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Preface

During a long perios of time, clinical neurophysiology has expanded and developted new
fields.However, the number of specialists of clinical neurophysiology is still limited. Well-
qualified and detailed books or monographs on this field are in demand. Contribution of the
authors from different countries who are sharing their experience and their own data will
increase the attention and focus on clinical neurophysiology.

I am pleased to contribute to the book, “Electrodiagnosis in New Frontiers of Clinical Re‐
search” edited by Dr Hande Turker who I know personally and I have followed her aca‐
demic progress for long time. I had the opportunity to work with her in our Department of
Clinical Neurophysiology. She is always full of original ideas and the curiosity that science
demands.

In this book chapters relate to different aspects of clinical neurophysiology. I am sure that
the book will cover an important necessity of clinical neurophysiologists.

Gulseren Akyuz, M.D., Professor
Department of Physical Medicine and Rehabilitation and Clinical Neurophysiology

Marmara University School of Medicine
Istanbul, TURKEY



From the Editor

Utilization of electrodiagnosis; namely electromyography (EMG), nerve conduction studies,
late responses, repetitive nerve stimulation techniques, quantitative EMG and evoked po‐
tentials, has long been discussed in many text books as basic principles. However the usage
of electroneuromyography is rather new in some aspects when compared with tasks of daily
practise. This book, we believe, will cover and enlighten those aspects where electrodiagno‐
sis has begun to play important roles nowadays.

The book begins with an overview of the application of EMG in neurological disorders, a
chapter by Faranak et al, where the role of EMG in neurological practise is explained thor‐
oughly.The chapters by Suzuki et al, and Partanen J. describe late responses in cerebrovas‐
cular diseases and spontaneous activation in EMG respectively.

After these three basic chapters, there comes an interesting chapter on spinal cord neuro‐
physiology by Kohn et al. The chapter, as stressed in its introduction part, provides concep‐
tual and methodological background for researchers and clinicians who use EMG to study
human spinal cord neurophysiology.

The chapter "Clinical Quantitative Electromyography" by Stashuk and Adel aims to provide
an overview of different electromyographic techniques stressing quantitative EMG. A re‐
view and comparison of applications of EMG techniques for clinical decision concludes the
chapter.

The next chapter by Cardozo et al summarizes a very important, yet mostly underestimated
subject: Age related neuromuscular adjustments assessed by EMG. The chapter serves its
aim and provides a global understanding of EMG parameters used to identify the age relat‐
ed neuromuscular fatigability alterations.

The seventh chapter by Layne C. et al, introduces a novel analysis technique "Synergos" to
provide a quantitative index of multiple muscle activation, using surface electromyography
from multiple muscles as the input variables. This new technique is important because it
may have the potential to be used as a clinical tool to assess abnormalities in the neuromus‐
cular system and monitor the effectiveness of treatments for these disorders.

How deep should you squat to maximise a holistic training response? This striking ques‐
tion's answer is investigated in a research by Gladys et al. Their chapter provides electro‐
myographic, energetic, cardiovascular, hypertrophic and mechanical evidence for its well
written findings.

The ninth chapter by Sozen H. and me, focuses on the use of surface electromyography in
sports and exercise and gives information about studies concerning the comparison of mus‐
cle activation during elliptical trainer, treadmill and bike exercise by using surface EMG as a
comparative test.

"Evoked EMG makes measurement of muscle tone possible by analysis of the H/M ratio",
say Satoru K and Nakabyaski K. They describe a quite new perspective by using known
electrodiagnostic procedures.

I believe that the chapter which follows is interesting, not only for electromyographers, but
also for people who deal with underwater sports. This chapter by Kaneda et al, concludes
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that an investigation of muscle activity during exercise in water provides beneficial informa‐
tion for a broad range of participants, coaches and researchers.

Assistive Robots are one of the rising trends of our age and Gopura et al inform us about the
recent trends in EMG-based control methods for assistive robots. I believe that our readers
will find this chapter extremely interesting especially for the future directions that the au‐
thors propose.

A very distinguished chapter about biorobotics follows the above chapter. Garcia G. et al,
present us a 3D graphical simulator they devised which mimics the behaviour of the Osaka
Hand. The results are very exciting: Three sound-limbed subjects and a subject with double
upper-limb amputation at wrist level were able to control the finger angle naturally and ac‐
curately by using this rehabilation system.

The last chapter which is written by Lorenzo-Gomez MF et al, describe an interesting task
performed with EMG. Their chapter is about electromyographic treatment in women with
chronic inflammatory disorders of the urinary tract. I believe that this chapter will provide a
new perspective for both urologists and electromyographers.

This book may of course have errors despite our obsessive reviews and efforts. But all in all,
I think that it provides the reader with interesting up-to-date data while summarizing some
basic electrodiagnostic knowledge.

As a last remark, I want to thank all the authors of this book for their amazing works, to our
publishing process manager Ms Marija Radja, without whom I would not be able to edit this
book and finally to my dear mentor and teacher Prof. Dr. Gulseren Akyuz who has written a
preface for the book during her very busy schedule.

I dedicate this book to all the people from whom I have learned a lot of things in this life. To
my teachers, my patients, my students, my residents, my parents and mostly to my beloved
husband Dr. Cuneyt Turker. I know I could not manage life and my career without him.

I wish and hope that this book will be useful for anyone who wants to read about new per‐
spectives in electrodiagnosis. I also hope that it will arouse a new and great inspiration for
researchers working on this field.

Assoc. Prof. Dr. Hande Turker MD, MS
Lecturer, Neurologist and Clinical Neurophysiologist

Ondokuz Mayıs University School of Medicine
Department of Neurology

Samsun, Turkey
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Chapter 1

Overview of the Application of EMG Recording in
the Diagnosis and Approach of Neurological Disorders

Yunfen Wu, María Ángeles Martínez Martínez and
Pedro Orizaola Balaguer

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56030

1. Introduction

The Electromyography (EMG) is a neurophysiological technique for examining the electrical
activity of skeletal muscles. The source of electrical signal in EMG is the muscle membrane
potential. The muscle fibers innervated by the axonal branches of a motor neuron form a motor
unit (MU). The muscle fibers of each motor unit are intermingled with fibers of other MUs [1].
The summation of action potentials of MUs is called motor unit action potential (MUAP) [2].
The biosignal recorded from a muscle or its fibers reflects the anatomical and physiological
properties of the motor system. As such, EMG recording and analysis are powerful neuro‐
physiological techniques that can be employed to: a) identify the health status of the motor
system; b) localize and typify peripheral and central abnormalities and lesions; c) determine
the temporal course and the severity of motor system abnormalities, and d) determine and
evaluate the effectiveness of treatment strategies.

Muscle activity can be detected during resting state or during voluntary movement. In
addition, induction of compound action potential (CMAP) and motor evoked potential (MEP)
can be obtained by means of peripheral nerve stimulation (PNS) and cortical stimulation,
respectively. While PNS provides measurement of integrity of the peripheral motor system,
cortical stimulation through techniques such as Transcranial Magnetic Stimulation (TMS),
permit examining the integrity of the corticospinal tract.

Furthermore, the value of EMG recording as an Intraoperative neuromonitoring method has
been described since the late 1970´s [3]. To date, EMG recording is a useful technique to prevent
neurological damage during diverse surgical procedures.



2. EMG recording techniques

EMG devices record the electrophysiological activity of MUs. EMG recordings can be per‐
formed by means of intramuscular (needle) or non-invasive (surface) electrodes.

2.1. Needle EMG (nEMG)

nEMG permits local recording from deep muscles by means of insertion of a needle electrode
into the muscle tissue. The needle insertion point is located by identifying anatomic landmarks
which may be confirmed through the proper contraction of the selected muscle. nEMG can be
used to assess individual MUs and has greater sensitivity and accuracy in the recording of
high-frequency signals such as different types of spontaneous activity [4].

However, nEMG has several limitations. First, it reflects the activity of only a small number of
active MUs whose fibers are close to the position of the detection site (not representative of all
the fibers in the MU, due to its small detection volume). An adequate sample is needed to
ensure adequate power (sensitivity and specificity) of the analysis of MUAPs. Moreover,
standard sample size is difficult in exploring small muscles [5]. Second, nEMG is painful
especially during muscle activation, and prolonged nEMG recording is not possible. In rare
cases, local trauma (e.g., pneumothorax) could occur during the examination of some delicate
regions [6]. Furthermore, nEMG is time and temperature sensitive. In this regard, the detected
signal in nEMG may vary as a function elapsed time from the onset of the nerve injury [7].
Since the temperature exerts a profound influence on neuromuscular transmission and
propagation of the action potential along the muscle fibers, a low temperature at the exami‐
nation area modifies the parameters and characteristics of the recorded signals [8].

2.2. Surface EMG (sEMG)

sEMG is a technique to measure muscle activity noninvasively using surface electrodes placed
on the skin overlying the muscle, and has several advantages. First, sEMG recording is pain‐
less, especially when used in the absence of peripheral nerve stimulation. Furthermore, sEMG
electrodes record from a wide area of muscle territory providing a more global view of MUs.
Finally, it allows prolonged simultaneous recordings of muscle activity from multiple sites.

However, sEMG has a relatively low-signal resolution, is highly susceptible to movement
artifacts [9] and body temperature. In addition, sEMG signals are dominated by the contribu‐
tions of superficial MUs, while deeper MUs are not assessed; conditions that increase skin
resistance subsequently disturb the sEMG signal (e.g. obesity and edema).

3. EMG study

3.1. Muscle voluntary contraction recording

In depolarization, the summation of action potentials of the MUs (MUAPs) can be assessed by
analysis of their parameters (fig. 1).

Electrodiagnosis in New Frontiers of Clinical Research2



Figure 1. Morphology and parameters of a motor unit action potential (MUAP) measured during nEMG recording. A.
A normal MUAP with three phases. B. A polyphasic, high amplitude and enlarged MUAP recorded in chronic neuropa‐
thy with reinnervation. C. In some myopathic and neuromuscular junctions (NMJ) disorders, the resulted MUAPs are of
short duration, small amplitude and also polyphasic.

