface and then 
in the water. The pedalling speed was 60 revolutions per minute. The pedalling time on the 
dry land and in the water was one minute. 
 

 
Fig. 8. EMG recording with a synchronized video recording. The interrupted vertical line 
captures the left lower extremity at the beginning of the pedal revolution (Sladká, 2011).  

The results of the study did not show changes in the timing of the monitored muscles of the 
lower extremity when riding a bicycle on dry land and in a water environment. Due to 
greater demands related to stabilizing the pelvis in the water environment, there was co-
contraction of both paravertebral muscles. On dry land this tendency was not recorded. At 
the same time, it was found that in the water environment pedalling was more regular than 
pedalling on dry land.  

5.3 Analysis of muscles of the pectoral girdle with the help of WaS-EMG 
The already outlined general trend towards decreasing electromyographical activity for 
identical movements in water versus dry land has also been described by many authors 
studying muscle activity in the area of the pectoral girdle (Rouard & Clarys, 1995; Fujisawa 
et al., 1998; Pavlů & Pánek, 2008). 
Kelly et al. (Kelly et al., 2000) broadened their question to include the issue of the speed of 
abduction in the shoulder joint with a concurrent comparison of the activity of muscles of 
the rotator cuff and the synergies of the shoulder during exercise on dry land and in 
water. Six probands took part in the research. In the water environment, the probands 
were submerged up to neck level. In both environments they caused abduction in their 
shoulder joints at speeds of 30°/s, 45°/s, and 90°/s. The results showed that when the 
selected speed corresponded to 30°/s and 45°/s, the activity of the muscles (supraspinatus, 
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infraspinatus, subscapularis, and the front, middle and back parts of the deltoideus) was 
smaller than on dry land. At 90°/s, the muscle activity especially of the m. subscapularis, 
increased markedly.  
Holländerová (Holländerová, 2011), during the course of her study, which was conducted in 
our workplace, evaluated the timing and size of activation of muscles during abduction in 
the shoulder joint as opposed to the resistance of a flexible pull on dry land and in water. 
The flexible resistance was provided with the help of Thera-Band yellow dye. Four 
probands took part in the study. EMG activity was registered from the m. trapezius pars 
superior et inferior and the m. deltoideus pars medialis muscles (Fig. 9).  
 

 
Fig. 9. Localization of WaS-EMG electrodes during study of muscle activity against flexible 
resistance with the help of Thera-Band yellow dye (Holländerová, 2011). 

The water temperature was 32° C. The probands caused abduction in the shoulder joint at a 
speed of 30°/s to the horizontal position of the brachium, first on a dry surface and then in 
water, which reached the level of the procesus spinosus vertebra C5. They continually 
repeated abduction of the brachium 10 times, and 7 stable cycles were evaluated (Fig. 10). 
The results of the study indicated a decrease in monitored muscle activity in the water 
environment; the most marked change was captured in the m. trapezius pars superior 
muscle - 47-57% - in the other two muscles the change ranged between 19 and 29%. She also 
found different muscle timing, coinciding with an earlier study (Pavlů & Pánek, 2008), 
between movement in water and on dry land, but this was individual and there was no 
common trend.  
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Fig. 10. EMG activity in the course of 7 cycles of brachial abduction in a water environment 
(Holländerová, 2011). 

6. Conclusion 
WaS-EMG is a relatively modern method for studying electrical muscle activity in an 
environment that was formerly rather inaccessible for neuro-physiological methods. 
Nevertheless, there are many studies that make it possible to follow up on acquired 
knowledge relating primarily to methodological measurement and the effect of a captured 
biological signal. In summary, here are the most basic of them:  
1. For registering electrical activity it is best to use separate electrodes. Water resistant 

suits and garments are mainly more expensive, they place greater limitation on the 
probands’ activity, and they are more likely to leak water onto the electrodes.  

2. Electrodes should be attached with water-resistant tape, which should also affix loose 
cables. This limits the occurrence of artefacts from cable movements that appear in the 
0-20 Hz frequency band.  

3. Pasted on electrodes should be used for measurements on dry land as well, because this 
does not change the character of the EMG signal between the water environment and 
on a dry land.  

4. For measurement of the maximal voluntary contraction (MVC) should be used 
movements on a dry land. This is a simple method, and furthermore, is also in standard 
use in prior publications.  

5. In dynamic modes it is good to engage in a defined movement activity in water at half 
the speed of that on dry land. The greater viscosity of water as against air can lead, 
especially during faster movements, to the change in the native EMG recording.  

6. The optimal water temperature is between 27 and 34° C. Cooler water leads to lower 
electrical muscle activity. Higher temperatures are uncomfortable for the performance 
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of movement activities. Stable temperatures of muscles and the ambient water are 
reached in approximately 15 minutes.  

7. When making an identical movement in water and in a dry environment, in the water 
environment there is decreased muscle activity versus the identical movement on a dry 
land.  

8. The change on the size of muscle activity in a water environment depends on the speed 
of the movement on a dry land, and primarily for fast movements, when greater effect 
of water’s viscosity is emphasized.  

9. If we study movements that are more demanding on posture, the activity of trunk 
muscles, which must adjust to this burden, is increased.  
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of movement activities. Stable temperatures of muscles and the ambient water are 
reached in approximately 15 minutes.  

7. When making an identical movement in water and in a dry environment, in the water 
environment there is decreased muscle activity versus the identical movement on a dry 
land.  

8. The change on the size of muscle activity in a water environment depends on the speed 
of the movement on a dry land, and primarily for fast movements, when greater effect 
of water’s viscosity is emphasized.  

9. If we study movements that are more demanding on posture, the activity of trunk 
muscles, which must adjust to this burden, is increased.  
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1. Introduction 

The study of the anatomy and physiology of the motor unit has important implications in 
the diagnosis and follow-up of neuromuscular pathologies. Muscle action potentials allow 
the use of electrophysiological techniques based on electromyography (EMG) to make 
inferences about muscle structure, state and behaviour. Scanning EMG is one such 
technique that can record the temporal and spatial distribution of electrical activity of a 
single motor unit, allowing for deep insight into the structure and function of motor units. 
In this chapter, we describe the scanning EMG technique in detail, both from a technical and 
clinical point of view. A brief review of the motor unit anatomy and physiology is provided 
in Section 2. The technique, the apparatus setup, the recording procedure and the signal 
processing required are described in Section 3. Key results of studies using scanning EMG 
are reviewed in Section 4, including findings related to motor unit organisation in normal 
muscle and how changes due to pathology are reflected using this electrophysiological 
technique. Finally, Section 5 provides some hints regarding the use of scanning EMG in 
research.  

2. Investigation of the motor unit structure 
The motor unit is the functional building block of skeletal muscle and the target of scanning 
EMG. In this section, the main concepts regarding the anatomy and physiology of the motor 
unit are described. Several electrophysiological techniques that allow the investigation of 
the structure of motor units are also introduced. 

2.1 Motor unit anatomy 
The motor unit is the smallest functional structure in skeletal muscle, comprising a 
motoneuron and the set of muscle fibres innervated by its axon. An action potential 
propagating through the axon eventually arrives at motor end-plates at the presynaptic side 
of the neuromuscular junctions. The electrical stimulus is then converted into a chemical 
signal that subsequently induces an action potential in the muscle fibre. This single fibre 
action potential (SFAP) propagates in both directions toward the ends of the muscle fibre, 
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inducing a contraction of the fibre itself. The motor unit fibres, i.e., all the muscle fibres 
belonging to the same motor unit, contract synchronously given upon receiving the motor 
control command from the same motoneuron through the arborisations of its axon. 
Viewing the muscle longitudinally (Fig. 1), motor unit fibres generally run in parallel between 
two musculotendinous junctions, although some muscle fibres have tapered fibre-to-fibre ends 
(Lieber, 1992). Motor end-plates of corresponding neuromuscular junctions tend to concentrate 
in the central portion of the fibres, halfway between their two ends. In a muscle like the biceps 
brachii, motor end-plate zone occupies a thin strip about 6-10 mm in width (Aquilonius et al., 
1982; Amirali et al., 2007). Action potentials generated under motor end-plates propagate 
through the muscle fibre at a certain conduction velocity (Stålberg, 1966); the conduction 
velocity of a muscle fibre is directly related to its diameter (Nandedkar & Stålberg, 1983a). 
Views of muscle cross-sections (Fig. 2) reveal that fibres belonging to the same motor unit 
occupy only a fraction of the cross-section area (Kugelberg et al., 1970); this area is referred 
to as the motor unit territory, and is generally irregular, mainly rounded, although it has 
also been described to be oval-shaped (Bodine et al., 1988) or crescent-shaped closer to the 
fascia. Within this territory, fibres of the same motor unit are scattered and intermingled 
with fibres belonging to other motor units (Burke et al., 1974). Hence, territories of different 
motor units overlap. The size and shape of a single motor unit territory is considerably 
preserved throughout the entire length of the motor unit, as shown in three-dimensional 
reconstructions of complete motor units (Roy et al., 1995). 
The technique employed to study motor unit cross-sections is based on glycogen depletion 
(Edström & Kugelberg, 1968). Briefly, a single axon is repeatedly stimulated to ensure that 
all the glycogen is depleted from the muscle fibres innervated by the axon. Next, the muscle 
is excised and stained with a glycogen reagent. In the microtome cross-section, the 
glycogen-depleted fibres that belong to the same motor unit can be traced. The glycogen 
depletion technique provides a picture of the motor unit cross-section that enables a  
 

motor neuron axon

single fiber action
potential propagation

neuromuscular junction

motor end-plate zone

muscle fiber

musculotendinous junction

 
Fig. 1. A schematic representation of a motor unit with the motoneuron axon branching to 
innervate a set of muscle fibres. 
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visualisation of individual motor unit fibres. The technique also makes it possible to count 
individual motor unit fibres and to study their spatial distribution (Venema, 1994). 
Several glycogen depletion studies have demonstrated that the number of motor unit fibres 
greatly varies not only among muscles (Enoka, 1995; Feinstein et al., 1955) but also within 
the same muscle, where the number of motor unit fibres can vary up to 10-fold (Bodine et 
al., 1988; Burke & Tsairis, 1973; Burke et al., 1974; Edström & Kugelberg, 1968). For example, 
in the medial gastrocnemius of the rat, the observed number of motor unit fibres ranges 
from 40 to 350 (Kanda & Hashizume, 1992). The area of the motor unit territory has also 
been measured in several glycogen depletion studies (Ansved et al., 1991; Bodine et al., 1988; 
Kanda & Hashizume, 1992; Rafuse & Gordon, 1996), which also show a broad range of 
variation. For example, motor unit territories of the tibialis anterior of the rat account for 
10% to 24% of the muscle cross-sectional area, whereas territories of the soleus account for 
25% to 75% of the cross-sectional area (Kugelberg et al., 1970). 
Given the number of motor unit fibres and the area of the motor unit territory, the motor 
unit fibre density can be calculated (Kanda & Hashizume, 1992). Fibre density seems to be 
rather independent of the size of the motor unit (Weijs et al., 1993) and constant throughout 
the length of the motor units (Roy et al., 1995). However, fibre density can vary for different 
motor unit types, with smaller motor units having lower fibre densities (Kanda & 
Hashizume, 1992). 
The spatial distribution of motor unit fibres within a motor unit territory has become a 
controversial issue. This spatial distribution has been described as uniform without localised 
collections (Burke et al., 1974), quasi-Gaussian (Miller-Larsson, 1980), evenly distributed 
(Willison, 1980), uniform (Gath & Stålberg, 1982), and random (Gates & Betz, 1993). A 
thorough statistical analysis of spatial point patterns obtained by glycogen depletion has 
provided more insight into this discrepancy. Short-range analysis based on adjacency tests 
and nearest-neighbour distributions suggest a random distribution (Bodine et al., 1988).  
 

muscle cross section

motor unit territory

muscle fibers

 
Fig. 2. A schematic representation of two motor units with overlapping territories within a 
muscle cross-section, and their corresponding muscle fibers. 
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However, long-range analysis based on quadrat analysis, point-to-nearest-neighbour 
distributions and inter-fibre distance distributions suggest the existence of holes within the 
territory and some degree of clustering in motor unit fibre distribution (Bodine-Fowler et al., 
1990). The spatial clustering can be related to the axonal branching pattern established 
during the development of the neuromuscular system (Monti et al., 2001; Pffeifer & Friede, 
1985). Other results show that, in the long-range, the randomness of the distribution may 
depend on the age and type of the motor unit (Ansved et al., 1991). 

2.2 Electromyographic investigation of the motor unit structure 
The electrical activity of the muscle can be recorded using intramuscular or surface 
electrodes. Intramuscular recordings are usually performed using needle electrodes. 
Depending on the type of needle and the recording procedure, EMG can measure the 
activity of muscle fibres by recording SFAPs, the activity of motor units by recording motor 
unit potentials (MUPs) or the activity of the entire muscle by recording the interference 
pattern. 

2.2.1 Motor unit potentials obtained in concentric needle EMG 
MUPs reveal many properties of motor unit structure because MUPs are made up of 
superimposed SFAPs of motor unit fibres. MUP characteristics depend on the number and 
relative positions of the muscle fibres generating the SFAPs and the temporal alignment of 
individual SFAPs (Nandedkar et al., 1988b). 
The number of muscle fibres, especially within the closest uptake area of the electrode, 
determines the size of the resulting MUP (Nandedkar et al., 1988a). Several parameters 
reflect the size of MUPs, like the amplitude, the area, or the size-index (Sonoo & Stålberg, 
1993). The duration of MUPs also reflects the number of fibres, but within a larger uptake 
area (Nandedkar et al., 1988b). A misalignment of the SFAPs contributing to an MUP 
increases the waveform complexity of the resulting MUP. This temporal misalignment can 
be caused by spatial dispersion of motor end-plates, temporal dispersion the initial 
depolarisation of motor end-plates, and differences in muscle fibre conduction velocities in 
different motor unit fibres (Navallas & Stålberg, 2009). The complexity of MUPs can be 
assessed with parameters like the number of phases, the number of turns (Pfeiffer & Kunze, 
1992; Stålberg, 1986; Willison, 1964), or the irregularity coefficient (Zalewska & Husmanova-
Petrusevich, 1995). 

2.2.2 Specific techniques to estimate motor unit parameters 
Quantitative analysis of MUPs is a valuable tool in diagnosis. In addition, there are other 
specific EMG techniques that allow us to estimate some of the physiological and anatomical 
parameters of the muscle and motor units. Because the glycogen depletion technique 
requires excising the muscle, it is unsuitable for human research, although some restricted 
experiments have been performed using muscle biopsies (Gollnick et al., 1973; Garnett et al., 
1979). Hence, all available data pertaining to complete muscle cross-sections correspond to 
small mammalians. Alternative techniques based on electrophysiological recordings have 
been developed allowing the investigation of motor unit structures in human muscles. 
The number of motor units in a certain muscle can be estimated by incrementally 
stimulating the nerve while simultaneously recording the compound muscle action 
potential (CMAP) with a surface electrode, a technique called motor unit number estimation 
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(MUNE) (McComas et al., 1971). This basic concept was later developed into a number of 
MUNE methods. 
The number of motor unit fibres cannot be estimated quantitatively using 
electrophysiological techniques, but a relative measure can be assessed using macro EMG 
(Stålberg, 1980; Stålberg & Fawcett, 1982). It has been demonstrated that the amplitude of 
motor unit potentials recorded using the macro EMG technique is highly correlated with the 
number of muscle fibres involved in the generation of the signal and hence the number of 
motor unit fibres (Nandedkar & Stålberg, 1983b; Roeleveld et al., 1997a, 1997b). 
The density of motor unit fibres can also be estimated using single fibre EMG (Gath & 
Stålberg, 1982). This technique relies on the assumption of a homogeneous Poisson 
distribution of muscle fibres (Gath & Stålberg, 1981, 1982) and provides an average measure 
of fibre density of different motor units (Stålberg, 1986). Although this technique may 
average the differences in fibre densities for different motor units, recent studies in humans 
show no change in fibre density with a recruitment threshold up to 50% of the maximum 
voluntary contraction (Lukács et al., 2009). 

2.2.3 Multipoint EMG techniques 
The previously presented electrophysiological techniques share one thing in common: the 
recordings are made using electrodes with a single channel, and hence all the information is 
recorded from a single spatial location. Using special multilead electrodes, or 
multielectrodes, simultaneous recordings from different locations can be obtained, 
enhancing the scope of the electrophysiological technique for studying the muscle. A 
straightforward example is the use of a special multielectrode to assess muscle fibre 
conduction velocity in situ (Stålberg, 1966).  
Using multielectrodes with recording sites lined up along the length of the needle, the main 
axis of the needle defines a recording corridor. It is common to position the corridor 
perpendicular to the muscle fibres, so that different recording sites gather information from 
different regions of the muscle cross-section or the motor unit territory under study. 
One of the most straightforward applications of multipoint techniques is the investigation of 
motor unit territories. Motor unit territories have been have been studied using various EMG 
multielectrode configurations, one containing twelve 1.5 mm long leads distributed over 25 
mm (Buchthal et al., 1957, 1959) and another containing 14 different recording sites of 25 μm 
diameter allowing 40 recording sites spaced 150 μm apart over 14 mm (Stålberg et al., 1976; 
Schwartz et al., 1976). Scanning EMG was developed as an extension of multielectrode 
techniques (Stålberg & Antoni, 1980), allowing higher flexibility both in the spatial interval of 
detection and in the type of of electrode used. In this case, any type of conventional needle 
electrode can be used; therefore, the technique is not restricted to a single fibre-like recording.  
In addition to the investigation of motor unit topography using scanning EMG (Diószeghy, 
2002; Gootzen, 1990; Gootzen et al., 1992; Stålberg & Antoni, 1980; Stålberg & Diószeghy, 
1991; Stålberg & Eriksson, 1987; Tonndorf, 1994), motor end-plate topography has also been 
studied using this technique (Navallas & Stålberg, 2009). 

3. Scanning EMG technique 
In this section, the methods, procedure, and set-up required to perform scanning EMG will 
be reviewed. Special attention will be paid to the recording procedure and the signal 
processing required to condition the signal after it is recorded. 
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3.1 Recording setup 
The main objective of scanning EMG is to record the electrical activity of a motor unit from 
different locations along a scanning corridor as the needle electrode passes through the 
motor unit territory (Fig. 3). A very important aspect is that, although a single recording is 
made at each location, all recordings must be synchronised in relation to the firing of the 
motor unit, equivalent to simultaneously recording from all the sites. To extract the firing 
pattern of the motor unit, a second needle electrode, called the triggering needle, is inserted 
into the muscle. This electrode records localised activity, ideally from a single fibre, to 
minimise interference from other motor units. Hence, single fibre EMG needles or facial 
concentric needles are used for this purpose. A given motor unit is separated from others 
using an amplitude trigger. 
If a concentric needle is used as the scanning electrode, the signal recorded in each location 
corresponds to an MUP. As the scanning needle moves through the scanning corridor, the 
relative geometry of motor unit fibres in relation to the active region of the electrode 
changes; hence, the recorded MUPs will be different, reflecting these changes. However, 
because the triggering needle is maintained at a fixed location, all the MUPs recorded by the 
scanning needle will be synchronised with the firing pattern of the motor unit. 
The signals from both the triggering needle and the scanning needle are amplified and 
digitised, and transmitted to a personal computer running specific scanning EMG software 
(Fig. 4). This software must provide a way to establish a voltage threshold for the signal 
acquired from the triggering electrode. Whenever the signal exceeds this threshold voltage, 
the scanning software performs three operations:  
1. Records a trace of the scanning signal within the predefined bounds of a temporal 

window, i.e., a buffer gathering the samples some milliseconds before and after the 
trigger event. 

 

concentric needle
scanning electrode

scanning corridor

position control

(50 m steps)�

single fibre needle
triggering electrode

 
Fig. 3. A schematic representation of the recording procedure with the triggering needle in a 
fixed position and the scanning needle moving along the scanning corridor throughout the 
motor unit territory. 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

476 

3.1 Recording setup 
The main objective of scanning EMG is to record the electrical activity of a motor unit from 
different locations along a scanning corridor as the needle electrode passes through the 
motor unit territory (Fig. 3). A very important aspect is that, although a single recording is 
made at each location, all recordings must be synchronised in relation to the firing of the 
motor unit, equivalent to simultaneously recording from all the sites. To extract the firing 
pattern of the motor unit, a second needle electrode, called the triggering needle, is inserted 
into the muscle. This electrode records localised activity, ideally from a single fibre, to 
minimise interference from other motor units. Hence, single fibre EMG needles or facial 
concentric needles are used for this purpose. A given motor unit is separated from others 
using an amplitude trigger. 
If a concentric needle is used as the scanning electrode, the signal recorded in each location 
corresponds to an MUP. As the scanning needle moves through the scanning corridor, the 
relative geometry of motor unit fibres in relation to the active region of the electrode 
changes; hence, the recorded MUPs will be different, reflecting these changes. However, 
because the triggering needle is maintained at a fixed location, all the MUPs recorded by the 
scanning needle will be synchronised with the firing pattern of the motor unit. 
The signals from both the triggering needle and the scanning needle are amplified and 
digitised, and transmitted to a personal computer running specific scanning EMG software 
(Fig. 4). This software must provide a way to establish a voltage threshold for the signal 
acquired from the triggering electrode. Whenever the signal exceeds this threshold voltage, 
the scanning software performs three operations:  
1. Records a trace of the scanning signal within the predefined bounds of a temporal 

window, i.e., a buffer gathering the samples some milliseconds before and after the 
trigger event. 

 

concentric needle
scanning electrode

scanning corridor

position control

(50 m steps)�

single fibre needle
triggering electrode

 
Fig. 3. A schematic representation of the recording procedure with the triggering needle in a 
fixed position and the scanning needle moving along the scanning corridor throughout the 
motor unit territory. 
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2. Sends a command to a micromotor controller to advance one step. 
3. Waits until a new threshold event occurs. The micromotor controller is responsible for 

translating software commands into electrical signals that instruct the step-motor to 
advance a predefined distance, e.g., 50 μm.  

The recorded signal is 2-dimensional in nature (Fig. 5(a)); the first dimension represents the 
spatial location of the recording in the scanning corridor and the second dimension 
represents the temporal duration of the recorded MUP. Both dimensions are discretised, the 
spatial dimension according to the step length controlled by the micromotor, and the 
temporal dimension according to the sampling time, i.e., the inverse of the sampling 
frequency of the acquisition system. Therefore, the signal can be thought of as a collection of 
MUPs from the same motor unit, where each trace is an individual MUP recorded from a 
different position along the scanning corridor, but also as a picture of the spatiotemporal 
distribution of the electric potential generated by the motor unit. 

3.2 Recording procedure 
In the first step, the triggering needle, a single fibre EMG electrode or facial concentric 
needle, is inserted to record the activity from one motor unit during slight voluntary 
contraction. The electromyographer should look for a stable waveform with good amplitude 
that is free of interference from other motor units. Next, the needle should be maintained in 
a fixed position to ensure a stable recording during the remainder of the process. The 
voltage level of the trigger must be adjusted so that a single trigger event is recorded each 
time the selected motor unit discharges. 
The scanning needle is inserted a few centimetres away (20 mm is recommended) from the 
triggering electrode along the direction of the muscle fibres. The tip of the electrode must be 
sharp to ensure a smooth movement through the scanning corridor. The electrode must be 
inserted as close to perpendicular to the muscle fibres as possible (Stålberg & Antoni, 1980) 
to record from the actual cross-section of the muscle. Once the needle is inserted, the 
electromyographer should move it while looking for electrical activity synchronised with  
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Fig. 4. A schematic representation of a scanning EMG system consisting in acquisition 
(needles and amplifier), processing, and control devices (micromotor and controller). 
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that of the triggering electrode (time-locked activity). To obtain good recordings and to 
ensure that the scanning needle is completely inside the motor unit territory, this time-
locked activity should satisfy the same recording criteria applied to standard recordings; if a 
concentric needle is used for the scanning, the recorded signals should have high amplitude 
and a short rise-time.  
Once the scanning needle is inside the motor unit territory, the electromyographer should 
push the needle until it reaches a position where spike activity is no longer detected. This 
ensures that we have completely passed through the motor unit territory. This procedure of 
selecting the triggering signal and finding synchronous activity with the scanning needle 
should take little more than one minute. 
The next step is to physically connect the scanning needle to the step-motor, which should 
be mounted in a holder with an electrode grip and a wide-foot plate. The foot plate is held 
tightly against the skin over the muscle during the recording to ensure no relative 
movement between the step-motor and the muscle. Once the recording procedure begins, 
the step-motor pulls the scanning needle in small spatial increments until the recorded 
signal decays in amplitude or the needle exits the skin. The complete procedure should take 
less than five minutes. 

3.3 Signal processing 
The scanning EMG signal as initially recorded is a raw signal (Fig. 5(a)) that must be post-
processed to obtain a cleaner version that is free of noise and interferences. There are two 
steps in the enhancement of the raw signal. First, a temporal filter is applied individually to 
each of the scanning traces (Stålberg & Antoni, 1980). A low-pass or band-pass filter can be 
applied to remove baseline noise produced by the needle or muscle movement and a band-
pass filter will also subtract high frequency noise from the signal. The resulting signal (Fig. 
5(b)) presents a smoother profile in the spatial dimension with fewer and smaller baseline 
jumps. Actual filter settings, like filter order and cut-off frequencies, will depend on the 
recording needle and should follow the recommendations for conventional recording using 
the needles. 
 

 
 (a) (b) (c) 

Fig. 5. A three-dimensional representation of a scanning EMG signal: (a) a raw signal, (b) the 
pervious signal filtered in the temporal domain, and (c) the previous signal filtered in the 
spatial domain. 
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Fig. 5. A three-dimensional representation of a scanning EMG signal: (a) a raw signal, (b) the 
pervious signal filtered in the temporal domain, and (c) the previous signal filtered in the 
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Significant interference due to the coactivation of other motor units may still exist in the 
signal, represented by superimposed MUPs scattered alongside the MUP being tracked. 
However, superimposed discharges are not synchronised with the firing of the tracked 
motor unit. Therefore, these interfering discharges are not consistently repeated and, in a 
trace corrupted with such an artefact, superimposed MUPs are usually found between two 
clean traces in the spatial domain. For this reason, a median filter is applied in the spatial 
dimension during the second processing step (Stålberg & Antoni, 1980). Median filters 
preserve smoothly changing values of synchronised activity in motor units being tracked, 
removing all artefacts generated by other motor units (Fig. 5(c)). 
Although median filtering is a very useful technique to eliminate interfering MUPs, its 
influence on the signal it is not negligible. The larger the size of the median filter, the greater 
the reduction in the amplitude of the peaks compared to the raw data. When a 3-point 
median filter is used, peaks are reduced by about 10%, and when a 5- or 7-point median 
filter is used, peaks are reduced up to 30% (Gootzen, 1990). This should be taken into 
account when extracting quantitative data from the signals. 

4. Scanning EMG results 
Scanning EMG provides valuable information not only about the territory and arrangement 
of muscle fibres within a motor unit, but also about the spatiotemporal distribution of the 
electrical activity of a motor unit, information no other EMG technique can provide 
(Diószeghy, 2002). We will introduce some key aspects for qualitative interpretation of 
scanning EMG signals and several parameters for quantitative analysis. 

4.1 Interpretation of the scanning EMG signal 
In the most straightforward interpretation, a scanning EMG signal is a collection of MUPs 
recorded from slightly different locations through a scanning corridor. Hence, it shows the 
evolution of MUPs as the location of the needle electrode changes relative to the motor unit 
fibres of the motor unit being tracked. However, a scanning EMG signal can also be 
interpreted as a picture of the spatiotemporal distribution of the electric potential generated 
by a motor unit. Fig. 6 shows a 2-dimensional signal as a contour map that allows us to 
distinguish between peaks and valleys corresponding to the negative and positive phases of 
MUPs. In this figure, four spatial locations within the corridor are selected, and the 
corresponding traces representing the MUPs recorded at these sites are depicted. 
Due to the recording procedure, the first part of the scanned recording corresponds to a 
section of the corridor outside the motor unit territory. In this case, the recording tip of the 
needle electrode is too far away from the generators to record their signals. However, the 
cannula, which is used as reference electrode in concentric needle recordings, is almost 
completely inside the motor unit territory. The result is that an inverted potential is 
recorded, similar to that of a macro EMG recording (first selected MUP in Fig. 6). This 
causes a trough at the beginning of the scan referred to as the cannula effect. In this way, it is 
possible to obtain the equivalent of an inverted macro EMG recording from the motor unit 
under study by averaging 50 to 100 traces that are recorded before the tip of the needle is 
inside the motor unit territory (Stålberg & Diószeghy, 1991). It is important to note that this 
method is not identical to conventional macro EMG, as the cannula used in the scanning 
procedure may not be partially insulated (Stålberg & Diószeghy, 1991). 
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Fig. 6. A topographic representation of a scanning EMG signal in a contour plot (left) and 
selected MUPs at four different positions along the scanning corridor (right), with the 
uppermost MUP being a clear example of the cannula effect. 

Once the active area of the electrode enters the motor unit territory, the recorded electric 
field increases and takes the shape of a conventional MUP (second to fourth MUPs in Fig. 6). 
Remarkably, the high variability of MUPs becomes apparent in scanning EMG recordings; 
as we move through the scanning corridor, the MUP waveform changes dramatically, 
reflecting the changes in the geometrical disposition of the set of generators, i.e., the set of 
motor unit fibres. 
The length of the recording is characterised by regions of high activity separated by regions 
where the potential amplitude decays considerably. Regions of high activity are called 
motor unit fractions, or simply fractions, and the regions of low activity are called silent 
areas. 
Clearly, the fractions correspond to regions close to motor unit fibres, whereas silent areas 
correspond to holes in the motor unit territory, or regions depleted of motor unit fibres. This 
arrangement of motor unit fibres, where motor unit fibres are not evenly distributed 
throughout the motor unit territory, is in agreement with glycogen depletion findings 
suggesting a certain degree of clustering of the muscle fibres within its motor unit territory 
(Bodine et al., 1998). Furthermore, fractions observed in scanning EMG recordings from 
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reflecting the changes in the geometrical disposition of the set of generators, i.e., the set of 
motor unit fibres. 
The length of the recording is characterised by regions of high activity separated by regions 
where the potential amplitude decays considerably. Regions of high activity are called 
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Clearly, the fractions correspond to regions close to motor unit fibres, whereas silent areas 
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normal muscle more commonly present distinct latencies rather than spatial separation. This 
observation points to the existence of different average temporal latencies of fibres 
belonging to different fractions (Stålberg, 1986; Navallas & Stålberg, 2009) and supports the 
hypothesis that each fraction represents a set of fibres innervated by a common axonal 
branch; therefore, the end-plates of these fibres will be in close proximity to one another 
compared to the overall motor end-plate zone dispersion (Stålberg, 1986; Nandedkar & 
Stålberg, 1986; Stålberg & Diószeghy, 1991; Navallas & Stålberg, 2009). 
Sudden amplitude changes may also occur in scanning EMG profiles. These can be 
produced either by small uncontrolled jumps of the scanning needle or by changes in the 
properties of the volume conductor as the needle passes through a tendon layer or through 
a fascia (Stålberg & Eriksson, 1987; Diószeghy, 2002). 