Duration is measured from the initial deflection from baseline to the terminal deflection back
to baseline; it reflexes the synchrony and also the muscle fiber density in an MU. The average
duration of MUAPs increases from infancy to adult (related to the increased width of the
endplate zone), and even more during old age; the percentage depends on the specific muscle
[2,10]. Abnormalities of MUAP duration can be shown in pathological conditions:

• Short-duration MUAPs are often detected in disorders with loss of muscle fibers [11].

• Long-duration MUAPs are typically found in chronic neuropathic disorders and polymyo‐
sitis [12,13].

• A mixed pattern (coexisting MUAPs of long and short duration) can be observed in rapidly
progressing motor neuron disease and chronic myositis [14].

Morphology (number of phases) is defined as the number of baseline crossings of an MUAP
and reflects the firing synchrony of the muscle fibers within an MU. Normally, an MUAP has
two to four phases. A MUAP of more than four phases is named polyphasic potential. MUAPs
with abnormal morphology can be recorded in neuromuscular disorders:

• An abnormally increased polyphasia is a non-specific signal of both myopathic and
neuropathic disorders [2,12].

• Satellite potentials are observed in subacute processes and result from denervated muscle
fibers that are reinervated by collateral sprouts from adjacent unmyelinated or thinly
myelinated fibers in early reinnervation stage [15].

Overview of the Application of EMG Recording in the Diagnosis and Approach of Neurological Disorders
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Stability of the firing of all muscle fibers of the MU reflects the effective transmission across
the neuromuscular junctions (NMJs) corresponding to each generated action potential.
Abnormalities on MUAP stability indicate increased variability of an MUAP, either in its
amplitude, morphology or both; this finding can be shown in primary disorders of the NMJ
(e.g., myasthenia gravis, Lambert-Eaton syndrome); as well as often being observed as
secondary phenomena in neuropathic (e.g., early reinnervation) or myopathic disorders.

A special technique called “single fiber EMG (SFEMG)” allows assessment of the abnormalities
in the physiological variation of transmission time in the motor end-plate, and in the propa‐
gation velocity along the muscle and nerve fibers. This method is based on obtaining a single
muscle fiber action potential by means of a special electrode with a small recording area.
SFEMG is the most sensitive test to demonstrate an impaired neuromuscular transmission in
myasthenia gravis. However, this technique is not specific in differentiating between myopa‐
thies and neuropathies, or between pre- and postsynaptic NMJ disorders [16-18].

Amplitude is commonly measured from peak to peak. It is proportional to the distance from
the recording electrode to the muscle fiber, reflecting only those few depolarized fibers nearest
to the recording electrode [19]. The progressive loss of MUs, unless in some muscle groups as
of the seventh decade of life, results in MUAPs of smaller amplitude [20].This phenomenon is
especially noticeable in extensor digitorum brevis muscle. An MUAP can show abnormal
amplitude in the following conditions:

• Reduced amplitude of MUAP is a usual finding in some myopathies.

• In chronic neuropathies, the MUAP amplitude can be increased due to reinnervation process
[12].

Recruitment refers to the increase of the firing rate from incorporation of additional MUs
[21,22]. MUAP recruitment is reduced primarily in neuropathic diseases and rarely in severe
end-stage myopathies [12] (fig 2).

Figure 2. EMG signals recorded from maximum muscle contraction.

Electrodiagnosis in New Frontiers of Clinical Research4



Activation is a measurement of the ability to increase firing rate. It depends on the effort exerted
by the patient and the examined muscle (e.g. gastrocnemius muscle has some difficulty in its
activation). This is a central process [21]. Poor activation may be seen in diseases of the central
nervous system (CNS) or as a manifestation of provoked pain (poor collaboration during nEMG).

3.2. Resting state recording

At resting state, muscle activity can be recorded using either intramuscular (needle) or non-
invasive (surface) detection systems. The difference between these two detection modalities is
based on the volume conductor that separates the muscle fibers from the recording electrodes.

In a healthy muscle at rest, spontaneous physiological activity can be recorded by means of
nEMG:

• End-plate potentials: result from the synchronization of miniature end-plate potentials, and
can be recorded near the end-plate zone.

• Insertional activity: induced by mechanical depolarization of muscle fiber due to needle
electrode insertion (fig 3).

Abnormal spontaneous activity provides information about the topography, diagnosis, time
course (spontaneous activity is detected in acute and sub-acute stages of the nerve lesion) and
also about the severity in neurogenic, myopathic and NMJ disorders [14,23,24] (fig. 3).

The most described abnormal spontaneous activities include:

• Fibrillation potentials, positive sharp waves, complex repetitive and myotonic discharges
resulting from single denervated muscle fibers with an unstable membrane potential that
fire individually without axonal stimulation.

• Fasciculation, neuromyotonic and myokymic discharges generating from disturbance of a
group of muscle fibers.

Figure 3. Some examples of spontaneous activity (nEMG recording).

Overview of the Application of EMG Recording in the Diagnosis and Approach of Neurological Disorders
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On the other hand, resting sEMG recording is helpful in differentiating several types of
tremors, myoclonus, and dystonia. The mean rectified sEMG signal varies linearly with the
force generated at constant length and velocity. This linear relationship is maintained even in
pathological conditions. sEMG may be used to classify movement disorders through meas‐
urement of frequency and amplitude of MUAPs. This technique can provide information about
MU recruitment and synchronization, and also determine the relationship of the involved
muscles, whether antagonists discharge simultaneously or alternately to produce some
movement disorders [9,25-27] (fig 4).

Figure 4. In resting sEMG recording, an alternative movement at 4-5 Hz over extensor (upper trace) and flexor (lower
trace) musculature of the wrist is recorded in a patient with a diagnosis of Parkinson´s disease.

3.3. EMG analysis

The analysis of MUAPs can be performed on a qualitative or quantitative basis. At least 20
samples from each studied muscle is widely accepted as representative [5].

3.3.1. Qualitative analysis

Visual recognition only provides limited information, detecting alterations in few components
of MUAPs. The effectiveness of this method depends on the experience of the performer, as
the accuracy in measurements is limited by the presence of background noise and depends on
collaboration from the patients. To perform qualitative MUAP analysis, the number of phases
of a single MUAP and recruitment during voluntary activity are visually analyzed from the
MUAPs.

3.3.2. Semi-quantitative analysis

The classical method consists of manual measurement of duration, amplitude, and number of
phases of individual MUAPs; and then comparison of these data with a set of normal values
for the studied muscle and age group.

3.3.3. Quantitative analysis

The parametric method establishes a comparison between sample mean values and reference
intervals (standard deviation), while the nonparametric method considers both extremes of

Electrodiagnosis in New Frontiers of Clinical Research6



the samples (“outliers”). Both methods offer different sensitivities. The combination of outliers
and mean values may be the optimal way to detect abnormalities in a sample [28,29].

The principal measurements during a voluntary contraction include:

• Count of “turns”: consists of the number of turns recorded in one second. It generally reflects
the number of active MUAPs, their complexity and frequency of discharge. A "turn" was
traditionally defined as any amplitude change signal of 100 uV [30]. It is important to take
in account that a turn may correspond to a peak within an MUAP, an interaction between
superimposed MUAPs, as well as background noise.

• Mean amplitude between turns (A/T) and the number of turns divided by the mean amplitude
between turns (T2/A) are indicators for identifying neuropathies and myopathies, and also
establishing severity [30,31].

• Upper centil amplitude defines the upper limit of the peak-to-peak amplitude; the spikes with
amplitude that exceeds by 1% are identified. This parameter is normal or decreased in some
myopathies, whereas it is normal or increased in neuropathies [30,32].

• Activity parameter measures the ‘fullness’ of the interference pattern, and is the sum of the
duration of specific segments [30,32].

• Number of small segments (NSS) quantifies the small inflexions of MUAPs, including the smallest
segment between subsequent turns. NSS increases with the number of MUAP discharges, but
reaches a constant value at higher MUAP discharge rates. This parameter has been shown as
increased in myopathic and normal or decreased in neurpathic conditions [30].

• Spectral analysis (SA) traditionally consists of a fast Fourier transformation of the EMG
signals; the output displays the range and amplitude of the component frequencies. SA is
been used extensively in the study of muscle fatigue. The diagnostic value varies according
to different power frequencies [33,34].

• Automatic decomposition electromyography comprises the extraction of MUAPs from EMG
interference pattern employing digital filtering; the decomposition and analysis of validated
MUAPs. Measured parameters include duration, amplitude, rise time, area, ratio, area/
amplitude, number of phases, turns and fire rates [35-37].

• Computer-aided MU nerve estimation: high density multichannel EMG recording provides the
spatio-temporal information for MUAPs. This technique allows the assessment of the
number of functioning MUs [38].

3.4. EMG recording in peripheral nerve stimulation

Electroneurography (ENG) assesses the function and integrity of peripheral motor nerve
structures by means of sEMG recording after electrical stimulation. ENG contributes to
localize, typify (axonal or demyelinating nature), and establish the course and the severity of
the lesion, and is temperature sensitive [39]. On the other hand, magnetic stimulation is also
a tool for the electrical stimulation of peripheral nerves and spinal roots [40].

Overview of the Application of EMG Recording in the Diagnosis and Approach of Neurological Disorders
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The summation of all underlying individual muscle fiber action potentials after electrical
stimulation of a peripheral nerve is called compound muscle action potential (CMAP).
Abnormalities of its components are useful in the diagnostic evaluation of neurological
disorders (fig 5).

Figure 5. Parameters of a schematic CMAP assessed in motor nerve conduction study.

Special recording techniques are required when significantly different CMAP amplitude is
recorded  between  two nerve  segments  in  order  to  rule  out  the  presence  of  anatomical
variants [41-44].