4.2 Analysis and parameterisation of the signal 
Quantification of the EMG waveforms establishes objective criteria for comparing signals 
and for subsequent diagnosis. Several parameters have been proposed to quantify scanning 
EMG waveforms, most based on characteristics that cannot be observed in conventional 
EMG recordings. It is important to note that because the individual traces of scanning 
signals are MUPs themselves, all the conventional MUP parameters, like amplitude, area, 
duration, size index, etc., can be calculated in these traces. However, we will focus on 
specific scanning EMG parameters that exploit the two-dimensional nature of the signal and 
the recording through the spatial corridor. 

4.2.1 Length of the motor unit cross-section 
The length of the motor unit cross-section (Hilton-Brown & Stålberg, 1983a, 1983b ; Stålberg, 
1986) is defined as the maximal distance between traces with amplitudes of at least 50 μV 
(Fig. 7). This distance represents an estimation of the length of the scanning corridor that 
runs inside the motor unit territory, given that as soon as the active area of the electrode 
enters the territory, the amplitude of the recorded MUP will exceed the 50 μV threshold. The 
length of the motor unit cross-section can alternatively be defined as the length between the 
two most distant traces with amplitudes above 15% of the maximum positive amplitude of 
the scan (Gootzen, 1990). However, this definition may under- or overestimate the measured 
length because it is relative to the amplitude of the largest MUP recorded during the 
scanning procedure (Stålberg & Diószeghy, 1991). 
Measured length can be used as a lower bound to estimate the diameter of motor unit 
territories (Stålberg, 1986). It has to be noted that an actual estimation of the motor unit 
diameter is not feasible with this parameter, as it is not evident whether or not the recording 
has being done through a maximal arc of the motor unit territory bounds (Fig. 8). 
Statistically, the average measured length of the motor unit cross-section would be 87% of 
the true transverse motor unit diameter for territories with round cross-sections (Stålberg & 
Eriksson, 1987). 

4.2.2 Number and length of silent areas 
The number of silent areas (Stålberg, 1986) is defined as the number of areas within the 
length of a motor unit cross-section with amplitudes below 50 μV (Fig. 7). The length of the 
silent areas corresponds to the length measured over the cross-section of the corresponding 
silent areas (Stålberg and Diószeghy, 1991). 
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Fig. 7. Parameterisation of a scanning EMG signal after removing the signal content below 
the 50 μV threshold for the sake of clarity. 

4.2.3 Number and length of fractions 
The number of fractions (Stålberg, 1986) is defined as the number of areas within the length 
of a motor unit cross-section with amplitudes above 50 μV and either separated by silent 
areas or having clearly separated maxima along the time axis (Fig. 7). The length of the 
fractions corresponds to the length measured over the cross-section of the corresponding 
motor unit fractions (Navallas & Stålberg, 2009). 

4.2.4 Number and length of polyphasic fractions 
An MUP is defined a polyphasic or complex if it has more than 4 phases or more than 5 turns. 
Hence, the number of fractions containing polyphasic MUPs can be counted (Stålberg, 1986), 
and the overall length of these fractions can be measured (Stålberg & Diószeghy, 1991). 

4.2.5 Temporal dispersion of fractions 
The temporal dispersion of the motor unit fractions (or motor unit time dispersion) is 
defined as the latency difference between the earliest and latest MUP traces recorded within  
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Fig. 8. An illustration of the problem regarding motor unit territory diameter estimation: 
how can we ensure that we are crossing a maximal arc? 

a motor unit cross-section, where the latency of an MUP is measured at the steepest 
downward slope (Gootzen, 1990) or at the time point corresponding to 50% of the energy of 
the envelope signal (Navallas & Stålberg, 2009). Temporal dispersion measurements are 
slightly affected when the needle is not inserted orthogonally into the muscle fibres, which 
can produce up to 0.5 ms of error for a 20º angle deviation (Gootzen et al., 1992). 
It is important not to confuse this parameter with the temporal dispersion of individual 
SFAPs contributing to MUPs when observed from a single point (Gootzen, 1990). Rather, 
this parameter gives information about the average temporal dispersion of groups of SFAPs 
contributing to different fractions, which reside in different parts of motor unit territories 
and are observed essentially from different locations throughout the scanning corridor 
(Navallas & Stålberg, 2009). 

4.2.6 Depth of the motor unit territory 
Although not a parameter of a scanning EMG signal, it is important to note that the depth of 
the motor unit territory under study can also be estimated using the scanning procedure. A 
stereotactic location system can be used to assess the location of the moving EMG needle 
relative to the internal tendinous boundaries within the muscle under study (Tonndorf, 
1994) by combining magnetic resonance imaging, scanning needle electrode optical tracking, 
and stereotactic reconstruction.  
Furthermore, by taking into account the beginning and ending positions of the scanning 
electrode and the number of steps taken for each trigger, the electrode location can be 
estimated. Using this information, the position of the motor unit can be defined as the 
position in the scans corresponding to a contribution of 50% of the signal within the length 
of the cross-section (Roeleveld et al., 1997a, 1997b). The position of the motor unit provides 
an estimation of the depth of the centre of the motor unit territory. 

4.3 Findings in normal conditions 
A limited number of muscle types has been investigated using scanning EMG, including the 
biceps brachii (Hilton-Brown & Stålberg, 1983a, 1983b; Stålberg & Diószeghy, 1991; Navallas 



 
EMG Methods for Evaluating Muscle and Nerve Function 

 

484 

& Stålberg, 2009), the tibialis anterior (Hilton-Brown & Stålberg, 1983a, 1983b; Stålberg & 
Diószeghy, 1991), the masseter (Stålberg & Eriksson, 1987), and the quadriceps (Gootzen, 
1990; Gootzen et al., 1992). 
The length of the motor unit cross-section has been measured in normal conditions in 
various muscles. In the biceps brachii, the length of the motor unit cross-section has been 
reported as 6.0 ± 3.9 mm (mean ± SD) (Hilton-Brown & Stålberg, 1983a, 1983b), 4.64 ± 2.14 
mm with a range of 1.69 to 10.17 mm (n=59) (Stålberg & Diószeghy, 1991), and 4.39 ± 2.29 
mm with a range of 1.55 to 10.70 mm (Navallas & Stålberg, 2009). In the tibial anterior, the 
length has been reported as 7.9 ± 1.3 mm (Hilton-Brown & Stålberg, 1983a) and 5.26 ± 2.18 
mm with a range of 1.53 to 10.33 mm (n=70) (Stålberg & Diószeghy, 1991). In the masseter, 
the length has been reported as 3.7 ± 0.6 mm with a range of 0.6 to 12.5 mm (Stålberg & 
Eriksson, 1987) and 3.7 ± 2.3 mm with a range of 0.4 to 13.1 mm (Tonndorf et al, 1994b). 
Finally, in the quadriceps, the length has been reported with a range of 2.0 to 8.0 mm 
(Gootzen, 1990; Gootzen et al., 1992). 
As previously stated, motor unit fractions and silent areas, which are structural properties 
that can only be observed using scanning EMG, suggest that adjacent motor unit fibres have 
adjacent motor end-plates with a lower spatial dispersion than the overall muscle motor 
end-plate zone width (Navallas & Stålberg, 2009). Each fibre group would correspond to a 
distinct axonal branch reflecting a distinct motor unit fraction in a scanning EMG recording 
(Stålberg, 1986; Navallas & Stålberg, 2009). 
The number of fractions and silent areas gives an indication of the degree of grouping or 
clustering of motor unit fibres in a normal muscle. The number of fractions generally ranges 
from 1 to 4 fractions per scan (Stålberg, 1986), although exact counts may vary among 
muscles. In the biceps brachii, 3.25 ± 1.49 (mean ± SD) fractions with the range of 1 to 6 
fractions (Stålberg & Diószeghy, 1991) and 1.65 ± 1.02 fractions with a range of 1 to 5 
fractions (Navallas & Stålberg, 2009) have been reported. In the tibialis anterior, 3.73 ± 1.74 
fractions with a range of 1 to 8 fractions have been reported (Stålberg & Diószeghy, 1991). 
The number of silent areas has also been measured in the biceps brachii. A mean of 0.5 silent 
areas (Hilton-Brown & Stålberg, 1983b) and 0.15 ± 0.36 silent areas with a range of 0 to 1 
(Stålberg & Diószeghy, 1991) have been reported. In the tibialis anterior, a mean of 0.2 silent 
areas (Hilton-Brown & Stålberg, 1983b) and 0.19 ± 0.47 silent areas with a range of 0 to 2 
(Stålberg & Diószeghy, 1991) have been reported. The length of the individual motor unit 
fractions in the biceps brachii has been reported as 1.56 ± 1.07 mm with a range of 0.35 to 
5.10 mm (Navallas & Stålberg, 2009). 
Furthermore, temporal dispersion between fractions (see section 4.2.5) has provided 
valuable information about innervation patterns of motor units. The temporal dispersion 
measured in the biceps brachii has been reported as ranging from 0.5 to 5.0 ms (Gootzen, 
1990) and 0.55 ± 0.98 ms with a range of 0.01 to 4.70 ms (Navallas & Stålberg, 2009). These 
temporal differences can be justified by assuming 1) a variation in the depolarisation delay 
in different fractions due to length differences among the innervating axonal branches 
and/or 2) different mean motor end-plate positions along the muscle fibres (Fig. 9) 
(Navallas & Stålberg, 2009).  
The complexity of MUPs, measured in terms of the number of phases, number of turns, or 
irregularity coefficient, is a key feature used to distinguish normal conditions from 
pathology (Zalewska et al., 2004). In scanning EMG recordings from normal muscles, the 
complexity parameters of individual MUP traces extracted from a scan are within the range 
of values of conventional multi-MUP studies. The following complexity parameters of the  
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Fig. 9. The motor unit fractions hypothesis states that motor unit fractions are representing 
groups of motor unit fibres innervated by different axonal braches that may have a shifted 
motor end-plate location. 

biceps brachii have been reported: a mean (± SD) of 3.26 ± 1.18 phases, a mean of 4.17 ± 1.87 
turns, and an irregularity coefficient of 3.61 ± 0.82 (Navallas & Stålberg, 2009). The number 
of polyphasic fractions reported in the biceps brachii was 0.21 ± 0.41 with a range of 0 to 1 
polyphasic sections (Stålberg & Diószeghy, 1991), and the number of polyphasic fractions 
reported in the tibialis anterior was 0.41 ± 0.58 with a range of 0 to 2 polyphasic sections 
(Stålberg & Diószeghy, 1991). Therefore, the proportion of polyphasic fractions, as the 
proportion of polyphasic MUPs in conventional quantitative EMG studies, is relatively low 
in normal conditions. 

4.4 Findings in pathological conditions 
In a study conducted with subjects suffering from a variety of neuropathies (including ALS, 
SMA, postpolio, polyneuropathy, and syringomyelia), the most relevant changes in 
scanning EMG recordings taken from the biceps brachii and the tibialis anterior were related 
to an increased complexity of motor units (Stålberg & Diószeghy, 1991). Specifically, the 
length of motor unit cross-sections and the number of fractions were slightly increased in 
both muscles, although only significant in the tibialis anterior. The number and length of 
silent areas were not significantly different from controls. Finally, the number and the length 
of polyphasic sections were significantly increased in both muscles. 
These changes in scanning parameters are related to a reorganisation of motor units that 
occurs in neuropathies. Reorganisation is essentially due to reinnervation by collateral 
sprouting of surviving axons (Kugelberg et al., 1970). During reinnervation, collateral 
sprouts tend to be confined to the originally innervated fascicles, what derives in the 
observation of non increased motor unit cross-sections (Stålberg & Sanders, 1984). The 
increase in the number of motor unit fibres creates more compact and dense motor units;  
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therefore, the increase in motor unit fibres does not lead to a significant increase in silent 
areas or motor unit fractions (Diószeghy, 2002). However, reinnervation does cause an 
increase in fibre diameter variation and the dispersion of motor end-plates, which results in 
an increased waveform complexity throughout the region and an increased length and 
number of polyphasic fractions (Stålberg & Diószeghy, 1991). 
Another study conducted with subjects suffering from various myopathies (including 
muscular dystrophies and polymyositis) found that the most relevant changes in scanning 
EMG recordings of the biceps brachii and the tibialis anterior were related to increased 
fractioning and an increased complexity of motor units (Stålberg & Diószeghy, 1991). The 
length of motor unit cross-sections was not significantly different from normal muscles. The 
number of fractions was significantly increased in both muscles. The length and number of 
silent areas was also significantly increased in both muscles, although more prominently in 
the tibialis anterior. Note that this significant change among myopathies is not identifiable 
using conventional EMG because, using this technique, an area with no activity cannot be 
ascribed to loss of muscle fibres within a given motor unit. Finally, the length and number of 
polyphasic sections was also significantly increased in both muscles. These results agree 
with previous findings in patients suffering from muscular dystrophy. The muscles of these 
patients showed no difference in the length of motor unit cross-sections but showed an 
increased number of silent areas and an increased variability in the amplitude profile and 
shape of scanning EMG recordings (Hilton-Brown & Stålberg, 1983a, 1983b). 
Myopathic processes cause several structural changes, including fibre loss, fibre atrophy and 
hypertrophy, and fibre splitting (Hilton-Brown & Stålberg 1983a). Hence, an increased fibre 
grouping due to fibre splitting and an appearance of motor unit territories depleted of motor 
unit fibres explains the increased number of fractions and length and number of silent areas 
(Stålberg & Diószeghy, 1991; Diószeghy, 2002). The increased variability in fibre diameter due 
to hypertrophy and atrophy causes increased MUP complexity, which is observed as an 
increased length and number of the polyphasic fractions within scans (Diószeghy, 2002). 
One study of juvenile myoclonic epilepsy (Gooker et al., 2009b, 2010) revealed that patients 
suffering from the disorder have enlarged motor unit territories compared to healthy 
subjects. The enlargement of motor units is not due to a reinnervation process but to a 
preponderance of genetically determined large lower motor units (Ertas et al., 1997). 
Another study of both neuropathic and myopathic muscles (Gootzen, 1990; Gootzen et al., 
1992) measured the length of motor unit cross-sections and the temporal dispersion of motor 
unit fractions in the biceps brachii. The results showed that scans from both patients and 
healthy subjects largely overlap with respect to the length of cross-sections. Both 
neuropathic and myopathic recordings showed an increased temporal dispersion of 
fractions. The temporal dispersion ranged from 0.5 ms to 6 ms in scans of healthy patients, 
0.5 ms to 9 ms in scans of neuropathic patients, and 1 ms to 12.5 ms in scans of myopathic 
patients. Additionally, a strong positive correlation between the length of cross-sections and 
the temporal dispersion of the fractions was detected for the neuropathic group. Using these 
two parameters as a diagnostic tool, normal and pathological scans can be reliably 
separated, although parameters fail to distinguish between myopathy and neuropathy 
(Gootzen, 1990; Gootzen et al, 1992). 

5. Future trends 
The scanning EMG technique has evolved as a versatile and informative tool for the 
investigation of motor unit architecture. In combination with other EMG techniques, such as 
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fibre density measurements, a detailed description of motor units can be obtained using 
scanning EMG (Stålberg, 1986).  
Further research should focus on extracting more information from the scanning signals. For 
example, the analysis of pathological signals suggests that parameters describing motor unit 
integrity, the complexity of motor end-plate zones or the variability in propagation 
velocities may soon be identified (Gootzen et al., 1992).  
Several possible applications have been suggested in previous studies. Scanning EMG may 
be used to quantify the background activity of a muscle for a given degree of contraction to 
determine whether some regions account for many recruited motor units while others 
remain inactive (Stålberg, 1986). This could lead to studies relating functional 
compartmentalisation and recruitment strategies of muscles. 
It has been also suggested that scanning EMG may be applied to verify volume conductor 
models by observing SFAPs (Gootzen, 1990), as scan recording profiles provide a reliable 
description of amplitude decay with distance. However, care must be taken to eliminate 
possible fibre movements to ensure there is no potential blocking. 
In conclusion, scanning EMG is a valuable technique used in studies of motor unit anatomy 
and physiology and to study the structural and functional parameters in normal muscle and 
the changes that occur in pathology. 
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1. Introduction 
The human body consists of different systems which include the nervous system, the 
cardiovascular system, the musculoskeletal system, etc. Each system performs some kind of 
vital task and carries on many physiological processes. For example, the primary functions 
of the musculoskeletal system can be summarized as generating forces, producing motion, 
moving substance within the body, providing stabilization, and generating heat. 
Physiological processes are multifaceted fact and most of them manifest themselves as 
signals that reflect their nature and activities. These types of signals may be hormonal, 
physical or electrical. The general name of the electrical signals taken from the related organ 
or physiologic process with invasive or non-invasive methods is called Biomedical Signals. 
This signal is normally a function of time and is definable in terms of its amplitude, 
frequency and phase (Rangayyan, 2002).  
The electromyography (EMG) signal is a biomedical signal that detects the electrical 
potential generated by muscle cells when these cells contract, and also when the cells are at 
rest. Three types of muscle tissue can be identified. One of them is the skeletal muscle, and 
the others are the smooth muscle and the cardiac muscle. The EMG is applied to the study 
of skeletal muscle (Reaz et al., 2006). 
Skeletal muscles are comprised by nearly parallel cells and the muscle fibers which 
constitute the contractile structural units. Muscle fibers are activated by the central nervous 
system through electrical signals transmitted by motoneurons. A single motoneuron 
together with the muscle fibers that it contacts is called a motor unit which is the smallest 
functional subdivision of the neuromuscular system (Moritani, et al. 2004) The central 
nervous system controls the activation of motor units to optimize the interaction between 
our body and the surrounding environment. When the motor units are activated by the 
central nervous system, they produce an action potential trains of the active motor units add 
together to generate the interference EMG signal.  
Surface and needle electrodes have been used to detect EMG of muscles. Surface electrodes 
have been widely used to investigate neuromuscular functions because of their several 
advantages, for example, it is noninvasive, easy to adhere to the skin and to detect the total 
activities of the muscle and it was called Surface EMG (SEMG). Bu the real advantage of this 
technique is that it is more beneficial in studies, in which simultaneous movement of many 
muscles is examined in vast muscle groups. On the other hand, surface electrodes have 
disadvantages as well. Due to the broad area for receiving signals on respective muscle  
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bundle, signals received by surface electrodes may stem from proximal muscle groups. This 
situation leaves questions about the accuracy of records. Although a great deal of effort is 
spent to determine and characterize the effect of such artefacts, a technique of analysis that 
completely allays questions has not been developed yet (Cobbold, 1974). 
SEMG has advantages and disadvantages; they are used widely for several issues. SEMG 
signals are used widely for diagnosis and to assess the treatment of some neuropathic, 
myopathic and neuromuscular junction diseases in the hospital and in research about 
biomechanics, sport medicine and rehabilitation ...etc. 
Orthodontics is the branch of science dealing with teeth, jaw and face structure in terms of 
treatment of abnormalities/irregularities. 
In orthodontics treatment performed with two different ‘point of views’. One of them is the 
jaw orthopaedics in which the malposition of the jaws related to face or related to each other 
is corrected with special appliances. The other is called orthodontics and related with the 
correction of teeth. Generally patients are treated simultaneously with orthodontic and 
orthopaedic approaches. 
Malocclusion is the general name of the orthodontic abnormalities arising from 
misalignment of teeth and incorrect relation between the upper and lower jaw and divided 
into Class I, II and III. Class II malocclusion is one of the most common orthodontic 
problems, and it is reported to constitute nearly one-third of all orthodontic disorders 
(Kraus, 1956 ; and Kleissen et al., 1998).  
Class II malocclusions can be skeletal or dental. In skeletal Class II malocclusions the maxilla 
and the maxillary arch may be positioned anteriorly related to cranial base, the mandibula 
and the mandibular arch may be positioned posteriorly related to cranial base or the 
combination of these two factors. Treatment of Class II malocclusions achieved with 
orthopaedic and orthodontic approaches (Riedel, 1952; McNamara, 1981; Renfroe, 1948; 
Blair, 1954). Dental Class II malocclusions are arising from the increase in the inclination of 
upper incisor, crowding etc. As dental Class II malocclusion does not include skeletal 
problems, orthodontic corrections are sufficient for this type of malocclusions. The 
variability of Class II malocclusions cause to arise a lot of treatment options. Treatment 
options include non-oral or oral appliances, arch expansion mechanics and treatment with 
dental extractions (Proffit et al., 1998).  
Non-oral appliances are one of the oldest treatment methods that are used widespread. The 
most common widespread non-oral appliance is headgear. As headgear can be used for 
steering or curbing the growth of upper jaw to the forward and downward (overbite), it can 
also be used for activating teeth in distal direction. Therefore, it can be said for this 
appliance that it has both orthopaedic and orthodontic effects. In addition to such 
advantages, the use of this appliance being difficult and the length of its service life 
diminish its chance for success. Additionally, the sight formed because of the appliance 
being placed upon the face and skull causes aesthetic considerations and for this reason, 
adaptation problems with patients come into existence. Non-oral appliances entail 
cooperation of patients given that they both pay attention to service life of apparatus and 
ignore the abovementioned disadvantages. Oral appliances were designed that do not entail 
cooperation with patients, increase his/her quality of life to be able to prevent this situation 
called patient cooperation (McNamara & Brudon, 2001; Hunter, 1967; Rogers, 1984).  
The aim of treatment using oral appliances is to change the bone structure of the face and 
direction of development. Although oral appliances are designed to treat each type of 
malocclusion, they are most successful in the Class II malocclusion. Oral appliances can be 
divided three groups, called active, passive and functional (Basciftci et al., 2003).  
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Limiting maxillary growth, the possible development in mandibular position and its growth 
and the change in teeth position and muscle structure are the expected effects of functional 
appliances (Clark, 2002). In addition to that the use of functional appliance leads to 
alterations in tissues around teeth and mouth of patients, it was observed in conducted 
studies that it can restrict the growth of mid-face to forward, bring about a change in the 
location of the glenoid fossa and also changes that increase bone construction and 
destruction in the neuromuscular anatomy and function (Jena et al., 2006 ; Harvold, 1985 ; 
Pancherz, 1982 ; Birkeback et al., 1984)  
Functional appliances are designed for the available pace of adaptive skeletal growth in 
people keeping the mandible forward (McNamara, 1981). Additionally, it produces a 
reciprocal effect between the maxillary and mandibular structures and the appliance itself 
by stimulating muscular and circulatory systems.  
It is stated in the Orthodontic literature that Herbst and Twin-Block appliances are the most 
frequently used functional appliances. Both appliances are effective in correction of class II 
malocclusions (Lund & Sandler, 1998). In particular, the studies conducted in the last 10 
years proved the effectiveness of Twin-Block appliance (Mills C & McCulloch, 1998). 
Albeit the Twin-Block appliance is placed within the mouth, it is an appliance having 
unrestraint in fulfilling normal functions of mouth, at the same time providing higher level 
freedom in anterior and lateral movements in comparison with other appliances and that is 
used the whole day (Clark, 1982; Clark, 1988).  
The Twin-Block appliance consisting of bite blocks and acrylic artificial palate pertaining to 
mandibular and maxillary bones was presented by Clark in 1970’s. This appliance consists 
of sub and upper parts arriving to the contact point (junction) at a 70-degree angle. These 
parts provide stability in closing the jaw (Clark, 1982; Clark, 1988) (Figure 1.) 
 

  
Fig. 1. Sub and Upper Parts of the Twin-block Appliance. 

This appliance was preferred in our study owing to these advantages provided by the Twin-
Block appliance and they being used incrementally by dentists in the last 10 years. 
Orthodontists are obliged to inform their patients about the different appliances, duration of 
treatment and about the possible changes in this period. For this aim, image of the skull is 
obtained; using X-ray or ultrasound techniques, thereafter jaw and teeth abnormalities are 
diagnosed. The name of this method is cephalometry (Figure 2). However, advantages of the 
appliances compared to one another and which one is more useful for one kind of 
abnormalities is determined by only experiences of Orthodontists.  
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Fig. 2. Cephalometry image and some points of measurement. 

Results taken from cephalometric records proved that functional appliances used in the 
treatment of malocclusion allay the abnormality in the mouth by affecting the alignment of 
teeth and bone tissue (Graber, 1985). Having said that, many different 
approaches/hypotheses are proposed regarding how neuromuscular periphery of teeth and 
bone tissue adapt to the change developed after treatment and the interaction between 
functional appliance and neuromuscular structure. Protraction in sizes of muscle fibers after 
the start of use of appliances (Woodside, 1983), the change in muscle dimensions caused by 
rotation of bone structure and hypertrophy of muscle structure can be given as examples to 
these hypotheses (McNamara, 1973). 
One of the most important reasons for this difference between hypotheses is that there is no 
reliable and precise reference line in cephalometric image analysis used in evaluating 
treatment results. This situation complicates the assessment of significant changes occurring 
in skeletal and tooth structure (Pancherz, 1984). Additionally, it is impossible to obtain 
information about cephalometric image analysis and neuromuscular adaptation process and 
be informed about the changing muscle and bone structure during treatment process.  
The principle objective of this study is to be able to put forth the interaction between functional 
appliances and neuromuscular structure with more scientific findings. If treatment can be 
assessed by quantitative data, as orthodontists can inform their patients about the issues such 
as treatment process, possible success ratio and etc. and also they can clearly decide which 
appliance is more suitable for patient as well. The electrophysiological signal that allows non-
invasive assessment for changes in muscle structure is EMG. For these reasons, EMG studies 
continue with an increasing interest to find quantitative solutions such as problems and to 
measure of muscular activity changes because of the appliances. 
In order to achieve this aim, we use EMG signals and their appropriate features to measure 
and evaluate Twin-Blok related muscular activity changes in Anterior Temporal and 
Masseter muscles in children with Class II malocclusion. 
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For this aim power spectral density (PSD) graphics were obtained using EMG and 
maximum power spectral density value (Max PSD) and area of the PSD graphics (Area PSD) 
were calculated and changes between before treatment and at the end of the six months 
were analyzed statistically. Furthermore, Cephalometric images were taken before 
treatment and at the end of six months and changes in the position with respect to base of 
the skull were measured to make a comparison. 

1.1 Advancement of functional appliances 
Albeit first trials were worthy of note, treatment with functional appliances progressed by 
Roux’s studies pertaining to natural forces and functional stimulation. Subsequently, Rogers 
advocated functional treatment and associated facial muscles with the development and 
form of the masticatory system (Woodside, 1983).  
In 1920’s, Andreasen set out to use the appliance that he developed in Class II 
malocclusions. Emil Herbst introduced the Herbst appliance in 1905 and published findings 
in 1935. In 1970’s, Pancerz’s studies on the Herbst appliance and findings that he attained 
led to this appliance used by dentists more frequently. The advantages of the Herbst 
appliance are that it is fixed on teeth and treatment period is short. Many studies have been 
conducted on short and long term effects of the appliance (Pancherz, 1991;. Mcnamara & 
Fränkel, 2002; Pancherz & Fackel, 1990). Following the introduction of the Herbst appliance, 
different disadvantages caused the development of various appliances to be used in 
treatment of Class II malocclusion (Vogt, 2003; Awbrey, 1999). disadvantages experienced in 
treatment by the Herbst appliance can be summarized as that it is not hygienic, it is rigid 
and therefore, it restricts lateral movements of the mandible quite a lot (Pancherz, 1985). 
Another functional appliance similar to this appliance is the Jasper Jumper appliance. This 
appliance brings about food accumulation inside as well due to its structure. The Bite Fixer 
appliance was developed to be able to overcome such disadvantages. The Bite Fixer 
appliance is more flexible and does not allow food accumulation thanks to polyurethane 
tube situating inside but it was observed to cause open bite in the posterior area in some 
cases (open bite: occlusion not being able to materialize between the mandible and maxilla 
in the respective region) (Awbrey, 1999). 
Inspired by a case in which the left gonial area disappeared, Bimler saw that mandible 
movements deliver force to the maxilla and the maxillary arch broadened. The Bimler 
appliance appeared in the literature in 1949 after many modifications since the day this 
study was conducted to the present day (Rogers, 1984).  
Kesling presented the positioner appliance in 1944. In 1950, Balters began to modify the 
appliance that Andreasen developed and ensured via modifications he made that talking with 
this appliance is achieved in a more comfortable fashion (Pancherz et.al, 1989). In 1957, taking 
into account the structure of skeletal-muscular system that leads to structural and functional 
changes, Frankel designed his appliance (Proffit & Fields, 2000). Different than other functional 
appliances, the appliance he named as Kinetor and defined by Stockfish incorporates elastic 
tubes between two plaques and is considered to optimize oral muscle pressures. 

2. Materials and methods 
2.1 Measurement of surface EMG signals  
EMG recordings were extracted from patients fitting Class II malocclusion criteria below, 
from the right anterior temporal and right masseter muscles of 15 patients whose ages 
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varied 8 and 13. Treatments of patients, who fit the criteria, were launched via the Twin-
Block appliance in the Department of Orthodontics of the Faculty of Dentistry in Erciyes 
University [Figure 3]. None of the participants underwent orthodontic treatment before. 
Before each recording session, the procedure was explained in detail to the patient and their 
parents to allay anxiety. 
 

 
 

  
Fig. 3. Twin-block placement in situ. 

Class II malocclusion criteria applied in our study: 
Inclusion criteria 
 Skeletal Class II relationship (ANB > 4°) 
 Mandibular retrognathy (SNB < 78°) 
 Overjet ≥ 5 mm 
 Minimal crowding in dental arches (≤4 mm) 
 Bilateral Class II molar and canine relation (at least 3.5 mm) 
Exclusion criteria 
 Previous history of orthodontic treatment 
 Congenitally missing or extracted permanent tooth (except third molars) 
 Posterior crossbites or severe maxillary transverse deficiency 
 Severe facial asymmetry determined by clinical or radiographical examination 
 Systemic diseases that may affect the orthodontic treatment results 
Patients were asked to wash their faces with soap for face grease not to affect recordings and 
then recorded regions were wiped with alcohol and dried. Patients were suggested to sit up 
straight and look across while recordings were being kept. Electrodes were attached on the 
muscle bundles, which were found by palpating, by surgical plastic strips (adhesive 
washers) that do not irritate the skin. Filling silver-surfaced, bipolar electrodes with 4 mm. 
radius with electrode gel, they were sticked in a way that inter-electrode distance will be 2 
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cm. The common ground electrodes were adhered onto the forehead of the subject and the 
active electrodes were placed on the right anterior temporal and right masseter muscles as 
shown in Figure 4. 
 