On the other hand, the proximal segment of the peripheral motor nerve system can be assessed
by means of determination of late responses: H-waves (elicited by subthreshold activation of
muscle spindle afferents) and F-waves (elicited by supramaximal antidromic activation of
motor neurons) (fig 6). Nevertheless, sensibility and specificity are limited in both tests [44,45].

Figure 6. Late responses. Left: F-wave evoked from supramaximal stimulation of median nerve at the wrist, recording
in abductor pollicis brevis muscle. Right: H-wave recorded over the soleus muscle from submaximal stimulation of tibi‐
al nerve in the popliteal fossa.

Electrodiagnosis in New Frontiers of Clinical Research8



The integrity of some cranial nerves can be assessed by specific tests [46]:

• Electrical elicited Blink Reflex allows the evaluation of the trigeminal-facial reflex arc by
means of stimulating the first division of the trigeminal nerve (fig 7).

Figure 7. Blink reflex. Normal ipsilateral early (R1) with ipsilateral late (R2) responses, and contralateral R2 response
recorded over both orbicularis oculi muscles, by left supraorbital nerve stimulation.

• Masseter reflex is elicited by a brisk tap to the lower jaw and allows assessment of the motor
component of the trigeminal nerve.

However, motor nerve conduction studies have some limitations. First, selectivity is lacking
in the assessment of small muscles and some nerves are not accessible. Second, the greater the
intensity of the stimulation, the greater the chance of the stimulus being perceived as painful
by the patient, especially during proximal stimulation in the assessment of root and plexus. In
addition, stimulation is more difficult in patients who are obese, edemic, or have unusually
thick or calloused skin. Third, variability due to examiner and side differences also exists [47].

Several parameters of a CMAP can be measured:

Latency refers the time from the stimulus to the initial negative deflection from baseline. In
peripheral motor nerve stimulation, the latency obtained from the stimulation of the most
distal segment of the nerve is named “distal latency (DL)". DL reveals nerve conduction time
from the stimulus site to the NMJ, the time delay across the NMJ, and the depolarization time
across the muscle and reflects only the conduction of the fastest conducting motor fibers.
Pathological conditions with delayed CMAPs include:

• Demyelinating diseases [48].

• Axonal degeneration with primary damage of the largest and fastest myelinated fibers [44,49].

Amplitude is commonly measured from baseline to negative peak. It is proportional to the
distance from the recording electrode to the muscle fiber. CMAP amplitude reflects only those

Overview of the Application of EMG Recording in the Diagnosis and Approach of Neurological Disorders
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depolarized fibers nearest to the recording electrode, and is the most studied outcome
measurement.

Abnormalities of CMAP amplitude can be observed in:

• Axonal neuropathies: characterized by axon loss, can show CMAPs of reduced amplitude.
In chronic axonal neuropathies, CMAP amplitude reflects the functioning muscle mass
[44,45].

• NMJ disorders: amplitude of CMAPs is a fundamental parameter in the assessment of the
integrity of neuromuscular transmission by means of repetitive nerve stimulation (RNS).
This technique consists of applying repetitive stimulation at low and high rates, and
determining the decreasing or increasing CMAP responses that in conjunction with the
CMAP at baseline, allows a diagnosis of pre- or postsynaptic NMJ disorders to be established
[49] (Fig. 8).

Figure 8. Repetitive stimulation of ulnar nerve: recording over the abductor digiti minimi muscle. A. In normal sub‐
jects, compound muscle action potential (CMAP) amplitude remains very stable. B. In a miastenia gravis (MG) patient,
CMAP amplitude is normal at rest but decreases during low-rate repeated stimulation at 3 Hz. C. In a patient with
Lambert–Eaton syndrome (LES), the initial CMAP amplitude is reduced. During high-rate repeated stimulation at 20
Hz, CMAP amplitude dramatically increases. NMJ: neuromuscular junction.

• Demyelinating lesions: Impediment to the conduction of the action potential without axonal
degeneration is named conduction block (CB). No absolute expert agreement has been
established in the definition criteria of CB [49]. Nevertheless, a decay of proximal CMAP
amplitude/area of at least 50% has been observed in patients with nerve CB in some studies,
and has even been proposed as criteria for CB. [51-53].

Duration  is  measured from the initial  deflection from baseline to the first  baseline cross‐
ing, but can also be measured from the initial to the terminal deflection back to baseline.
It is a parameter that indicates the synchrony of the activated muscle fibers. It  increases
in conditions that result in slowing of some motor nerve fibers but not others (e.g.,  in a
demyelinating lesion) [44,54].

Electrodiagnosis in New Frontiers of Clinical Research10



Area is conventionally measured between the baseline and the negative peak and represents
a combination of the amplitude and the duration; the calculation is performed by computerized
software. Therefore, CMAP area reflects also the number and synchrony of the muscle fibers
activated close to the recording electrode. “Temporal dispersion” results from the spatial
distribution of the scattered motor end-plates of a MU, and depends on the individual distance
and time of conduction along the muscle fibers. This phenomenon is observed with more
proximal stimulation, while the distance from the recording electrodes increases [55].

Motor conduction Velocity (MCV) obtained from standard recording techniques reflects only the
conduction of the fastest conducting fibers. The determination of true motor conduction
velocity must not include the NMJ transmission and muscle depolarization times. Conduction
velocity along the studied segment is usually calculated with the following formula: (distance
between the proximal and distal stimulation sites) divided by (proximal latency - distal
latency) [44]. MCV is dependent on internode distance and also on the total fiber diameter
(axon plus myelin), since MCV increases proportionally with myelin thickness [56]. MCV
increases progressively during the first 5 years of life, in relation to physiological maturation
of myelinization process. Otherwise, there is a progressive and slight decrease of MCV in
relation with increase of age over 20-30 years [44,57,58].

MCV is an important parameter in the determination of demyelinating disease. In hereditary
demyelinating neuropathies, a uniformly slowed MCV has been shown; whereas in acquired
demyelinating neuropathies, slowed MCV is observed in a patchy way [44]. In reinnervation
process, the slowing in conduction velocity results from the regenerating nerve fibers that
contain thinner axons and myelin sheaths and shorter internodal lengths [59].

3.5. EMG recording in cortical stimulation

Motor evoked potential (MEP) is defined as an EMG response obtained by means of activation
of the corticospinal tract by means of stimulation to the motor cortex. Transcranial Magnetic
Stimulation (TMS), a painless (unlike Transcranial Electrical Stimulation) method is widely
used with this aim [60].

The following components of MEP elicited by single pulse TMS, are measured to evaluate the
integrity of corticospinal pathways:

Latency refers to the time between the delivery of a TMS pulse over the scalp (area corre‐
sponding to the primary motor cortex – M1) and the appearance of MEP at the periphery. MEP
latency is mainly reflective of the efficiency of conduction between the stimulated motor
cortical area and the peripheral target muscle [61].

Central motor conduction time (CCT) can be obtained by two methods of calculation. The CCT
calculated by subtracting the CMAP latency obtained by stimulation of the spinal (cervical or
lumbar) motor root from the latency of MEP [62] includes the time for central motor conduc‐
tion, the synaptic delay at the spinal level and time from the proximal root to the intervertebral
foramen. More precise central conduction time can be calculated by use of F-wave latency [60].
On the other hand, CCT is significantly influenced by the motor system maturation [63], and
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partially dependent upon the subject height. A significant interside difference indicates a
lateralized prolonged CCT even if still within normal values (Fig 9).

Figure 9. Left: MEP recorded from abductor pollicis brevis muscle. The top trace shows the MEP evoked by single pulse
TMS over the corresponding M1. The lower trace shows the MEP elicited by ipsilateral cervical (motor root) stimula‐
tion. Right: MEP recorded from extensor digitorum brevis muscle. The top trace shows the MEP induced by cortical
stimulation. The lower trace shows the MEP elicited by ipsilateral lumbar stimulation.

Amplitude is often measured from peak-to-peak amplitude. MEP amplitude can also be
measured from baseline EMG activity to the first positive or negative deflection. Amplitude
of MEP reflects the integrity and excitability of motor cortex, corticospinal tract, nerve roots
and peripheral motor pathway to the muscles [64]. Dispersion of the alpha-motoneuron
response to the descending volley in the corticospinal tract, leads to a broad range of normal
values. The triple stimulation technique (TST) provides a more precise assessment of cortico‐
spinal tract conduction by suppressing desynchronization of MEPs. The TST involves three
stimuli (transcranial, distal and proximal on the peripheral nerve) timed to produce two
collisions. The TMS descending impulses collide with the antidromic impulses from the distal
stimulus. Proximal stimulation on the nerve evokes orthodromic impulses, which cancel out
any uncollided impulses from the distal stimulus. The response from the third stimulus
therefore reflects the number of peripheral neurons activated from TMS [65].

Lengthening of MEP latency and CCT suggests impairment of the white matter fibers, while
abnormalities of MEP amplitude or absence of responses are more suggestive of loss of neurons
or axons. TMS has the potential to facilitate early diagnosis of myelopathy by detecting signals
of demyelination of the pyramidal tract [66,67], plexus entrapment and injuries [62]. Moreover,
MEP abnormalities may be useful objective markers of progression of amyotrophic lateral
sclerosis (ALS) [68], and effective parameters in spinal pathology for deciding the timing of
the surgical intervention [69].

TMS can however be performed using single pulse or pair pulse paradigm in order to explorer
the reactivity of the motor cortex. Since motor threshold (MT) is believed to reflect membrane
examine of corticospinal neurons, motor neurons in the spinal cord, NMJs and muscle [70], it
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is used as benchmark for the intensity of TMS. MT is usually defined by the lowest intensity
of stimulation required to generate 50% probability of MEPs of more than 50 μV [60].

Silent period (SP) is defined as the period of EMG suppression; normally it refers to the time
from the end of the MEP to the return of voluntary EMG activity, after a single suprathreshold
TMS pulse applied to the M1 corresponding to the active target muscle. The first 50–60 ms of
the SP has been supposedly contributed to spinal inhibition and the late part originates most
likely in the motor cortex, termed cortical silent period [71]. Abnormalities of SP have been
shown in patients with various movement disorders [72,73]. In patients with a diagnosis of
ALS, shortened PS has been observed [74].