 
Fig. 4. Placement of surface electrodes on the anterior temporal and masseter muscles. 

An important factor that affects recording quality is whether the spot where electrodes 
adhered and the region where muscle bundle is situated is the same. When the muscle, 
whose EMG recordings are sought to be taken, possesses a small area, electrodes also 
perceive signals coming from adjacent muscles and appear as noisy within EMG signals 
pertaining to the interested muscle bundle (Duchêne & Gouble 1993). Such noises can be 
avoided by selecting the electrode surface proportional with inter-electrode distance. The 
selection of appropriate electrode surface size and inter-electrode distance to be kept small 
diminishes the affect that will stem from the distance between electrode and source and 
shifts EMG bandwidth to high frequency region. Electrode diameter for bipolar recording 
should be as big as that can perceive muscle activity in acceptable amounts and at the same 
time as small as that does not pick activities of other muscles. Inter-electrode distance is 
described as the distance between the centres of conductive surfaces of electrodes. Inter-
electrode distance recommended for bipolar recording is 20 mm (Pozzo, 2004). 
Temporal and masseter muscles are muscles taking a part in the mandibular protrusion 
and EMG recording was extracted from these muscles considering that they may be 
effective in re-positioning of the mandible during treatment, ensure the mandibular 
growth and their adaptations may have an impact on treatment results. Mouth activity, in 
which these muscles play the most active role, is the jaw clenching. Therefore, recordings 
were taken during clenching activity. The movement was previously practiced by copying 
the observer. 
The signals were recorded in two periods: before the treatment (0 month) and at the end of 6 
months [Figure 5]. At each session, EMG recordings were made during the appliances is not 
in situ. 
The MP150 biomedical data acquisition unit (Biopac Systems, Goleta, CA, USA) was used 
for recording signals. All of the signals were sampled at 5000 Hz and digitized (A/D 
converted) at a resolution of 12 bits per sample by the MP150 unit. 
The EMG100C amplifier module of the MP150 unit was used to amplify and filter with the 
following settings: 500 Hz Low-Pass (LP) filter, 1.0 Hz High-Pass (HP) filter, and 2000 gain. 
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Fig. 5. Raw EMG Signals. 

2.2 Analysis of surface EMG signals 
There are two usual methods that have been used for the processing of EMG signals: 
frequency and time domain signal processing method. Some of the time domain signals 
processing methods are integration, linear envelope, and root mean square (RMS). 
However, these are are commonly not suitable, since obtained results depend on the 
selection of threshold [9].  
The most powerful and generally used method for signal analysis in frequency domain had 
been the Fourier Transform (FT). FT is a method that assumes any signal is stationary. 
However, EMG signals are non-stationary (Panagiotacopulos, 1998) 
Hence, the Fourier Transform cannot present satisfactory frequency resolution. In some 
respects, the Short Time Fourier Transform (STFT) is not perfectly suitable for processing of 
EMG signals. The main weakness inherent in the STFT is that trade off is inevitable between 
temporal and spectral resolution (Kim, 1989; Farina, 2004). If one uses a longer sliding time 
window to obtain higher spectral resolution, the underlying non-stationary will be smeared 
out, resulting in lower temporal resolution. Conversely, using a shorter window to achieve 
better temporal resolution will give lower spectral resolution. Because of these signal 
processing of the EMG signals were achieved using autoregressive (AR) model which is 
appropriate for non stationary signals and not having windowing problem (Kay, 1981). AR 
method is a parametric signal analysis method and first, model parameters of the available 
signal are estimated for such spectrum projection and then, the power spectral density value 
is calculated from these projection values (Kay, 1988). AR method is one of the most 
commonly used parametric methods owing to the fact that projection of AR parameters can 
be carried out easily with the resolution of linear equations. Signal that is modelled in AR 
method is causal.  
The analysis conducted to demonstrate the distribution of power, which any physical signal 
that is carried to the frequency axis comprises, over frequency field is called as spectral 
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analysis. In this way, graphs exhibiting the power density in frequency axis are 
denominated as the power spectral density (PSD) graph (Figure 6.).  
 

 
Fig. 6. The comparative display of PSD graphs calculated from EMG signals received at the 
end of the first and 6. Months. 

EMG signal analysis that will be performed by addressing the power spectral density 
displaying the distribution of signal’s energy capability in the frequency spectrum provides 
information about the neuromuscular conditions of motor units taking part during the 
activity (Okeson, 1998). The PSD values of EMG signals form as a result of the sum of 
spectral characteristics of action potentials of motor units. Consequently, it can be said that 
there is a characteristic power spectrum pertaining to every muscle (Blinowska, 1979). For 
these reasons, the PSD was used as a criterion in assessing the effect of appliance. 
The maximum power spectral density value, which is a value of the PSD graph at its 
maximum point, varies by contraction density of motor units becoming active within that 
signal. The area below the PSD graph provides information about strain productivities of 
motor units carrying out contraction activity (Kwatny, 1970). Therefore maximum power 
spectral density value and area of the PSD graphics were calculated as a feature. 
The AR model is a model revealing important informations in signal by using signal 
information in the past. It is employed widespread in biomedical signal processing because 
it responds well against noise. The dependence of past values to the future values is defined 
as autocorrelation function.  
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where  xx k  displays the signal’s sample, which is shifted as much as k, and its 
autocorrelation. The AR model; 
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 x n  shows the current value of time series, a1, . . . ,ap displays the AR model parameters, 
which are weighting coefficients, and p is the model degree showing the number of past 
values that will be used to estimate the current value and  n  displays the approximate 
error with 1 scale. 
By using the AR method, the power spectrum is attained as; 
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Where 2
eq , is the variance of  n  error. 

To calculate the AR parameters, whether numerical signal samples, whose spectral analysis 
will be directly conducted, are employed or autocorrelation function pertaining to these 
signal parameters is used. The Burg method was used for estimating the AR parameters 
(Marple, 1987).  
One of the significant issues for employing the AR method is the selection of model degree. 
Many researchers studied on this problem and the Akaike Information Criteria (AIC) 
introduced by Akaike is used most commonly in the literature (Kaluzynski, 1989). The 
selection of AIC model degree is in the form of making the below statement minimum.  

 AIC(p)= ln wp2 + 2p/N (4) 

Here, wp2 is the estimated variance of linear prediction error and N is the data length. wp2 
decreases with the increase of the AR model degree and therefore, lnwp2 decreases as well. 
That being said, 2p/N increases too with the increase of p. In this case, a minimum value 
should be designated for p (Kay, 1988; Kaluzynski, 1989). The p value calculated via the AIC 
criteria was obtained as 12. 
In order to take the fact that measurements were obtained from the same subjects into 
account, we used paired sample t-test for statistical comparison between 0 month and 6 
months. A p-value of less than 0.05 was considered as statistically significant. 
All of the data processing was carried out using in-house programs developed under 
MATLAB R2009b Software (MathWorks Inc., Natick MA, USA). 

3. Results and discussion  
The aim of present study is to use EMG signals and their appropriate features to measure 
and evaluate Twin-Blok related muscular activity changes in Anterior Temporal and 
Masseter muscles in children with Class II malocclusion. 
For this aim power spectral density (PSD) graphics were obtained using EMG and Max PSD 
and Area PSD were calculated and changes between before treatment and at the end of the 
six months were analyzed statistically. Furthermore, Cephalometric images were taken 
before treatment and at the end of six months and changes in the position with respect to 
base of the skull were measured to make a comparison. 
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Subject Anterior Temporal 
Before the Treatment At the end of 6 months 

Max PSD Area PSD Max PSD Area PSD 
1 0,00015 0,01137 0,00001 0,00109 
2 0,00009 0,00638 0,00001 0,00101 
3 0,00028 0,02380 0,00001 0,00076 
4 0,00031 0,02548 0,00002 0,00128 
5 0,00008 0,00492 0,00001 0,00072 
6 0,00033 0,02871 0,00001 0,00049 
7 0,00011 0,00956 0,00011 0,00811 
8 0,00015 0,01323 0,00009 0,00549 
9 0,00023 0,01278 0,00012 0,00668 
10 0,00048 0,02936 0,00005 0,00217 
11 0,00054 0,03590 0,00000 0,00006 
12 0,00026 0,02064 0,00001 0,00106 
13 0,00003 0,00250 0,00001 0,00047 
14 0,00032 0,01215 0,00004 0,00259 
15 0,00027 0,01883 0,00001 0,00062 
Mean±SEM 0,00024±0,00004 0,01704±0,00258 0,00003±0,00001 0,00217±0,00065 

Table 1. Max PSD and Area PSD values calculated from EMG signals received right before 
placing the Twin Block appliance in the mouth over anterior temporal muscle and after 6 
months treatment. 

The mean values of Max PSD and Area PSD values, calculated from EMG signals for each 
patient, appear in the last lines of tables. The abbreviation SEM in the tables refers to 
“standard error of the mean.” 
 

Subject Massater 
Before the Treatment  At the end of 6 months 
Max PSD Area PSD Max PSD Area PSD 

1 0,00012 0,01055 0,00017 0,01362 
2 0,00014 0,00997 0,00001 0,00018 
3 0,00011 0,01032 0,00001 0,00018 
4 0,00006 0,00593 0,00004 0,00327 
5 0,00007 0,00565 0,00015 0,01131 
6 0,00035 0,02834 0,00031 0,02579 
7 0,00011 0,01028 0,00073 0,06498 
8 0,00002 0,00148 0,00007 0,00557 
9 0,00083 0,05027 0,00037 0,02382 
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Subject Massater 
Before the Treatment  At the end of 6 months 
Max PSD Area PSD Max PSD Area PSD 

10 0,00012 0,00925 0,00001 0,00088 
11 0,00015 0,01340 0,00001 0,00035 
12 0,00016 0,01464 0,00012 0,00843 
13 0,00012 0,00945 0,00018 0,01456 
14 0,00032 0,02377 0,00003 0,00270 
15 0,00006 0,00497 0,00002 0,00046 
Mean±SEM 0,00018±0,00005 0,01388±0,00315 0,00015±0,00005 0,01174±0,00438 

Table 2. Max PSD and Area PSD values calculated from EMG signals received right before 
placing the Twin Block appliance in the mouth over masseter muscle and after 6 months 
treatment. 

Before the treatment values (0. month) are greater for both the anterior temporal and 
masseter muscles, as seen in Table 1 and 2. However, the difference between 0. month and 6 
months values more pronounced for anterior temporal. This difference is statistically 
significant for both features for anterior temporal but there was no significant difference for 
the masseter muscle (Table 3). 
In addition, changes in the position with respect to base of the skull are significant (p: 0.001). 
 

 Max PSD Area PSD 
Anterior Temporal 0.00014 0.00012 

Masseter 0.5689 0.65591 

Table 3. p-values for “across treatment time” comparisons. 

These observations are in-line with the results in the literature that “as a consequence of the 
use of functional appliances the length of the muscles around the jaw gets longer” (Du & 
Hägg, 2003). 
The PSD values of the EMG signals are depending on the power of the motor unit action 
potentials which makes up these EMG signals (Blinowska, 1979). Six-month-long treatment 
leads to a decrease in the amplitude and narrowing in the frequency range of motor unit 
action potentials and so PSD.  
Looking at results obtained for anterior temporal muscle, it is seen that there is a significant 
difference between the onset of treatment and its values after 6 months for both attributes. 
This result is not valid for the masseter muscle. Albeit both muscles lie among jaw-closing 
muscles, the Twin-Block Appliance had a different impact.  
It is known that the lower jaws of the people who have Class II malocclusion is placed 
behind their upper jaws. Twin Block appliances tries to keep lower jaw and upper jaw in the 
same position due to the fact that lower palate and upper palate have a contiguous 
structure. This can only be accomplished by forcing the lower jaw through forward. In this 
case, length of the jaw closing muscles must be changed so that the new position of the jaw 
becomes permanent. For that reason, it is a natural result for jaw closing muscles to clench 
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with lower power density after 6 months. This result is matching the when the functional 
appliances is placed in the mouth, the jaw closing muscles become elongated ((Du & Hägg, 
2003; Miles et al., 1986; Woodside et al., 1983). Hence, the brawn of the jaw closing muscles 
reduces and the PSD values tend to decrease to lower amplitude.  
However, this outcome was not realized for the masseter muscle. Therefore, it can be 
inferred that the effect of the Twin-Block Appliance on the masseter muscle did not come 
into existence in the first 6 months.  
The critical objective of treatment by the Twin –Block appliance is to trigger the formation of 
an additional extension on jawbone. This objective can be achieved by increasing the 
development of cartilage belonging to condyle and also restricting the maxillary growth. 
The change also seen in the sizes of proximal muscles as a result of elongation of jawbone 
particularly reflected to EMG signals extracted for anterior temporal muscle. The reason 
why a similar difference did not form on the masseter muscle can be explained by that a 
position shift materialized on jawbone rather than an actual growth. Likewise, in studies 
carried out on Twin-Block treatment, it is seen that the question whether the observed 
change is an actual growth or a position shift has been debated. (Baccetti et. al. 2000; 
Trenouth, 2000). Additionally, it is observed that posterior teeth do not still contact one 
another when the appliance is removed at the end of 6 months in patients treated by the 
Twin-Block. This case brings about more intensive occlusion of anterior teeth of patients and 
further contraction on front fibers of the masseter muscle. This impact hinders the 
occurrence of adaptation coming into being in masseter muscles in EMG recordings 
received during jaw closing/ constriction. 
The patient must be observed in a longer period in order to follow the consequences which 
will be resulted from this condition. 