Transcallosal conduction (TC): Application of a single suprathreshold TMS pulse to the M1 can
suppress tonic voluntary EMG activity in ipsilateral hand muscles, by transcallosal inhibition.
Delayed or absent TC suggests lesions of the corpus callous [75]. In addition, application of
single stimuli to both motor cortexes at a short interval, allows assessment of the interhemi‐
spheric interactions and also the TC [76].

Short interval intracortical inhibition (SICI) can be accessed by combining a subthreshold (60–
80% of resting MT) conditioning (first) stimulus with a suprathreshold (second) test stimulus
over M1, at short inter-stimulus intervals of 1-6 ms [77]. Significantly reduced SICI has been
observed in patients with dystonia and Parkinson's disease [78,79].

Intracortical facilitation (ICF) reflects the excitatory phenomenon occurring in the M1, and is
elicited by applying a conditioning subthreshold TMS pulse and a suprathreshold test stimulus
over M1 with inter-stimulus intervals between 6 and 20 ms [80]. Significantly enhanced ICF
has been recorded from amputated limbs in patients with neuropathic pain [81].

In addiction to the study of the pathophysiology of diverse neurological diseases, paired-pulse
TMS has been widely used to explore the effects of central nervous system (CNS)-active drugs
on the motor cortex [70].

3.6. EMG recording in Intraoperative neuromonitoring

Intraoperative neuromonitoring includes mapping and true monitoring techniques. Mapping
techniques are used intermittently during surgery for functional identification and preserva‐
tion of anatomically ambiguous nervous tissue. On the other hand, true monitoring techniques
permit a continuous assessment of the functional integrity of neural pathways [82].

In posterior fossa and brainstem surgeries, mapping the floor of the fourth ventricle allows the
surgeon to find a safe entry to the brainstem, and therefore, helps to identify and preserve
cranial nerves and their motor nuclei. Traditionally, Intraoperative monitoring of the facial
nerve has been employed in operations for acoustic tumors to reduce the risk of neural damage.
To date, EMG recording of the activity of selective cranial nerve muscles is currently included
in the intraoperative set during surgical manipulation of the brainstem. [83,84].

During brain surgery, neurophysiological mapping techniques have been employed in the
identification of eloquent areas such as the motor areas. In addition, these techniques have
been introduced in surgery for deep-seated gliomas, insular tumors and lesions involving the
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cerebral peduncle [82,84]. The goal is an aggressive resection of such lesions to the greatest
extent as possible, to improve the patient’s survival chance and the postoperative life quality.
With this aim, monopolar or bipolar stimulation of cortical and subcortical areas is applied
carefully. Visual detection of the elicited movement of the limb contralateral to the operative
side is usually employed during the mapping of motor areas. However, it is difficult to detect
visually a subtle twitch over an entire contralateral limb at once, specially during awake
surgery (because of the specific patient positioning). EMG recording is more sensitive than the
visual detection of muscle twitch. EMG signals precede the visually observed motor activity,
since the applied stimulation may weakly activate motor pathways enough to elicit EMG
responses and yet not recruit a sufficiently large pool of motor neurons to produce visible
muscle movement. Moreover, multichannel EMG recording has three important advantages:
First, it facilitates the monitoring of the face, upper and lower extremities simultaneously,
detecting motor responses that may not be observed during gross inspection (Fig.10). This
advantage is particularly important during mapping of subcortical pathways. Second, EMG
recording also improves the ability to detect subclinical ictal events (EMG activity elicited by
stimulation that persists after the end of the stimulation). In addition, EMG—complementary
to electrocorticography— allows the early detection of spreading muscle activation over a limb
as a sign of seizure. The immediate removal of stimulation diminishes the likelihood of the
progression of a seizure. Third, the sensitivity of EMG recording allows the application of
lower intensity and duration of stimuli during mapping procedures [85-87].

Figure 10. Multichannel EMG recording during mapping for glioma surgery. Stimuli artifact. (  ) Muscle activity

(  ) recorded preceding visual muscle twitch (  ).
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EMG as a monitoring technique has a high sensitivity but a low specificity. To date, some
limitations of EMG recording have been overcome using multimodality intraoperative
monitoring, including motor evoked potentials, somatosensory evoked potentials and some
reflex responses (H- reflex, blink reflex, etc). Transcranial MEP elicited by transcranial
multipulse electric stimulation of the motor cortex (TcMEP) are currently the most effective
means of continuous monitoring of the functional integrity of corticospinal and corticobulbar
pathways in diverse surgical procedures [82,84].

During spinal procedures, free running EMG (frEMG) and stimulus-triggered EMG (stEMG)
are basic monitoring tools to assess the functional integrity of nerve roots, plexus and periph‐
eral nerves. Train activity or neurotonic discharges recorded by means of spontaneous EMG
indicate excessive direct or indirect nerve contact during manipulation; therefore, adjustment
should be made to avoid nerve injury. Recently, frEMG or stEMG have been included in the
intraoperative set applied during minimally invasive surgeries such as transpsoas approaches.
On the other hand, stEMG have been used to control the correct pedicular screw placement
during orthopedic surgery [88]. Unlike the CMAPs recorded in neurophysiological laborato‐
ries, intraoperative CMAP are typically elicited using submaximal stimulation and are
recorded as highly complex polyphasic responses with variable onset latencies and ampli‐
tudes. Stimulus threshold however can provide some information about the proximity to the
nerve root [89].

TMS is likewise an advantageous optional technique in planning brain surgery, based on non-
invasive mapping. TMS mapping consists of locating where the largest MEP responses can be
measured by using suprathreshold single stimuli applied to the assumed area (M1) of the
optimal stimulation site [90]. There is some evidences of the reliability of this planning method
in correlation with the gold standard “direct cortical stimulation” described previously [91,92].
Interestingly, a recent report has provided the first result of the reliability of TMS, in the
assessment of the plasticity changes of the involved M1 concurrent with multistage surgery,
in a patient with a diagnosis of low grade glioma. However, further studies should confirm
the power of this non-invasive mapping technique, in regard to patient-specific variation, and
especially to functional anatomy [93].

4. Conclusion

Virtually all primary neuromuscular diseases result in changes in the electric activity recorded
from the muscle fibers. The pattern of abnormalities can usually mark the underlying pathol‐
ogy as neuropathic (e.g. disorders affecting the CNS, nerve roots, plexuses and peripheral
nerves), myopathic, or NMJ disorder, etc. EMG recording allows measurement of the severity
of the injury, and provides prognostic information.

In the field of intraoperative neuromonitoring, to date, EMG recording – despite its low
specificity - continues to be a valuable tool included in a multimodal monitoring set during
diverse neurosurgical and orthopedic procedures.
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1. Introduction

The F-wave is  a  result  of  the  backfire  of  α-motoneurons  following an antidromic  inva‐
sion of propagated impulses across the axon hillock (Kimura, 1974). Its occurrence reflects
excitability  changes  in  the  spinal  motor  neurons,  as  reported in  patients  with  spasticity
(Odusote  &  Eisen,  1979)  and  in  healthy  subjects  with  isometric  contraction  (Suzuki,
Fujiwara & Takeda, 1993). In our previous study that investigated the nervous system of
hemiplegic patients, excitability of spinal neural function was evaluated using F-wave data
of patients with cerebrovascular disease (CVD) (Suzuki, Fujiwara & Takeda, 1993). We also
reported  that  the  persistence  and  amplitude  ratio  of  F/M  in  patients  with  CVD  were
affected by the grade of muscle tonus, tendon reflex, or voluntary movement. Persistence
reportedly  depends  on  the  number  of  neuromuscular  units  activated,  while  the  ampli‐
tude ratio of F/M depends on their excitability (Eisen and Odusote, 1979). Therefore, we
concluded  that  F-wave  measurement  was  an  effective  neurological  test  for  evaluating
muscle tonus and voluntary movements.

Generally, current stimulus intensity required to generate an F-wave is 20% more than that
required to generate a supramaximal M-wave because only the F-wave appears in healthy
subjects; the H-reflex that is elicited by electrical stimulation of a peripheral mixed nerve,
especially  muscle  spindle  Ia  fibers,  does  not  appear  in  healthy  subjects.  However,  we
observed  that  the  H-reflex  could  be  evoked  with  supramaximal  stimulation,  a  test  for



measuring the F-wave in CVD patients with hypertonus and hyperreflexia. As a result, the
H-reflex  can be  mistaken for  an  F-wave during F-wave measurement  using supramaxi‐
mal stimulation.

We  hypothesized  that  evaluation  of  F-wave  and  H-reflex  patterns  resulting  from  in‐
creased  stimulus  intensity  in  CVD  patients  could  be  a  potential  new  method  for  the
neurological  evaluation  of  the  affected  arm  or  leg.  In  this  report,  we  investigated  the
excitability  of  spinal  neural  function by evaluating H-reflex and F-wave patterns result‐
ing from increased stimulus intensity during muscle relaxation in healthy subjects and CVD
patients.  The  results  were  analyzed in  terms  of  the  characteristic  appearance  of  the  H-
reflex and F-wave in the healthy subjects  and the relationship between the neurological
findings of CVD and the characteristic appearance of the H-reflex and F-wave in the CVD
patients.

In the field of rehabilitation medicine, muscle stretching is generally used to increase range of
motion and improve muscle tonus. The effects of leg muscle stretching have been previously
evaluated using H-reflex data (Angel et al., 1963 and Nielsen et al., 1993), and the results
showed that the H-reflex following passive stretching was decreased to a lesser extent in
spastic patients than in healthy subjects. However, in that study, the calf muscles and not the
arm muscles were stretched; moreover, the periods of continuous stretching were differ‐
ent.Therefore, we also investigated the effects of continuous stretching of the affected arm for
1 min by evaluating H-reflex and F-wave characteristics in different stretched arm positions
in the CVD patients.

2. Characteristics of H-reflex and F-wave patterns resulting from increased
stimulus intensity during muscle relaxation

The H-reflex and F-wave of the affected arm were examined under conditions of increased
stimulus intensity during muscle relaxation in 31 patients (17 male and 14 female) with
hemiplegia caused by CVD. The mean patient age was 56 years (range: 30–82 years). Eighteen
patients had cerebral infarction (7 with right and 11 with left hemiplegia) and 13 had cerebral
hemorrhage (7 with right and 6 with left). The control group included 30 healthy subjects with
a mean age of 56.2 years (range: 28–80 years). Written informed consent was obtained from all
subjects. The experiments were conducted in accordance with the Declaration of Helsinki, and
no conflicts of interest were declared by the authors.

Examination was performed in a supine, relaxed position. H-reflex and F-wave data under
conditions of increased stimulus intensity following median nerve stimulation at the wrist
were recorded at the opponens pollicis muscle, which was in a relaxed state, of the affected
arm of the CVD patients or the right arm of the healthy subjects (Fig 1). The stimulus frequency
was 0.5 Hz and the stimulus duration was 0.2 ms. H-reflex and F-wave patterns that resulted
from increased stimulus intensity were divided into 4 types (types 1–4).

Electrodiagnosis in New Frontiers of Clinical Research26



 

Figure 1. Measurement<$%&?>of<$%&?>the<$%&?>H-reflex<$%&?>and<$%&?>F-wave 

R+:<$%&?>Recording<$%&?>Electrode<$%&?>(+),<$%&?>R−:<$%&?>Recording<$%&?>Electrode<$%&?>(−) 

S+:<$%&?>Stimulating<$%&?>Electrode<$%&?>(+),<$%&?>S−:<$%&?>Stimulating<$%&?>Electrode<$%&?>(−) 

In<$%&?>type<$%&?>1,<$%&?>the<$%&?>F-

wave<$%&?>appeared<$%&?>with<$%&?>increased<$%&?>stimulus<$%&?>intensity,<$%&?>but<$%&?>there<$%&?>was<$%&?

>no<$%&?>H-reflex<$%&?>(Fig<$%&?>2).<$%&?>The<$%&?>F-

wave<$%&?>pattern<$%&?>for<$%&?>the<$%&?>upper<$%&?>arm,<$%&?>especially<$%&?>the<$%&?>distal<$%&?>portion<$

%&?>in<$%&?>healthy<$%&?>subjects,<$%&?>roughly<$%&?>indicated<$%&?>a<$%&?>type<$%&?>1<$%&?>pattern.<$%&?>In<

$%&?>type<$%&?>2,<$%&?>the<$%&?>H-reflex<$%&?>and<$%&?>F-

wave<$%&?>both<$%&?>appeared<$%&?>with<$%&?>increased<$%&?>stimulus<$%&?>intensity,<$%&?>but<$%&?>the<$%&?>

F-wave<$%&?>followed<$%&?>the<$%&?>disappearance<$%&?>of<$%&?>the<$%&?>H-

reflex<$%&?>(Fig<$%&?>3).<$%&?>In<$%&?>type<$%&?>3,<$%&?>the<$%&?>H-reflex<$%&?>and<$%&?>F-

wave<$%&?>both<$%&?>appeared<$%&?>with<$%&?>increased<$%&?>stimulus<$%&?>intensity,<$%&?>but<$%&?>the<$%&?>

F-wave<$%&?>appeared<$%&?>during<$%&?>the<$%&?>H-

reflex<$%&?>(Fig<$%&?>4).<$%&?>In<$%&?>type<$%&?>4,<$%&?>only<$%&?>the<$%&?>H-

reflex<$%&?>appeared<$%&?>with<$%&?>increased<$%&?>stimulus<$%&?>intensity;<$%&?>there<$%&?>was<$%&?>no<$%&?>

F-wave<$%&?>(Fig<$%&?>5). 

R+: Recording Electrode (+), R−: Recording Electrode (−)
S+: Stimulating Electrode (+), S−: Stimulating Electrode (−)

Figure 1. Measurement of the H-reflex and F-wave

In type 1, the F-wave appeared with increased stimulus intensity, but there was no H-reflex
(Fig 2). The F-wave pattern for the upper arm, especially the distal portion in healthy subjects,
roughly indicated a type 1 pattern. In type 2, the H-reflex and F-wave both appeared with
increased stimulus intensity, but the F-wave followed the disappearance of the H-reflex (Fig
3). In type 3, the H-reflex and F-wave both appeared with increased stimulus intensity, but the
F-wave appeared during the H-reflex (Fig 4). In type 4, only the H-reflex appeared with
increased stimulus intensity; there was no F-wave (Fig 5).
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Figure 2. H-reflex and F-wave patterns resulting from increased stimulus intensity (Type 1) The F-wave appeared with
increased stimulus intensity, but there was no H-reflex.

Figure 3. H-reflex and F-wave patterns resulting from increased stimulus intensity (Type 2) The H-reflex and F-wave
both appeared with increased stimulus intensity, but the F-wave followed the disappearance of the H-reflex.
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Figure 4. H-reflex and F-wave patterns resulting from increased stimulus intensity (Type 3) The H-reflex and F-wave
both appeared with increased stimulus intensity, but the F-wave appeared during the H-reflex.

Figure 5. H-reflex and F-wave patterns resulting from increased stimulus intensity (Type 4) Only the H-reflex appeared
with increased stimulus intensity, but there was no F-wave.
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Neurological findings, including muscle tonus and tendon reflex, were also evaluated.
Findings of muscle tonus and tendon reflex were classified into increased (markedly, moder‐
ately, and slightly), normal, and decreased.

The results were analyzed in terms of the characteristic appearance of the H-reflex and F-wave
in the healthy subjects and the relationship between the neurological findings of CVD and the
characteristic appearance of the H-reflex and F-wave in the CVD patients.

H-reflex and F-wave patterns resulting from increased stimulus intensity were type 1 in all
healthy subjects. The relationship between H-reflex and F-wave patterns resulting from
increased stimulus intensity and the neurological signs of CVD is shown in Tables 1 and 2. H-
reflex and F-wave patterns resulting from increased stimulus intensity in patients with
markedly increased muscle tonus and tendon reflex were most frequently type 4 patterns,
those in patients with moderately increased muscle tonus and tendon reflex were type 2 or 3
patterns, those in patients with slightly increased muscle tonus and tendon reflex were type 1
or 2 patterns, and those in patients with normal or decreased muscle tonus and tendon reflex
were type 1 patterns.

Increased Normal Decreased

Markedly Moderately Slightly

Type 1 0 0 2 5 3

Type 2 0 4 4 0 0

Type 3 2 4 1 0 0

Type 4 5 1 0 0 0

The number of subjects was 31 (Type 1: 10, Type 2: 8, Type 3: 7, Type 4: 6)

Table 1. The relationship between H-reflex and F-wave patterns resulting from increased stimulus intensity and
muscle tonus

Increased Normal Decreased

Markedly Moderately Slightly

Type 1 0 0 1 6 3

Type 2 0 3 5 0 0

Type 3 2 4 1 0 0

Type 4 4 2 0 0 0

The number of subjects was 31(Type 1: 10, Type 2: 8, Type 3: 7, Type 4: 6)

Table 2. The relationship between H-reflex and F-wave patterns resulting from increased stimulus intensity and
tendon reflex
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These results indicated that the H-reflex, and not the F-wave, appeared with supramaximal
stimulation in patients with a relative increase in excitability of spinal neural function.
Furthermore, the neurological signs of muscle tonus and tendon reflex affected H-reflex and
F-wave patterns in the CVD patients. These H-reflex and F-wave patterns were therefore used
for the neurological evaluation of the CVD patients.

3. Characteristics of the H-reflex and F-wave in different stretched arm
positions in the CVD patients

3.1. The effects of continuous stretching of the affected arm (the H-reflex study)

Ten hemiplegic patients (4 male and 6 female) with hypertonus caused by CVD were tested.
The mean patient age was 53.2 years (range: 34–63 years). There were 5 patients with cerebral
hemorrhage (2 with right and 3 with left hemiplegia) and 5 with cerebral infarction (2 with
right and 3 with left hemiplegia). The cortical location of the lesion, as verified by brain
computed tomography, was temporal in 4 patients, parietal in 2, and temporo-occipital in 2.
The lesion was located in the brain stem in the remaining 2 patients. Patients were divided
into 3 groups on the basis of the extent of increase in muscle tonus: one group with slightly
increased muscle tonus (2 patients), one with moderately increased muscle tonus (6 patients),
and one with markedly increased muscle tonus (2 patients).

The H-reflexes before, during, and 0, 2, 4, 6, 8, and 10 min after continuous stretching of the
abductor pollicis brevis (APB) muscle of the affected side were recorded following stimulation
of the median nerve at the wrist. The intensity of the constant stimulation current was 1.2 times
greater than that of the minimum current required to evoke an M-wave with a stimulus
frequency of 0.5 Hz and duration of 0.2 ms. Stimulation was performed 30 times in each trial.
The H-reflex was analyzed for persistence, amplitude ratio of H/M, and latency, which was
determined as the mean of measurable H-reflexes. Stretching comprised continuous stretching
of the affected arm with shoulder joint abduction, elbow joint extension, wrist joint dorsiflex‐
ion, and finger extension for 1 min (Fig 6). Using this data, we analyzed H-reflex characteristics
resulting from continuous stretching of the affected arm as well as the relationship between
the effects of continuous stretching and neurological findings in the CVD patients.