4. Conclusion 
The use of EMG signals in studies related to face muscles continues with an increasing interest. 
Muscle structure responsible for masticatory function and soft tissue belonging to face does 
not only affect bone development but also affects the period of orthodontic treatments and 
permanency of success achieved after treatment. EMG is a primary instrument to record this 
functional process and for the effect of skull traction. For these reasons, analysis of non-
invasive EMG by appropriate methods can provide further information regarding the effect of 
treatment and service lives of appliances (Eckardt et al. 1997).  
In the literature, there are some EMG studies that they are based one removable appliances. 
However, these kinds of appliances are worn only during night time (Tallgren et al. 1998; 
Ahlgren , 1960). Hence, the appliances act as a splint rather than an activator. On the other 
hand, the functional appliances that are worn full-time like the Twin-Block stimulate greater 
than those worn only part-time. For that reason, this study which is about the EMG and the 
Twin-Block, is important in order to investigate the muscle response.  
The PSD is the feature regularly used for frequency domain analysis of EMG. An integration 
of the PSD over all frequencies yields the entire power. PSD value was chosen as a feature in 
order to evaluate the effects of the appliances. That’s because PSD value is a parameter 
which is frequently used in the evaluation of the EMG signals and it gives information on 
power of total action potential formed by the muscles during tightening. 
EMG and PSD are quite successful in showing the change occurred in the muscles. 
However, criteria must be determined for different age groups in using different trainers. 
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Moreover, if an expert system, which evaluates the functionality of the orthodontic 
appliances for the orthodontists; which estimates the treatment period; and which enables a 
follow-up for the effect of the applied orthodontic appliances on the person, is desired to be 
developed with artificial intelligence applications, PSD attribution will be insufficient for the 
input value. For that reason, orthodontists and engineers must enable different parameters 
to become evaluable by continuing their interdisciplinary studies. 
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Moreover, if an expert system, which evaluates the functionality of the orthodontic 
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1. Introduction 

The Stomatognatic apparatus is a component of the craniomandibular system, and it 
represents an entryway to external stimuli: relationship among occlusion, masticatory 
muscle system (Murch, 1974; Oddsson, 1989) and head posture (Barber & Sharpe, 1988) have 
been recently confirmed. 
Proprioception messages from the neck muscles are integrated in the central nervous system 
and contribute to control balance and body orientation. Centripetal impulses from neck 
proprioceptors cooperate with the labyrinth impulses to promote oculomotor muscular 
activity through the cervical–vestibular–ocular reflex (Ito, 1995). Some important encephalic 
nuclei (trigeminal nuclei, oculomotor nuclei, vestibular nuclei, accessorial nerve nuclei) are 
integrated in the medial longitudinal fasciculus. 
Ocular proprioceptive receptors send afferent signals to trigeminal and cuneate nuclei. The 
anatomic and physiologic links of these anatomical structures imply a co-ordinated 
integration of proprioceptive ocular and stomatognathic afferences. 
The ocular system and the stomatognathic one are anatomically and physiologically 
connected. Vision plays an important role in the multi-sensorial process of postural 
stabilisation: among visual inputs, the postural one allows to draw a moving object ocular 
nuclei control the eye position in the orbit; the ocular nuclei send fibers to nuclei which 
control neck and head movements and receive afferences from vestibular nuclei.  
It has been observed that a modification of ocular proprioception modifies head and body 
posture (Donaldson & Knox, 1991; Buisseret-Delmas & Buisseret, 1990; Schmid et al., 1981).  
Ocular proprioception is linked with stomatognathic muscular system: neuromuscular 
spindles and myotendinous receptors (Rose et al., 1991; Lukas et al., 1994; Rose & 
Abrahams, 1975) of extraocular muscles send afferences to trigeminal and cuneate nuclei 
(Porter, 1986). Moreover oculomotor, vestibular, trigeminal and accessorial nerve nuclei are 
connected through the medial longitudinal fasciculus. The role of trigeminal afferences on 
tonic-postural regulation has been underlined too (Meyer & Baron, 1976)  
Several studies supported anatomical linkage between stomatognathic and ocular systems. 
Patients with Temporomandibular disorders (TMD) and this prevalence increase in those 
patients with head, neck, and shoulder pain. A similar association has been found in 
children with a mandibular functional lateral-deviation respect to healthy subjects in  
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pediatric age. It is also stated that in TMD subjects, head rotation (as a compensatory 
adjustment for the eye dominance) is significantly associated to a mandibular shifting 
toward the contralateral side. These relationships, recorded by measuring transverse head 
postural change by means of temporary eye dominance change, have been confirmed (Lin 
SY & White, 1996). Passive soft-tissue viscoelasticity and stretch reflexes in the jaw-closing 
muscles are involved in mandibular postural stability during locomotion as a consequence 
of the influence of head support and body posture on the mandibular rest position. 
Relationship between oculomotors and neck cephalogyric muscles have been reported by 
Meyer & Baron, 1976. These authors showed that desmodontal receptors and temporo-
mandibular joint, like sternocleidomatoid, trapezius and cervical muscles are connected 
with oculomotor muscles. A study confirmed that the alteration of dental occlusion can 
induce some fluctuations in visual focusing (Sharifi et al., 1998)  
Electromyography has been widely applied to estimate oro-facial muscle function or 
dysfunction. 
Association between EMG activity of jaw and neck muscles with TMD signs/symptoms as 
well as malocclusion, parafunctions and posture has been investigated 
Some works shows the effects of body position on the EMG activity of sternocleidomastoid 
and masseter muscles in healthy subjects. Many sEMG studies are concerned with 
functional activity, such as clenching, and few of them have studied the rest position and the 
difference between the anterior temporalis sEMG in open and closed eye conditions. 
Patients with myogenous facial pain show that the open eyes condition, compared with the 
closed eyes one, is associated with a change in the head and neck sEMG activity in the 
mandibular rest position (Monaco et al., 2010). This behaviour is not present in the healthy 
control subjects. A recent study (Spadaro et al., 2010) involving young healthy subjects with 
normal occlusion and without visual defects, compared the EMG values of the the anterior 
temporalis area at mandible rest position, in the closed eyes and open eyes conditions: the 
results showed no significant difference in the EMG values, suggesting that subjects with 
class I without myogenous facial pain signs or symptoms and with clinically verified correct 
vision, accept the exteroceptive visual input without an adaptive mechanism on the sEMG 
pattern of the stomatognathic system. 
These observations suggest that the visual input effect could be a good provocation test for 
assessing a neuromuscular reply that will be more significant in neurogenic facilitation areas 
(Schmid & Mongini , 1985) . 
The alteration of dental occlusion can induce some fluctuations in visual focusing, and the 
visual input effect on the EMG activity of Sternocleidomastoid and Masseter muscles at rest 
has been proved too. The different pattern of EMG activity of anterior temporalis with 
respect to masseter, sternocleidomastoid, and anterior digastric observed at rest, upon 
variation in the visual input, suggests a differential innervation of stomatognathic muscles. 
In fact the innervations of the sternocleidomastoid and anterior digastric muscles is 
provided by spinal and hypoglossal (XI and XII) nerves, while that of masseter and anterior 
temporalis muscles is provided by the trigeminal (V) nerve.  
Interactions between neck and the extraocular muscles in the myopic eye have been 
reported (Valentino & Fabozzo, 1993). Monaco et al., 2006 confirmed that myopic defects can 
induce some alterations on EMG activity of masticatory muscles. 
Nevertheless, there is a low interest about the influence of visual inputs on EMG values, as 
well about the relationship between visual defects and EMG values.  
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Among the neuromuscular factors that are able to affect the EMG values of the jaw 
elevators, the activity of the extraocular muscles, that is explicated by the activity of anterior 
temporalis, could be of interest.  

2. Electrical characteristics of SEMG signals in rest position 
In the intramuscular EMG, the contribution of each different motor units (UM) is 
distinguished according to the morphology of the electrical potentials. On the contrary, in 
the surface EMG (SEMG), the filtering effect of human tissues drastically reduces the 
morphological difference between the voltages that cannot be used as a classification 
element. 
The human body is a good electrical conductor, but unfortunately the conductivity varies 
with tissue thickness. Because the of amplitude EMG signals is inversely proportional to the 
square of the distance from the source, the Ums, whose activity is possible to detect, are 
those located at a maximum distance of 15 mm from the electrodes. The interposed tissues 
can attenuate the high-frequency of component signals, and generally this mitigation is 
proportionally to the UM depth.  
Moreover, in case of size-recuded muscles, neighbouring muscles may produce a significant 
amount of EMG noise (crosstalk); this issue is omnipresent when dealing with SEMG 
signals. However, all possible efforts must be made to eliminate or reduce the presence of 
the crosstalk. Despite this disadvantage, the use of surface electrodes simplifies the signal 
pick-up, making possible to record the signals in static and dynamic conditions, such as 
during the execution of functional movements or exercises.  
The isometric activities generate electrical voltages whose root mean square (rms) values 
range from less than 50 μV to 20-30 mV, depending on the investigated muscle. The typical 
amplitude of noise amount at 5 V rms, so the S/N is enough for the correct evaluation of 
the muscle activity with an acceptable accuracy (Fig. 1). The signal is generally amplified by 
a factor from 500 to 2000. 
The frequency range of a SEMG amplifier is from 10 Hz to 500 Hz. The typical repetition 
rate of UM firing is about 7 to 20 Hz, depending on the size of the muscle. The high 
frequency cut-off corresponds to the maximum frequency of the SEMG signals. Moreover, 
because of the movement of electrodes and cables, the low frequency components of the 
collected signal should be removed. The SEMG signal is filtered, to eliminate the 
disturbances and highlight the relevant components (e.g. a low-pass filtering to analyze low-
frequency components, or a high-pass filtering to analyze high frequency components, or a 
notch-filtering to eliminate components at a specific band). Therefore, the signal is processed 
to extract the desired quantity concerning the muscular fibres. 
The Study of the activities of superficial muscles in rest position has been considered with 
scant regard, for two main reasons: i) the activity of signals is not measured with needle 
electrodes during rest time, with a consequently worsening in the transmission of the signal; 
ii) the amplitudes of the acquired electromyographic signals in rest conditions are in the 
same range of the noise (1 to 5V rms), and are difficult to evaluate.  
Nevertheless, some interesting phenomena were observed during the application of surface 
electromyography in rest position (Ferrario et al., 1993; Rilo et al., 1997). For example, the 
records of electrical signal from the anterior temporal muscle showed different results in 
rest condition of the mandible, according to the open or closed eyes condition. Those signals 
varied by subject, but were constant for the same person, during the same recording session 
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and without changing the recording apparatus or the electrodes themselves; furthermore, 
this variation was independent from the state of the eyes. In the electromyographic 
measurement practice, keeping open or closed the eyes is usually required for about 15 s at a 
time (Miralles et al., 1998; Kawamura, 1967).  
 

 
Fig. 1. The amplitude of electromyographic signal during the clenching and rest time.  

From the preliminary measurements, the voltage amplitude of the investigated signals 
seems to be related to the sequence of the open-eyes and closed-eyes conditions. The signals 
appeared to be in the range of 1 to 6 V rms, comparable with the noise level, and with a 
frequency lower than 20 Hz. This effect of movement could not be recorded because of the 
band pass (20 to 500 Hz filter), usually integrated in surface electromyographic equipment. 
Due to the limitation of these instruments, the clinical analysis of subjects could not 
unequivocally highlight the real cause of the obtained results (Bucci et al., 2009; Monaco et 
al., 2006; Shahani, 1977; Sharifi et al., 1998).  
Considering that several clinical report questionated this issue, we decided to investigate the 
phenomenon with an ad hoc measurement station, that is capable to fully capture and 
analyze these signals. Briefly, the main goal of our research was the implementation and 
characterization of suitable measurement techniques for the identification of the biological 
signals, by reducing the effect of the superimposed noise without removing the signals 
related to non isometric muscle activities. 

3. First preliminary study: evaluation of the influence of ocular defects on of 
the activity of stomatognatic muscles  

The aim of this first preliminary study was to determine how the activity of the 
stomatognatic muscles is influenced by ocular defects. We expect a significant modification 
of SEMG values by changing visual input and visual defects. 
A total of 20 children aged between 7 and 13 years (mean age 9±8 months), was evaluated. 
In the study group 10 children with myopic defects were enlisted, selected among the 
patients afferent to the Pediatric Dentistry Department of the University of L’Aquila. 
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and without changing the recording apparatus or the electrodes themselves; furthermore, 
this variation was independent from the state of the eyes. In the electromyographic 
measurement practice, keeping open or closed the eyes is usually required for about 15 s at a 
time (Miralles et al., 1998; Kawamura, 1967).  
 

 
Fig. 1. The amplitude of electromyographic signal during the clenching and rest time.  

From the preliminary measurements, the voltage amplitude of the investigated signals 
seems to be related to the sequence of the open-eyes and closed-eyes conditions. The signals 
appeared to be in the range of 1 to 6 V rms, comparable with the noise level, and with a 
frequency lower than 20 Hz. This effect of movement could not be recorded because of the 
band pass (20 to 500 Hz filter), usually integrated in surface electromyographic equipment. 
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analyze these signals. Briefly, the main goal of our research was the implementation and 
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signals, by reducing the effect of the superimposed noise without removing the signals 
related to non isometric muscle activities. 

3. First preliminary study: evaluation of the influence of ocular defects on of 
the activity of stomatognatic muscles  

The aim of this first preliminary study was to determine how the activity of the 
stomatognatic muscles is influenced by ocular defects. We expect a significant modification 
of SEMG values by changing visual input and visual defects. 
A total of 20 children aged between 7 and 13 years (mean age 9±8 months), was evaluated. 
In the study group 10 children with myopic defects were enlisted, selected among the 
patients afferent to the Pediatric Dentistry Department of the University of L’Aquila. 

New Measurement Techniques of Surface Electromyographic  
Signals in Rest Position for Application in the Ophthalmological Field 

 

511 

Ten subjects with normal vision, the control group, were chosen through the Pair Matching 
procedures, so that each myopic child had a matching age case control. All subjects were 
investigated by SEMG. Each subject underwent to two recordings of SEMG at rest: during 
the first SEMG each child was asked to keep his/her eyes closed, while during the second 
SEMG recordings each child was asked to keep his/her eyes open while looking straight 
ahead and to keep the lips in normal soft contact. The group of myopic children performed 
the recordings without lenses.Time for each recording was 15 seconds. Each individual was 
seated in a wooden chair with headrest in a comfortable stance. SEMG activity was recorded 
by K7 (Myotronic Inc.; Seattle,Washington, USA), using bipolar surface electrodes at single 
differential with interelectrode distance of 1 cm. The surface electrodes were placed with 
adhesive tape to the skin over the superficial masseter (LMM, RMM), anterior temporal 
(LTA, RTA), anterior digastric (RDA, LDA) and sternocleidomastoid (LSC, RSC) bilaterally 
and parallel to the muscle fibres. Eight channel surface electromyographic equipment was 
used (Myotronic Inc.; Seattle,Washington, USA). The obtained signals were amplified, 
recorded and computed using a clinical aimed software (K7- Myotronic Inc.; 
Seattle,Washington, USA); the Root Mean Square (RMS), expressed in volt, was used as 
amplitude indicator of the signal. SEMG of the subjects was examined by the same operator 
without knowledge of the recording purpose. A paired t-test for independent samples was 
performed to obtain a comparison between mean and variance values of electromyographic 
data. The p value < .05 was assumed as the level of significance. To facilitate the 
introduction of the data in the statistic software program, all the absolute values expressed 
in volt RMS were multiplied by 10. 
Comparison according to the age of the individuals showed no significant differences 
between the groups (p > .05). Tables 1 and 2 illustrate the mean values, in volt, and 
standard deviations (parenthesis) of SEMG activity at rest with closed and open eyes for the 
anterior temporal, masseter, sternocleidomastoid and anterior digastric muscles of the 
children with normal vision (control group).  
 

 LTA LMM RMM RTA LSC LDA RDA RSC 
Observations 10 10 10 10 10 10 10 10 

Mean 17.2 13.6 14.5 17.7 23.6 24.5 32.0 24.7 
SD 7.4 3.6 4.6 6.2 6.8 11.2 19.5 10.3 

Table 1. Mean Value and Standard Deviation of Electromyographic Activity at Rest with 
closed eyes in the Stomatognatic Muscles of Control subjects.  
 

 LTA LMM RMM RTA LSC LDA RDA RSC 
Observations 10 10 10 10 10 10 10 10 

Mean 18.7 13.0 12.8 17.8 23.1 24.4 26.8 22.9 
SD 8.6 3.8 2.5 10.2 10.2 10.7 8.5 8.5 

Table 2. Mean Value and Standard Deviation of Electromyographic Activity with opened 
eyes in the Stomatognatic Muscles of Control Patients. 

Tables 3 and 4 show the mean values and standard deviation of EMG activity at rest with 
closed eyes and open eyes for the anterior temporal, masseter, sternocleidomastoid and 
anterior digastric muscles of the children with myopic vision (study group). In myopic 
patients (study group) a significant difference was observed in LTA muscles.  
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 LTA LMM RMM RTA LSC LDA RDA RSC 
Observations 10 10 10 10 10 10 10 10 

Mean 22.5 16.2 15.3 19.5 24.6 24.3 22.4 22.3 
SD 11.5 8.1 10.4 7.2 8.3 11.2 8.05 10.9 

Table 3. Mean Value and Standard Deviation of Electromyographic Activity with closed 
eyes in the Stomatognatic Muscles of Control Patients. 