Persistence and amplitude ratio of H/M were significantly lower (p < 0.05) after stretching than
before stretching; these characteristics gradually recovered after continuous stretching. Figure
7 shows the amplitude ratio of H/M before, during, and after continuous stretching. A typical
H-reflex is shown in Figure 8. There was no significant difference in latency. Persistence and
amplitude ratio of H/M during continuous stretching were lower than those before and after
stretching in the patients with moderately increased muscle tonus. The amplitude ratio of H/
M before, during, and after continuous stretching in patients with moderately increased
muscle tonus is shown in Figure 9. On the other hand, H-reflex characteristics were the same
before, during, and after continuous stretching in the patients with slightly or markedly
increased muscle tonus (Fig 10). Latency was the same before, during, and after continuous
stretching in all patients, irrespective of slightly, moderately, or markedly increased muscle
tonus.
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Figure 7. Characteristics of the amplitude ratio of H/M before, during, and after continuous stretching The amplitude ratio of H/M during (p < 0.05) 

and after stretching was lower than that before stretching, and it gradually increased after stretching. 

 

Figure 8. A typical H-reflex pattern before, during, and after continuous stretching (Left hemiplegia, 59-year-old male) The amplitude of the H-

reflex during and after stretching was lower than that before stretching. The amplitude gain was 5 mV (M wave) and 1 mV (H-reflex). Gain of 

latency was 5 ms.  
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Figure 7. Characteristics of the amplitude ratio of H/M before, during, and after continuous stretching The amplitude
ratio of H/M during (p < 0.05) and after stretching was lower than that before stretching, and it gradually increased
after stretching.

Figure 6. Continuous stretching of the affected arm with shoulder joint abduction, elbow joint extension, wrist joint
dorsiflexion, and finger extension for 1 min
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Fig 8. A typical H-reflex pattern before, during, and after continuous stretching (Left 

hemiplegia, 59-year-old male) 

 

The amplitude of the H-reflex during and after stretching was lower than that before 

stretching. The amplitude gain was 5 mV (M wave) and 1 mV (H-reflex). Gain of 

latency was 5 ms.  
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Figure 8. A typical H-reflex pattern before, during, and after continuous stretching (Left hemiplegia, 59-year-old male)
The amplitude of the H-reflex during and after stretching was lower than that before stretching. The amplitude gain
was 5 mV (M wave) and 1 mV (H-reflex). Gain of latency was 5 ms.
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Fig 9. Characteristics of the amplitude ratio of H/M before, during, and after 

continuous stretching in patients with moderately increased muscle tonus  

 

The amplitude ratio of H/M during stretching was lower, while that after stretching 

gradually increased. 

 

 

 

 

 

 

Figure 9. Characteristics of the amplitude ratio of H/M before, during, and after continuous stretching in patients
with moderately increased muscle tonus The amplitude ratio of H/M during stretching was lower, while that after
stretching gradually increased.
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Fig 10. Characteristics of the amplitude ratio of H/M before, during, and after 

continuous stretching in patients with slightly and markedly increased muscle tonus  

 

The figure shows typical data in patients with slightly (dash line) and markedly (solid 

line) increased muscle tonus. The amplitude ratio of H/M before, during, and after 

stretching remained the same. 

 

 

 

 

 

 

Figure 10. Characteristics of the amplitude ratio of H/M before, during, and after continuous stretching in patients
with slightly and markedly increased muscle tonus The figure shows typical data in patients with slightly (dash line)
and markedly (solid line) increased muscle tonus. The amplitude ratio of H/M before, during, and after stretching re‐
mained the same.

Generally, the H-reflex is suppressed during passive stretching in healthy subjects, although
the mechanism has not been clarified. Depression was thought to be caused by a decrease in
the number of afferent fibers fired from the Golgi tendon organs and muscle spindle during
passive stretching (Paillard, 1959 and Mark et al., 1968). The increase in the H-reflex following
passive stretching, caused by excitability of cortical and spinal neural function, was greater in
spastic patients than in healthy subjects (Angel et al., 1963, Niesen et al., 1993, and Hashizume
et al., 1985). However, our results demonstrate that H-reflexes during 1 min of continuous
stretching of the affected arm were significantly decreased compared with those before
continuous stretching, especially in the CVD patients with moderately increased muscle tonus.
There are 3 differences between the results of other studies and our results. First is the duration
of stretching, which was considerably shorter (1 min) in our study than in the other studies. It
is well known that in healthy subjects, excitability of spinal neural function during continuous
stretching is decreased because of the inhibitory neurons from the Ib afferents. These Ib
afferents from the Golgi tendon organs, which fire in response to muscle tension, are reportedly
influenced by corticospinal fibers (Lundberg et al., 1978). Excitability of spinal neural function
during muscle stretching showed a greater increase in the spastic CVD patients than in the
healthy subjects because Ib afferent inhibitory neurons are not fired under short stretching
durations. Therefore, CVD patients require longer durations of continuous stretching of the
affected hypertonic muscle to fire the Ib inhibitory neurons. The second difference lies in the
stretched muscle. In the other studies, affected calf muscles were stretched, whereas in our
study, the arm muscles were stretched. Therefore, differences in stretched muscle also
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influence excitability of spinal neural function. The last difference concerns the method used.
We speculate that differences in the method of muscle stretching also affect the excitability of
spinal neural function. Clinically, continuous stretching of the arm involves the simultaneous
stretching of several joints, particularly according to the Bobath concept. Therefore, the affected
muscle tonus is changed by muscle contraction and muscle stretching in remote parts of the
body.

Patients with moderately increased muscle tonus were more affected by these stretch condi‐
tions in our study. Excitability of spinal neural function during 1 min of continuous stretching
was inhibited in the patients with moderately increased muscle tonus, whereas that in the
patients with slightly or markedly increased muscle tonus was less affected. Therefore, it is
important to examine neurological findings using continuous stretching as one of the rehabil‐
itation treatments.

3.2. F-wave characteristics in different stretched positions of the affected arm in CVD
patients

The subjects were 20 hemiparesis patients with moderate hypertonus (modified Ashworth
scale score of 2 or 3) caused by CVD. Their mean age was 49.5 years. There were 10 patients
with cerebral hemorrhage (5 with right and 5 with left) and 10 with cerebral infarction (5 with
right and 5 with left). Computed tomography or magnetic resonance imaging confirmed the
cortical lesions to be located in the temporal region in 5 patients, parietal region in 3, temporo-
occipital region in 3, and brain stem in 5. The muscle tonus of the affected arm, especially the
distal part, was moderately increased according to a modified Ashworth scale score of 2 or 3.
The F-wave was recorded at the APB during continuous stretching for 1 min after stimulation
of the median nerve at the wrist. The first trial was a relaxation trial, followed by continuous
stretching of the affected arm for 1 min in the following positions: stretched position with
shoulder joint abduction (trial 2, Fig 11), stretched position with shoulder joint abduction and
elbow joint extension (trial 3, Fig 12), and stretched position with shoulder joint abduction,
elbow joint extension, and wrist joint extension (trial 4, Fig 6). The intensity of the constant
stimulation current was 1.2 times greater than that of the minimum current required to evoke
a maximal M-wave with a stimulus frequency of 0.5 Hz and duration of 0.2 ms. Stimulation
was performed 30 times in each trial. The F-wave was analyzed for persistence, amplitude
ratio of F/M, and latency, which were the mean values of the measurable F-waves. Using this
data, F-wave characteristics during continuous stretching (trials 2–4) were compared with
those during relaxation (trial 1) in the CVD patients with moderately increased muscle
hypertonus.

The following results were analyzed: 1) relationship between F-wave characteristics in trial 1
and trial 2, 2) relationship between F-wave characteristics in trial 1 and trial 3, and 3) relation‐
ship between F-wave characteristics in trial 1 and trial 4.

With regard to the relationship between F-wave characteristics in trial 1 and trial 2, persistence,
amplitude ratio of F/M, and latency were the same in trial 1 and 2.
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Figure 11. Continuous stretching of the affected arm with shoulder joint abduction for 1 min
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Figure  12.  Continuous  stretching  of  the  affected  arm  with  shoulder  joint  abduction  and  elbow  joint  extension
for 1 min

With regard to the relationship between F-wave characteristics in trial 1 and trial 3, persistence
and amplitude ratio of F/M were significantly lower in trial 3 than in trial 1 (p < 0.05; Table 3
and Fig 13). No significant difference was noticed in latency between trials 1 and 3.

trial 1 trial 3 t-test

Persistence (%) 100 ± 0.00 91.0 ± 41.8 p < 0.05

Amplitude ratio of F/M (%) 10.8 ± 3.5 2.71 ± 3.53 p < 0.05

Latency (ms) 25.3 ± 2.28 25.6 ± 3.17 NS

NS: Not Significant

Persistence and amplitude ratio of F/M in trial 3 were significantly lower than those in trial 1.

Table 3. F-wave characteristics in trials 1 and 3
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Trial 1

Trial 3

Figure 13. A typical F-wave in trial 1 and 3 Amplitude of the F-wave in trial 3 was significantly lower than that in trial
1. The amplitude gain was 5 mV/D (M-wave) and 2 mV/D (F-wave). The latency gain was 5 ms/D for both the M-wave
and F-wave.

With regard to the relationship between F-wave characteristics in trial 1 and trial 4, persistence
and amplitude ratio of F/M were significantly lower in trial 4 than in trial 1 (p < 0.05; Table 4
and Fig 14). No significant difference was noticed in latency between trials 1 and 4.

trial 1 trial 4 t-test

Persistence (%) 100 ± 0.00 82.5 ± 21.8 p < 0.05

Amplitude ratio of F/M (%) 7.34 ± 3.5 4.26 ± 3.78 p < 0.05

Latency (ms) 24.5 ± 2.58 24.5 ± 2.58 NS

NS: Not Significant

Persistence and amplitude ratio of F/M in trial 4 were significantly lower than those in trial 1.

Table 4. F-wave characteristics in trials 1 and 4
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Trial 1

Trial 4

Figure 14. A typical F-wave in trials 1 and 4 The F-wave amplitude in trial 4 was significantly lower than that in trial 1.
The amplitude gain was 5 mV/D (M-wave) and 2 mV/D (F-wave). The latency gain was 5 ms/D for both the M-wave
and F-wave.

Furthermore, persistence and amplitude ratio of F/M of F-waves generated by the APB were
significantly lower during 1 min of stretching in all positions than during relaxation (no
stretched position) in the CVD patients with moderate hypertonus. All stretching positions
decreased the excitability of spinal neural function.

The method of stretching the affected arm involved the simultaneous stretching of several
muscles rather than just one muscle. The period of continuous stretching in our study was
shorter (1 min) than that in the other studies (10 min, 30 min; Odeen, 1981).

Continuous stretching of the proximal shoulder and elbow of the affected arm is believed to
decrease excitability of spinal neural function due to Ib inhibitory neuron afferents (Mark et
al., 1968) and central nervous function (Staines WR et al., 1997). We hypothesize that decreasing
excitability of proximal spinal and central neural function can decrease excitability of distal
spinal neural function in patients with hemiparesis accompanied by moderate hypertonus
caused by CVD.

Our study suggests that excitability of distal spinal neural function in the APB of the affected
arm decreases during continuous stretching of the proximal muscle and shoulder and elbow
joints or all the shoulder, elbow, and wrist joints.
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4. Conclusions

Summary of this study report

1. We examined H-reflex and F-wave data resulting from increased stimulus intensity in the
affected arm in patients with CVD. The results suggested that the characteristic appear‐
ance of the H-reflex and F-wave resulting from increased stimulus intensity reflects the
neurological findings of CVD and can be used to evaluate excitability of spinal neural
function in patients with CVD.

2. To investigate excitability of spinal neural function during stretching in CVD patients, H-
reflex data was obtained before, during, and after 1 min of continuous stretching of the
APB of the affected arm after stimulation of the median nerve. Persistence, amplitude,
and amplitude ratio of H/M were lower during stretching than before and after stretching
in the patients with moderately increased muscle tonus, whereas these characteristics
were the same before, during, and after continuous stretching in the patients with slightly
and markedly increased muscle tonus. These results suggested that excitability of spinal
neural function during 1 min of continuous stretching of the affected arm was inhibited
in CVD patients with moderately increased muscle tonus.

3. F-wave data was obtained from the APB during relaxation (trial 1) and continuous
stretching of the affected arm for 1 min in different positions in patients with CVD:
stretched position with shoulder abduction (trial 2), stretched position with shoulder
abduction and elbow extension (trial 3), and stretched position with shoulder abduction,
elbow extension, and wrist extension (trial 4). Persistence and amplitude ratio of F/M were
the same in trial 2 and trial 1 and significantly lower in trials 3 and 4 than in trial 1. These
results suggested that excitability of spinal neural function in the APB of the affected arm
was decreased during continuous stretching of the proximal muscle and shoulder and
elbow joints or all the shoulder, elbow, and wrist joints in patients with hemiparesis
accompanied by moderate hypertonus caused by CVD.
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Chapter 3

Different Types of Fibrillation Potentials in Human
Needle EMG

Juhani  Partanen

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55352

1. Introduction

Rhythmic fibrillation potentials are the hallmark of denervated muscle fibres in needle EMG
of  a  striated  muscle  (Conrad  et  al.  1972,  Heckmann  &  Ludin  1982).  They  are  readily
activated  by  the  insertion  of  an  EMG  needle  electrode  (Kugelberg  &  Petersén  1949).
Irregular fibrillation potentials may also be present (Buchthal & Rosenfalck 1966, Purves &
Sakmann  1974).  There  is,  however,  an  obvious  difficulty  to  discriminate  between  true
irregular fibrillation potentials of a denervated muscle and end plate spikes, which occur
in  a  normal  muscle.  This  may  lead  to  the  conclusion  that  only  rhythmic  fibrillation
potentials  matter  (Stöhr  1977).  We have pointed out  that  fibrillation potentials,  whether
regular or irregular,  have longer minimum interpotential intervals than end plate spikes
(Partanen & Danner 1982). During long sequences, the mean interval between successive
end plate  spikes  and rhythmic  fibrillation potential  tends  to  increase,  whereas  irregular
fibrillations do not show this type of “self-inhibition” (Partanen & Danner 1982, Partanen
& Nousiainen 1983). The aim of this chapter is to describe fibrillation potentials of different
categories  in  either  completely  or  partially  denervated  human  limb  muscles,  or  after  a
muscle  injury.  We  also  compare  the  characteristics  of  fibrillation  potentials  to  neurally
driven sequences, such as “myokymic” fibrillation potentials and end plate spikes (Brown
&  Varkey  1981,  Partanen  &  Nousiainen  1983,  Partanen  1999).  “Myokymic”  fibrillation
potentials  are  a  rare  phenomenon  of  innervated  muscle  fibres.  They  have  not  been
described earlier and are readily confused with end plate spikes.  The term “myokymic”
fibrillations is descriptive. The pathophysiology of “myokymic fibrillation” is different from
true myokymia of whole motor units (see Willison 1982, Stålberg & Trontelj 1982).



2. Material and methods

Spontaneous activity was recorded with concentric needle electrodes (DISA 13L58) and a 4-
channel Disa 1500 EMG machine interfaced with a 4-channel Teac R 61 D cassette recorder.
Amplification was set at 50 µV/div, and high-pass and low-pass filters at 20 and 2000 Hz,
respectively. 94 sequences of spontaneous activity were divided into the following categories
by audiovisual analysis: random fibrillations, slightly irregular fibrillations with occasional
pauses, regular fibrillations (Partanen & Danner 1982), “myokymic” fibrillations, and end plate
spikes (Partanen 1999). 10- or 20-second samples of the given sequences were digitized
(sampling frequency 10 kHz) and analyzed in a Hewlett Packard 340 computer for interpo‐
tential intervals and wave forms.

“Myokymic” discharges of partially denervated muscles usually exhibited short sequences
and they were found to be either “fibrillation-like” or “motor unit potential-like”. These
sequences were occasionally studied with another EMG needle inserted a few millimeters from
the primary electrode in parallel with the muscle fibres. In “fibrillation-like” myokymic
discharges it was difficult to find a synchronous discharge of the same muscle fibre in the
second EMG channel whereas in “motor unit potential-like” sequences a synchronous
discharge was readily observed indicating a sum potential of several muscle fibres of the motor
unit. In such a case the sequence was omitted.

The raw EMG data were processed with an automatic analysis system (Partanen 1999). The
rise rate, computed using a simple “low pass differentiator” (Usui & Admiror 1982) with a
user definable threshold level was applied for potential recognition. Each potential recognized
as belonging to the given sequence was marked with a cursor. Thereafter the sequence was
checked visually on a large screen, potential by potential in order to correct possible misclas‐
sifications of the automatic program. In case of uncertainty, caused, for example, by superim‐
position of potentials the data were discarded and a new sample of the given sequence was
taken from the tape and the procedure was repeated.

Subsequently the analysis program computed the number of intervals, mean, standard
deviation, median, minimum, maximum, and interval range of the intervals, as well as the
amplitude, and the spike duration of the averaged potential. The initial positive deflection of
the potential could also be measured. In order to assess the regularity of firing, also the mean
consecutive difference (MCD) (Stålberg et al. 1971) and the average proportional consecutive
interval difference (APCID) (Conrad et al. 1972) were calculated.

The different potential categories were analyzed using Student´s unpaired t-test.

3. Results

Figures 1-3 show the typical firing pattern of different spontaneous fibrillation categories.
Random and slightly irregular fibrillations with pauses could usually be recorded for several
minutes. In many cases we collected several samples of a sequence, one of which was chosen
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for the analysis. This was possible because these fibrillation sequences were persistent with
the same firing pattern. Also a sequence of rhythmic fibrillation potentials had to proceed
several seconds in order to be accepted. Rhythmic fibrillations were usually elicited by needle
insertion and they showed a gradual shift of interpotential intervals during the recording time
(Conrad et al. 1972). A short-lasting burst of insertion activity was not accepted. Slightly
irregular fibrillations with pauses did not show a gradual shift in the basal interval, nor were
they affected by needle insertion.

Figure 1. A regular sequence of fibrillation potentials. Interruptions in line indicate interruptions in recording. On the
vertical axis is the interpotential interval of fibrillation potentials. On the horizontal axis is the number of successive
intervals. There are 20 intervals per division. From Partanen, J.V. & Danner, R. (1982), Author´s own work.

Figure 2. Randomly occurring fibrillations 33 days after muscle biopsy. Vertical axis is the interpotential interval. Hori‐
zontal axis is the number of successive intervals; there are 10 intervals per division. From Partanen, J.V. & Danner, R.
(1982), Author´s own work.
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Figure 3. Slightly irregular fibrillations with occasional pauses (long intervals); 51 days after muscle biopsy. Note the
slight irregularity in the basal (short) intervals. From Partanen, J.V. & Danner, R. (1982), Author´s own work.

Figure 4. “Myokymic” fibrillations. Note the doublets and triplets and short rapid bursts of potentials.

“Myokymic” fibrillations were found in chronically partially denervated muscles, polymyo‐
sitis and after chemotherapy. The duration of the bursts was short. There were also single
fibrillation potentials, doublets and triplets and independent potentials from several different
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muscle fibres (Fig. 4). The bursts were spontaneous, not elicited by needle insertion. End plate
spikes were found when the needle insertion hit an “active spot” of the muscle (Fig. 5-6). They
were most readily found at the end plate zone, but they were not confined to it (Partanen,
1999). In several instances we could simultaneously record two unsynchronous foci of end
plate spikes at completely different sites of a normal muscle.

Figure 5. A sequence of end plate spikes. Observe the gradual slowing of the firing frequency.

Figure 6. The firing pattern of a single sequence of end plate spikes (about 10 s, 78 intervals) recorded from the gas‐
trocnemius muscle. Horizontal axis: number of successive intervals. Vertical axis: interpotential interval in ms. Note the
variability in interpotential intervals, numerous short intervals and the gradual increase of the mean interval. APCID
176.4 ms, MCD 48.0 ms and the minimum and maximum intervals 9 ms and 292 ms, respectively. From Partanen, J. &
Nousiainen, U. (1983), Author´s own work.
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We also performed an analysis of the initial positivity on 39 different end plate spikes and 33
different fibrillation potentials. 14 out of the 39 end plate spikes had an initial positive
deflection, with the mean duration 0.5 ms, SD 0.17, and range 0.3-0.9 ms. The rest had a negative
onset. All 33 fibrillation potentials had an initial positive deflection, with mean duration 1.6
ms, SD 0.4, and range 0.6-2.4 ms. Thus, when an initial positive deflection was observed in end
plate spikes, it was significantly (t= 9.9; p<0.001) shorter than that of fibrillation potentials. The
95 % confidence interval for difference was 0.8 to 1.2 ms.