 
 LTA LMM RMM RTA LSC LDA RDA RSC 

Observations 10 10 10 10 10 10 10 10 
Mean 32.6 17.3 14.6 24.2 20.8 27 25.9 18.4 

SD 13.3 7.9 9.7 9.8 6.5 10.7 10.2 6.3 

Table 4. Mean Value and Standard Deviation of Electromyographic Activity with opened 
eyes in the Stomatognatic Muscles of Control Patients. 

In the closed eyes condition it is possible to observe an identical pattern of SEMG activity in 
both control and study group. SEMG values of left and right anterior temporal muscles were 
significantly different. These results underline that: i) a change in the visual input does not 
induce a modification in the basic tone of the stomatognatic system in children with normal 
vision; ii) the myopic children showed an increase of anterior temporal activity at rest. the 
activity of masticatory muscles, controlled by the trigeminal nerve, is regulated by several 
inputs coming from the proprioception of neuromuscular spindles. These inputs have an 
important role in the maintenance and in the modifications of muscular basal tone. 
Proprioception messages coming from the muscles of the neck are integrated in the central 
nervous system and contribute to control the balance and the body orientation in the space-
time. Centripetal impulses from the muscles of the neck proprioceptors cooperate with the 
labyrinth impulses to promote the oculomotor muscular activity through the cervical-
vestibular-ocular reflex. 
Some important encephalic nuclei (trigeminal nuclei, oculomotor nuclei, vestibular nuclei, 
accessorial nerve nuclei) are integrated in the medial longitudinal fasciculus. Moreover, 
ocular proprioceptive receptors send afferences to the trigeminal and cuneate nuclei. 
This study confirms the physiologic link of these anatomical structures: a modification of the 
proprioceptive ocular afferences can be reflected on the stomatognatic one. The EMG 
evaluations comported different RMS values as a consequence of the proprioceptive input 
change. 
The results suggest that the relation between stomatognatic and oculomotor system is 
underestimated and the use of EMG could permit the integrate study of the two systems. 

4. Second preliminary study: evaluation of the electromyographic activity of 
stomatognathic muscles at rest with eyes closed and with eyes open 
The aim of the second preliminary study was to evaluate the electromyographic activity of 
stomatognathic muscles at rest with eyes closed and with eyes open and the effects of ocular 
correction on electromyographic activity and muscular balance. This knowledge could be 
clinically relevant in order to evaluate if, in subjects with functional lateral deviation, the 
ocular correction could contribute to variations of muscular tone and its symmetry. 
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Table 3. Mean Value and Standard Deviation of Electromyographic Activity with closed 
eyes in the Stomatognatic Muscles of Control Patients. 
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induce a modification in the basic tone of the stomatognatic system in children with normal 
vision; ii) the myopic children showed an increase of anterior temporal activity at rest. the 
activity of masticatory muscles, controlled by the trigeminal nerve, is regulated by several 
inputs coming from the proprioception of neuromuscular spindles. These inputs have an 
important role in the maintenance and in the modifications of muscular basal tone. 
Proprioception messages coming from the muscles of the neck are integrated in the central 
nervous system and contribute to control the balance and the body orientation in the space-
time. Centripetal impulses from the muscles of the neck proprioceptors cooperate with the 
labyrinth impulses to promote the oculomotor muscular activity through the cervical-
vestibular-ocular reflex. 
Some important encephalic nuclei (trigeminal nuclei, oculomotor nuclei, vestibular nuclei, 
accessorial nerve nuclei) are integrated in the medial longitudinal fasciculus. Moreover, 
ocular proprioceptive receptors send afferences to the trigeminal and cuneate nuclei. 
This study confirms the physiologic link of these anatomical structures: a modification of the 
proprioceptive ocular afferences can be reflected on the stomatognatic one. The EMG 
evaluations comported different RMS values as a consequence of the proprioceptive input 
change. 
The results suggest that the relation between stomatognatic and oculomotor system is 
underestimated and the use of EMG could permit the integrate study of the two systems. 

4. Second preliminary study: evaluation of the electromyographic activity of 
stomatognathic muscles at rest with eyes closed and with eyes open 
The aim of the second preliminary study was to evaluate the electromyographic activity of 
stomatognathic muscles at rest with eyes closed and with eyes open and the effects of ocular 
correction on electromyographic activity and muscular balance. This knowledge could be 
clinically relevant in order to evaluate if, in subjects with functional lateral deviation, the 
ocular correction could contribute to variations of muscular tone and its symmetry. 
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The study was performed at the Dental Clinic of the University of L’Aquila. This study 
included 32 subjects with functional lateral-deviated mandible selected among children with 
tooth midline deviation, listed to paediatric dentistry clinic for dental care. All the patients 
presented natural dentition, an observable deviation of mandibular and anterior tooth 
midlines on functional base diagnosed by clinical examination, frontal and basal tele-
radiographs. The subjects were chosen according to the following parameters: deviated chin 
from mid-sagittal plane (recognized by perpendicular line to horizontal bipupillary and 
bicommisural lines); the lack of alignment of the upper and lower labial frena; asymmetry of 
interincisive lines and molars/canine classes; deviation of incisor midline in maximal 
intercuspidation both in centric relation and at rest position; mandibular deviation during 
opening; noise and tenderness referred to temporomandibular joint (TMJ). The frontal 
teleradiograph, taken at open mouth, confirmed the symmetry of maxillary and mandibular 
structures. In order to be considered for the study, the following characteristics had to be 
present: i) negative history of orthodontic treatment; ii) observable deviation of anterior 
tooth midlines >1,5 mm with alignment at mouth open; iii) absence of skeletal asymmetry; 
iv) absence of any anterior or posterior/lateral crossbite; v) muscular ocular-extrinsic tone 
alteration. In the first visit all subjects underwent complete ophthalmological and 
orthoptical evaluation by the same ophthalmologist.  
The oculo-extrinsic muscular tone disorders were classified as eso (convergence latent 
strabismus) and exophories (divergence latent strabismus) and measured by using cover test 
and Berens prisms. The values expressed as angle of deviation were measured in prismathic 
diottries (DP). Thirthy-two children with functional mandibular lateral deviation and 
muscular extrinsic ocular tone disorders, 19 girls and 13 boys, ranging from 8 to 12 years of 
age, with mean age of 10.1 (sd 1.1) in study group and 9.6 (sd 1.6) in control group (Table 1), 
were selected. No statistical differences were observed in the mean age for the two groups. 
Therefore, all subjects received a prescription for their ocular alterations. The subjects were 
randomly divided into two groups: study and control. The study group received ocular 
correction that needed to be balanced upon EMG control at the next visit, while the control 
group received a conventional ocular correction through lenses. 
At second visit, all subjects were investigated by SEMG. Recordings were performed by 
placing bipolar surface electrodes (Instruments Co. Seattle) on the left and right anterior 
temporal, masseter, sternocleidomastoid and digastric muscles. During the recordings, EMG 
was monitored using a system K7 (Myotronic Inc., Seattle, Washington, USA). Each subject 
underwent three recordings of the integrated SEMG activity at rest, with eyes open and 
closed and after ocular correction. During the first SEMG recording each child was asked to 
keep his/her eyes closed. During the second SEMG recording, each child was asked to keep 
his/her eyes open while looking straight ahead and to keep the lips in normal soft contact. 
During the third SEMG recording children in the control group wore glasses for ocular 
correction through orthoptic examination only, while children in the the study group wore 
lenses centred and balanced through orthoptic evaluation integrated by means 
electromyography control. Recordings were performed with previous instruction to the 
children. SEMG recording time for each trial was 15 seconds. Two-samples paired 
comparison test (t-test) was performed on SEMG at rest, with and without visual input and 
with ocular correction, for each investigated muscle. The SEMG values are based on RMS 
measured in volt and using Symmetry Index (rightleft / right+left) (SI). SI values range 
from 0 to 1 (0 = perfect symmetry). 
Each patient was seated in a wood chair with headrest in a comfortable stance, and patients 
were asked to closed the eyes, to avoid enviromental input. SEMG activity was recorded by 
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K7 software (K7 Myotronic Inc.-Seattle, Washington, USA) using bipolar surface electrodes 
at single differential with interelectrode distance of 1 cm. The surface electrodes were 
affixed with adhesive tape to the skin over the superficial masseter (LMM,RMM), anterior 
temporal (LTA,RTA), anterior digastric (RDA, LDA) and sternocleidomastoid (LSC, RSC), 
bilaterally and parallel to the muscle fibers. Eight channel surface electromyographic 
equipment was used (Myotronics). The signal obtained were amplified, recorded and 
computed using a clinical aimed software (K7-Myotronics); the Root Mean Square (RMS), 
expresses in volt, was used as amplitude indicator of the signal. SEMG of the subjects were 
examined by the same operator without knowledge of recording purpose. 
The subjects of both groups were analysed with respect to the rate of lateral deviation from 
tooth midline and electromyographycally examined. Therefore the subjects of the study 
gruop wore lenses centred and balanced by means SEMG, the control group wore lenses 
fabricated according to conventional orthoptic evaluation.  
The SEMG values were compared and statistically analysed. A paired t-test for independent 
samples was performed to obtain a comparison between mean and variance values of 
electromyographic data. The level of significance was set at the p value of <.05. A correlation 
analysis was performed between the rate of lateral deviation and the DP rate. A correlation 
coefficient (r) equal or greater than 0.600 was considered significant. A linear regression 
statistics coefficient was performed between the rate of lateral deviation and the DP rate.  
To facilitate the introduction of the data in the statistic software, all absolute values 
expressed in volt rms were multiplied by 10. Tables 5 and 6 illustrate the mean values, in 
volt, of SEMG activity at rest with closed eyes for the anterior temporal, masseter, 
sternocleidomastoid and anterior digastric muscles respectively of the study and control 
group. Tables 7 and 8 show the mean values of SEMG activity at rest for the anterior 
temporal, masseter, sternocleidomastoid and anterior digastric muscles with eyes open in 
the study and the control groups, respectively.  
Tables 9 and 10 report the mean values of SEMG activity at rest for the anterior temporal, 
masseter, sternocleidomastoid and anterior digastric muscles with ocular correction in the 
study and the control group, respectively. The comparison between the results in Tables 5 and 
7 shows that EMG activity of the anterior temporal increases significantly in children with 
conventional ocular correction (control group) (p<0.05). In the study group children the ocular 
correction obtained by means SEMG did not show an increase of muscular values of TA. 
 

 LTA LMM RMM RTA LSC LDA RDA RSC 
Observations 16 16 16 16 16 16 16 16 

Mean 20.3 19.5 19.9 17.5 22.9 29.0 36.5 22.4 
SD 10.5 13.0 13.7 6.7 6.4 18.1 22.7 10.5 

Table 5. Mean Value and Standard Deviation of Electromyographic Activity at Rest with 
closed eyes in the Stomatognatic Muscles of study subjects.  
 

 LTA LMM RMM RTA LSC LDA RDA RSC 
Observations 16 16 16 16 16 16 16 16 

Mean 20.5 13.6 11.6 18.9 18.0 17.9 19.4 18.0 
SD 9.4 7.0 5.1 8.0 10.9 8.6 8.2 8.7 

Table 6. Mean Value and Standard Deviation of Electromyographic Activity at Rest with 
closed eyes in the Stomatognatic Muscles of control subjects.  
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 LTA LMM RMM RTA LSC LDA RDA RSC 
Observations 16 16 16 16 16 16 16 16 

Mean 20.3 19.5 19.9 17.5 22.9 29.0 36.5 22.4 
SD 10.5 13.0 13.7 6.7 6.4 18.1 22.7 10.5 

Table 5. Mean Value and Standard Deviation of Electromyographic Activity at Rest with 
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 LTA LMM RMM RTA LSC LDA RDA RSC 
Observations 16 16 16 16 16 16 16 16 

Mean 20.5 13.6 11.6 18.9 18.0 17.9 19.4 18.0 
SD 9.4 7.0 5.1 8.0 10.9 8.6 8.2 8.7 

Table 6. Mean Value and Standard Deviation of Electromyographic Activity at Rest with 
closed eyes in the Stomatognatic Muscles of control subjects.  
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 LTA LMM RMM RTA LSC LDA RDA RSC 
Observations 16 16 16 16 16 16 16 16 

Mean 24.5 19.5 18.1 27.9 22.5 30.7 30.6 22.0 
SD 12.4 12.3 13.2 15.1 8.5 21.5 18.5 9.7 

Table 7. Mean Value and Standard Deviation of Electromyographic Activity at Rest with 
opened eyes in the Stomatognatic Muscles of study subjects.  
 

 LTA LMM RMM RTA LSC LDA RDA RSC 
Observations 16 16 16 16 16 16 16 16 

Mean 25.3 13.6 12.0 27.9 19.4 19.4 19.9 18.2 
SD 12.7 6.3 5.2 15.1 10.0 8.9 8.1 9.2 

Table 8. Mean Value and Standard Deviation of Electromyographic Activity at Rest with 
opened eyes in the Stomatognatic Muscles of control subjects.  
 

 LTA LMM RMM RTA LSC LDA RDA RSC 
Observations 16 16 16 16 16 16 16 16 

Mean 22.2 19.4 16.3 20.8 20.5 30.7 25.8 25.0 
SD 10.4 8.0 5.7 9.0 6.7 21.5 10.8 17.3 

Table 9. Mean Value and Standard Deviation of Electromyographic Activity at with ocular 
correction by means EMG in the Stomatognatic Muscles of study subjects.  
 

 LTA LMM RMM RTA LSC LDA RDA RSC 
Observations 16 16 16 16 16 16 16 16 

Mean 22.2 19.4 16.3 20.8 20.5 30.7 25.8 25.0 
SD 10.4 8.0 5.7 9.0 6.7 21.5 10.8 17.3 

Table 10. Mean Value and Standard Deviation of Electromyographic Activity at with 
conventional ocular correction in the Stomatognatic Muscles of control subjects.  

5. The new measurement equipment 
To extract useful information about the effect of incorrect lenses, the electromyographic 
signal in rest conditions should be suitably acquired and processed, in order to reduce the 
effect of the noise and to supply the oculist with a reliable quantitative indication. 
To this aim, we developed an ad hoc measurement system, whose block diagram is reported 
in Fig. 2; the proposed system can operate in parallel with the conventional instrument to 
compare the supplied results.  
 

Signal 
amplifier 

Data 
acquisition 
system 

 
Laptop 
PC 

 
Fig. 2. The block diagram of the measurement setup. 
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The bio-electrical signal can be detected using two single electrodes (one active electrode 
located in correspondence of the muscle under analysis and another reference electrode 
located on a neutral point), or a bipolar electrode (two active electrodes located on the 
muscle). This last differential configuration has a better noise immunity, even if it presents 
some difficulties with muscles of reduced dimensions.  
Because the SEMG signal is low in amplitude, with respect to other ambient signals on the 
surface of the skin, we decided to detect it with a differential configuration. The electrodes are 
placed in the midline of the belly of the muscle, where the signal has the maximum amplitude. 
The electrode signal is amplified, acquired and processed. The amplifier is the EG&G PARC 
113 Low-Noise Preamp, with a bandwidth from DC to 300 kHz. Its main features are: i) 
adjustable high and low frequency rolloffs; ii) two input channels, AC or DC coupled, with 
single-ended or differential input section; iii) maximum input voltage of 1 Vrms; iv) gain 
ranging from x10 to x10000, in the 1-2-5 sequence; v) input impedance of 1 G shunted by 
15 pF; vi) common mode rejection of 100 dB in the range from DC to 1 kHz; input DC drift < 
10 V/°C, output DC drift < 1 mV/°C.  
The amplified signal has been acquired by a USB data acquisition module, the Keithley 
KUSB-3108 High Gain Multifunction, whose main features are: i) resolution of 16 bits, 
effective number of bits of 14.1; ii) sampling rate of 50 kSamples/s; iii) accuracy of +/-
 0.04 %; iv) nonlinearity of +/- 4 LSB; v) input impedance of 100 M100 pF; vi) common 
mode rejection > 74 dB; vii) A/D converter noise of 0.4 LSB rms. A Laptop PC supplied by a 
battery has been used; data acquisition and processing have been programmed using the NI 
LabVIEW tool (Bucci et al, 2009; Fiorucci et al., 2011).  
In order to analyze the behaviour of the proposed system, a plot of the signal acquired 
during the sequence closed-open-closed eyes, is shown in Fig. 3, while Fig. 4 reports the 
same signal acquired with a traditional instrument.  
The effects produced by the internal blocks of a standard SEMG that, practically, processes 
this signal as a noise, are evident. 
 

 
Fig. 3. Signal v(i) corresponding to the sequence closed-open-closed eyes, acquired with gain 
10000. 

Fig. 3 also shows that suitable signal processing techniques should be implemented in order 
to: i) detect the signal transitions that indicate the beginning (closed-open in the figure) and 
the ending (open-closed) of the time interval of interest; ii) process the signal during this 
time interval (up time) in order to extract the useful information. 
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Fig. 4. Signal vemg(i) corresponding to the sequence closed-open-closed eyes (traditional 
SEMG) acquired with gain 10000. 

6. The measurement technique and the signals analysis 
The goal of the present research is the analysis of the surface electromyographic signals on 
patients wearing eyeglasses (Miralles et al., 1998; Kawamura, 1967; Shahani, 1977;). In detail, 
our experimental activity has been focused on the acquisition and analysis of the SEMG 
signals of anterior temporalis muscles at mandible rest conditions, in occurrence with some 
particular voluntary and involuntary movements of the patient, such as closed-open eyes 
condition; those signals can not be acquired with a traditional SEMG measurement 
apparatus, because of the presence of pass-band filters and of the electronic noise, which 
could mask the closed-open eyes effect (Airi Oksanen et al., 2007; Sharifi et al., 1998). 
The acquisitions are performed in both dark and illuminated rooms, and each patient has 
been asked to open the eyes after 1 s and, after 3 s, to close them; the voluntary movement of 
opening and closing the eyes produces a rectangular shape in the digitized input voltage 
v(i). 
With the aim to emphasize the low frequency voltage variations, we adopted the rms sliding 
window technique. In SEMG techniques, the rms of the signal can be considered as an index 
of the power of the signal itself, and it can be correlated to the muscular stress. We are 
interested in evaluating the variation of that stress during the time, to identify the 
conditions in which it is higher or lower; the adoption of the rms sliding window technique 
allows the observation of that variation. Moreover, the rms signal is filtered by the DEMG 
high frequency components, so it can be adopted to implement a threshold technique for the 
automatic identification of the time interval corresponding to the opened-eyes, in which the 
muscular stress must be measured. 
Specifically, the input voltage v has been digitized and processed to calculate the rms 
voltage waveform vrms. At any instant of time i, a new rms voltage value has been calculated 
from n samples of the acquired voltage v ( j ), using the formula: 
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where n is the number of samples contained in each summation interval (variable from 
20 ms to 100 ms). The new value vrms(i+1) has been calculated by sliding forward a sample 
of the input voltage.  
This technique improves the transitory response and guarantees a better temporal 
resolution: the vrms(i) is updated at each sampling point, so it is possible to directly compare 
v(i) and vrms(i).  
During the experimental activity, by analyzing the features of the acquired SEMG signals 
and comparing them with the movements of the patients, we identified two stress 
symptoms, that can be directly related with the incorrect prescription of eyeglasses; they can 
be described comparing Figs. 5 and 6. 
Fig 5 shows the SEMG signal acquired, in an illuminated room, on a patient without 
eyeglasses, that have been asked to open the eyes, to try to focalize and to close the eyes. In 
those conditions there is the maximum stress, whose main symptoms are: A) the partial 
closing and opening of the eyes due to the winking movement as a consequence of the 
difficulty in focusing the image; B) the amplitude increasing of the SEMG high frequency 
components, that is related to the increased activity of the masticatory muscles. The signal in 
Fig. 6 shows the minimum stress conditions, as it has been acquired in an illuminated room, 
on a patient wearing the correct eyeglasses: the A and B phenomena are absent. 
To quantify the patient stress, we introduced a new signal, v*(i), calculated as the point-by-
point difference between v(i) and vrms(i):  

      * rmsv i v i v i    (2) 

It represents the dynamic component of the muscle activity, that takes into account the 
winking movement (high frequency components). We observed that two quantitative 
parameters of the v*(i) signal can be adopted as indexes of the stress of a patient wearing 
incorrect eyeglasses: the average power and the voltage range in open-eyes condition. We 
verified that these parameters are smallest when the muscle stress is minimum, that is when 
the prescription of eyeglasses is correct. The measurement of the average power and voltage 
range was performed only in the time interval in which the rms signal vrms(i) is higher than 
a suitable threshold. 
 

 

 
 

Fig. 5. Results in case of no lenses (maximum stress). 
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Fig. 6. Results in case of correct lenses (minimum stress). 

We also performed the amplitude spectrum measurement, in order to investigate about the 
possible presence of frequency components whose amplitude could be related to the 
muscular stress.  
In Fig.7 a flowchart of the signal processing algorithm implemented on the proposed 
measurement system is synthesized. Figs. 8 to 11 show vrms(i) and v*(i) signals obtained with 
the proposed technique starting, respectively, in dark and illuminated rooms. The 
acquisitions in an illuminated room have been performed asking the patient, without sight 
defects, to open the eyes, to try to focalize a sign and then to close the eyes. Fig. 10 shows the 
voltage level variations due to the voluntary movement of opening and closing the eyes, 
superimposed to the high-frequency signal due to the muscle stress; the voltage drop at 2.2 s 
is due to the focalizing movement involving a partial closing of the eyes. 
 

 
Fig. 7. Data analysis procedure. 
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Fig. 8. Rms signal vrms(i) corresponding to the sequence closed-opened-closed eyes in a dark 
room. 

 

 
Fig. 9. Dynamic component v*(i) of the signal, corresponding to the sequence closed-
opened-closed eyes in a dark room. 

As part of the development phase, the measurement system has been tested to investigate 
its performance. The first test was the measurement of the frequency response, with 
different gain values: 500, 1000, 2000, 5000 and 10000. The reference signal has been 
generated using the Stanford Research DS360 Ultra Low Distortion Function Generator, 
whose main specifications are: i) output range from 20 Vpp to 40 Vpp; ii) THD 0.001%; iii) 
frequency accuracy of 25 ppm; iv) 20 bit D/A converter. The tests have been carried out by 
varying the amplitude and the frequency of a sinusoidal waveform in the ranges (50 to 500) 
Vrms, (5 to 5000) Hz. Successively we measured the total RMS noise voltage and the noise 
figure for the selected gains. The measurement of the total RMS noise, the noise figure and 
the system noise spectrum have been performed according to (Van Putten, 1988). In detail, 
the total RMS noise voltage eN , measured in the frequency range DC-1 kHz, adopted for all 
our experimental activity can be expressed as: 

 2 2 2 2 1000N n n gen Re e i R e     (3) 
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where en is the equivalent short-circuit input RMS noise voltage, in is the equivalent open 
circuit RMS noise current, Rgen is the internal resistance of the voltage source, and eR is the 
thermal noise voltage developed across Rgen. 
As suggested in (Gerleman & Cook, 1992) a typical value of surface electrode impedance is 
Rgen = 20 k, en has been measured by shunting a 20 k resistor across the input terminals 
of the EG&G PARC 113, at 290 K, measuring the preamp output rms voltage and dividing it 
by the amplifier gains reported in Tab III. The Noise Figure has been calculated as: 

 
2

210log N

R

eNF
e

 
  

  
 (4) 

where: 

 2 4Re kT R B  (5) 

K is the Boltzmann’s constant, T the temperature, B the bandwidth and R the considered 
resistance. The obtained results, tabulated in Table 11, show a good response of the 
instrument, because the noise amplitude is quite irrelevant for the bio-electrical signal 
detection.  
We also calculated the system dynamic range, considering that the CMRR of the EG&G 
PARC 113 in the range from DC to 1 kHz is greater than 100 dB; and that the 16 bits data 
acquisition board presents a theoretical dynamic range of 96 dB; from the tests we carried 
out that the overall system dynamic range can be assumed as 86 dB.  
 

 
Fig. 10. Rms signal vrms(i) corresponding to the sequence closed-opened-closed eyes in an 
illuminated room with no eyeglasses. 
 

Gain Noise Figure [dB] Total RMS noise voltage [nV rms] 
500 2.56 952 
1000 2.04 897 
2000 7.60 1702 
5000 3.10 1014 

10000 2.15 908 

Table 11. Noise figures and total RMS noise voltages for different gain settings. 
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Fig. 11. Dynamic component v*(i) of the signal, corresponding to the sequence closed-
opened-closed eyes in an illuminated room, without eyeglasses. 

7. Experimental results 
We conducted some test to investigate about the effectiveness of the processed parameters 
to provide useful information concerning the eyeglass prescription. To evaluate the stress of 
wearing eyeglasses, an experimental activity has been carried out in the Dental Clinic of the 
University of L’Aquila on a group of 30 patients with different visual defects.  
As a first step, the correct eye glasses prescription is detected by the ophthalmologist of our 
team, by using a set of optical test lenses and a trial frame (Fig.12). 
 

 
Fig. 12. A measurement session with optical test lenses and a trial frame. 
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After that, the closed-open-closed EMG signals are acquired while the patient is wearing 
correct and wrong (obtained by adding +/-0.25, +/-2 and +/5 cylindrical correction degrees) 
lenses. In all the tests, both the increasing and decreasing of the corrective lenses graduation 
have been characterized by an increase of the average power and by the presence of focalizing 
movements, involving an increase of the SEMG signal range. In other words, the minimum 
values of both the parameters are reached when the correct prescription is applied. To 
underline the relation between muscular stress and incorrect eyeglasses, the SEMG signals v(i) 
acquired on the same patient are presented in Figs. 13-17, with the previously described 
correction degrees; they have been obtained by adding respectively the following cylindrical 
correction degrees: +0.25, -0.25, + 2, -2, +5, -5. The measured values of voltage range and 
average power are reported in Table 12; it is possible, by using the proposed measurement and 
analysis approach, to determine the eyeglasses prescription minimizing the muscular stress. In 
Figs. 19-24 we propose the comparison between the amplitude spectrum of signal in Fig. 6, 
adopted as a reference for the minimum stress conditions, and the amplitude spectra of the 
signals in Figs. 13-18. It is possible to identify two frequency bands, in which the effect of the 
muscular stress seems to be more evident: 10-400 Hz, and 720-740 Hz.  
In all the figures, the correct eyeglasses reduce the amplitude of the frequency components. 
 

 
Fig. 13. Signal acquired in case of +0.25 degrees. 
 

 
Fig. 14. Signal acquired in case of -0.25 degrees. 
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Fig. 15. Signal acquired in case of +2 degrees. 

 

 
Fig. 16. Signal acquired in case of -2 degrees. 

 

 
Fig. 17. Signal acquired in case of + 5 degrees. 
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Fig. 15. Signal acquired in case of +2 degrees. 

 

 
Fig. 16. Signal acquired in case of -2 degrees. 

 

 
Fig. 17. Signal acquired in case of + 5 degrees. 
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Fig. 18. Signal acquired in case of - 5 degrees. 

 
Deviation from correct prescription 

[cylindrical correction degrees] 
Range 
[uV] 

Average power 
[pW] 

-5 6.8 0.61 
-2 6.7 0.35 

-0,25 5.0 0.28 
0 1.5 0.04 

0,25 4.3 0.31 
2 6.3 0.40 
5 8.5 0.72 

Table 12. Measured voltage range and average power values. 

 

 
Fig. 19. Spectra comparison of signals for correct lenses and +0,25 degree lenses. 
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Fig. 20. Spectra comparison of signals for correct lenses and -0,25 degree lenses. 

 

 
Fig. 21. Spectra comparison of signals for correct lenses and +2 degree lenses. 

 

 
Fig. 22. Spectra comparison of signals for correct lenses and -2 degree lenses. 
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Fig. 20. Spectra comparison of signals for correct lenses and -0,25 degree lenses. 

 

 
Fig. 21. Spectra comparison of signals for correct lenses and +2 degree lenses. 

 

 
Fig. 22. Spectra comparison of signals for correct lenses and -2 degree lenses. 
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Fig. 23. Spectra comparison of signals for correct lenses and +5 degree lenses. 

 

 
Fig. 24. Spectra comparison of signals for correct lenses and -5 degree lenses. 

 

 
Fig. 25. Spectra comparison of signals for correct lenses and +0,25 degree lenses, in the range 
720-740 Hz. 
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Fig. 26. Spectra comparison of signals for correct lenses and -0,25 degree lenses, in the range 
720-740 Hz. 
 

 
Fig. 27. Spectra comparison of signals for correct lenses and +2 degree lenses, in the range 
720-740 Hz. 
 

 
Fig. 28. Spectra comparison of signals for correct lenses and -2 degree lenses, in the range 
720-740 Hz.  
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Fig. 27. Spectra comparison of signals for correct lenses and +2 degree lenses, in the range 
720-740 Hz. 
 

 
Fig. 28. Spectra comparison of signals for correct lenses and -2 degree lenses, in the range 
720-740 Hz.  
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Fig. 29. Spectra comparison of signals for correct lenses and +5 degree lenses, in the range 
720-740 Hz. 

 

 
Fig. 30. Spectra comparison of signals for correct lenses and -5 degree lenses, in the range 
720-740 Hz. 

8. Conclusion 
The main aim of this chapter was the implementation of new measurement techniques of 
surface electromyographic signals, that are of great importance for the analysis of 
neuromuscular functions. Traditional SEMG apparatuses can not be adopted for this 
application, mainly because of the presence of built-in filtering sections that eliminate the 
related signal components (Ferdjallah et al., 2000), but also because it is required a special 
signal processing. By adopting the proposed technique, it is possible to acquire the raw 
signals, to identify the presence of voluntary movements during the acquisition period with 
the proposed rms sliding window technique, and to calculate some indexes of the signal 
v*(i), such as average power and the voltage range in open-eyes conditions. The proposed 
approach has been applied to evaluate the effects of the graduation of eyeglasses and 
contact lens on the muscle stress in rest conditions. By processing the SEMG, it is possible to 
define the right choice for the grade of glasses or contact lenses, with a direct and objective 
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evaluation of the generated muscular stress. Currently, we are working to elaborate a 
protocol by analysing a greater number of patients. Further improvement of the present 
paper will investigate the relation between the eyeglasses and contact lens and the 
amplitude spectrum of the SEMG signal in the frequency range 720 – 740 Hz, in which the 
amplitudes of the frequency components can supply information about the stress of the 
patients as suggested by Figs. 23-28. Finally, the adoption of an image acquisition device 
will be possible to directly compare the EMG signals to the filmed movement of the patient’s 
face.  
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