Table 1 presents the mean characteristics in different fibrillation potential categories and the
significance of difference of the variables compared to end plate spikes. Table 2 presents the
differences between variables of different fibrillation categories.

Fibrillations Neurally driven sequences

Random With pauses Regular “Myokymic” End plate spikes

N 41 13 13 12 15

Intervals (ms) mean SE mean SE mean SE mean SE mean SE

mean 510*** 43 223 37 556* 191 142 37 130 42

median 387*** 37 209* 39 548* 190 104 30 95 31

minimum 159*** 14 148*** 25 513*** 186 25* 5 12 3

maximum 1406*** 127 412 49 637 199 736 204 578 163

Regularity

APCID 151 7 52* 6 5*** 1 128* 14 175 13

MCD 358*** 42 47 7 13* 5 111 36 116 42

Potential

Ampl (µV) 145 13 120 14 117 19 169 36 128 14

Spike duration 2.3 0.1 3.1 0.4 2.4 0.1 2.5 0.2 2.8 0.4

(ms)

*** p ≤ 0.001

** p ≤ 0.01

* p ≤ 0.05 compared to end plate spikes

Table 1. Interval, regularity and potential variables of different spontaneous activity categories. “With pauses”: slightly
irregular fibrillation potentials with pauses.
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Random/With pauses Random/Regular With pauses/Regular

Interval

Min NS NS NS

Max *** ** NS

Mean *** NS NS

APCID *** *** ***

MCD *** *** ***

Amplitude NS NS NS

Spike duration NS NS NS

*** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05

Table 2. The significance of differences between various fibrillation categories. “With pauses”: slightly irregular
fibrillation potentials with pauses.

4. Discussion

4.1. Firing patterns of fibrillation potentials

Denny-Brown & Pennybacker (1938) described the periodic contractions of denervated muscle
fibres as true fibrillations and differentiated fibrillation from fasciculations and myokymia.
Jasper & Ballem (1949) found positive sharp waves, often in combination with fibrillation
potentials and claimed that they may represent local potentials set up at the needle point by
the injury. They stated that positive sharp waves do not occur in a normal muscle. Kugelberg
& Petersén (1949) also described positive sharp waves, “synchronized activity” in totally
denervated muscles as well as fibrillation potentials of both constant frequency (regular
fibrillations) and “repetitive fibrillary activity”, i.e. slightly irregular fibrillations with pauses
(see Results). It was claimed that only rhythmic, regular fibrillation potentials have clinical
significance (Stöhr 1977). However, also irregular fibrillations do exist, and in fact there are
several types of them. Irregular fibrillations do not usually change their firing pattern during
the time of an EMG recording. The incidence of irregular fibrillations reported in literature is
very variable. Heckmann & Ludin (1982) pointed out that even in totally denervated muscle
irregularly firing potentials may be found (in canine muscle), and Buchthal & Rosenfalck
(1966) stated that half of the fibrillation potentials whose discharge pattern was examined
appeared irregular. In fact, the period of time after nerve or muscle injury seems to be essential.
Approximately half of fibrillation sequences were irregular 30 days after muscle injury, while
in more recent injuries the sequences were mainly regular (Partanen & Danner 1982). My
experience in clinical ENMG work is that irregular fibrillations are most common 1 – 3 months
after axonal injury and in extreme cases only a number of irregular fibrillation sequences may
be present with no regular fibrillations at all (unpublished personal observation). There may
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also be mixed forms of fibrillations, with mainly regular rhythm but sudden changes of the
interval (Partanen & Danner 1982, Conrad et al. 1972).

4.2. End plate spikes

Jasper and Ballem (1949) were the first to describe end plate spikes in clinical EMG: “Action
potentials comparable to those described by Snodgrass and Sperry (mammalian muscle action
potentials of less than a millisecond) were sometimes seen from limb muscles were thought to
have been derived from nerve filaments since they were usually associated with particularly
acute pain (as though the needle tip were penetrating a nerve) and were of the same form as
those obtained when the needle was deliberately inserted in nerve”. Kugelberg & Petersén
(1949) described end plate spikes as “protracted irregular activity”. “Such discharge was
mostly irregular, might be ordinary motor unit potentials as in fasciculation or little amplitude
and duration as in fibrillation. The activity in question cannot be voluntarily controlled. It does
not disappear in relaxation, nor does it increase in frequency on slight voluntary contraction.
A slight pressure or bending of the needle may increase the frequency while a discharge is
going on, start new ones or reactivate potentials which had stopped”.

Jones et al. (1955) further studied the origin of end plate spikes as “nerve potentials” with iron
marks at sites of their appearance and found most of these iron dots close to peripheral intramus‐
cular nerve twigs. Buchthal & Rosenfalck (1966) observed that miniature end plate potentials
(MEPPS) were often associated with end plate spikes, “spontaneous diphasic potentials”. They
conjectured that these potentials originated in the muscle fibres, “several synchronized minia‐
ture potentials attaining an amplitude sufficient to elicit a propagated response”. Finally, Brown
& Varkey (1981) proved “nerve potentials” to be postsynaptic potentials, recorded from muscle
fibres. End plate spikes show very irregular firing pattern with numerous short intervals less than
30 ms and gradual slowing of the firing (Partanen 1999).

The prevailing hypothesis concerning end plate spikes states that they are elicited by nerve
irritation caused by the needle electrode and recorded postsynaptically by the same needle
electrode (Brown & Varkey 1981). However, injury potentials of peripheral motor nerve fibres
present a different firing pattern (Wall et al. 1974, Macefield 1998). Thus there is an obvious
discrepancy between the sustained firing pattern of end plate spikes and experimentally
observed real firing patterns of injured or irritated motor axons. Firing of end plate spikes
differs also from abnormal firing patterns of motor nerve fibres or motor units (see Willison,
1982, Stålberg & Trontelj 1982). On the other hand, there is evidence that end plate spikes
actually represent action potentials of intrafusal muscle fibres and beta motor units (Partanen
& Nousiainen 1983, Partanen 1999, Partanen et al. 2010). The propagation patterns of intrafusal
nuclear bag and nuclear chain muscle fibres (Barker at al. 1978) are similar to those of end plate
spikes (Partanen & Palmu 2009, Partanen 2012).

4.3. Wave form of fibrillation potentials and end plate spikes

It was emphasized that end plate spikes, (“spontaneous diphasic potentials”), which have a
negative onset at the end plate zone, may show positive onset phase as fibrillation potentials do
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when they are propagated outside the end plate zone and thus the form of the potential is
indistinguishable from that of a fibrillation potential (Buchthal & Rosenfalck 1966). We note that
there is a distinct difference between the wave forms of end plate spikes and fibrillation poten‐
tials. The former show either a negative onset or a short positive onset, whereas fibrillation
potentials show a positive onset which always is longer than that of end plate spikes (see Results).
However, the amplitude and spike duration of fibrillation potentials and end plate spikes are
similar (Table 1). We have observed fibrillation potentials with negative onset, (mainly as
“negative sharp waves”, obviously cannula-recorded positive sharp waves with inverted
polarity), but these are rare and do not happen to be present in the material collected for this work.
This fact is not in concert with the data published earlier, which state that a considerable number
of fibrillation potentials may have a negative onset (Buchthal & Rosenfalck 1966, Heckmann &
Ludin 1982). In any case fibrillation potentials and end plate spikes may be distinguished both
by the firing pattern and the wave form at the onset of the potential (Fig. 7).

Figure 7. The positive deflection before the main spike component (pair of arrows) is shorter in averaged end plate
spike (EPS) than in averaged fibrillation potential (fibr). The averaged mean potential is shown with ± 1 SD curves.
From Partanen, J. (1999), Author´s own work.

The formation of the shape of end-plate spikes was extensively studied by Dumitru (2000)
according to the needle irritation hypothesis of peripheral nerve branch or nerve terminal (tip
or shaft irritation of the terminal nerve). He explained the formation of biphasic and triphasic
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form of an end plate spike and considered that triphasic end plate spikes are rather common.
However, he could not differentiate the shape of triphasic end plate spikes from that of
triphasic fibrillation potentials. The spreading of an ectopic nerve irritation potential to the
other nerve branches of the motor unit was not considered. Ectopic nerve action potential will
spread to both directions from its place of origin, and thus a motor unit or fasciculation
potential should be formed instead of an end plate spike. Dumitru (2000) also describes the
formation of “atypical” biphasic/monophasic end plate spike configuration (resembling
positive sharp waves). First, the electrode may completely compress the muscle fibre, pre‐
venting action potential propagation past the electrode (“sealed end effect”). Second, a
“compressed end” may occur; following crushing or compression of tissue, the membrane
retains no functional sodium channels and, therefore, can only sustain a passive current flow,
but not an active current flow. However, Pickett & Schmidley (1980) explained end plate spikes
with positive sharp wave form, “sputtering positive potentials” elegantly. These potentials
represented cannula-recorded potentials of the concentric needle electrode and changed their
form from positive waves to usual end plate spikes when the electrode was withdrawn.
Sputtering positive potentials could not be recorded with a monopolar needle electrode.

4.4. Origin of regular and irregular fibrillation potentials

Based on the pattern of discharges, two classes of spontaneously active fibres were found in
experimental study of rat diaphragm: rhythmically discharging fibres, and fibres in which action
potentials occur at irregular intervals (Purves & Sakmann 1974). The majority of the sites of origin
in both regular and irregular fibres were at the former end plate zone; however, there was no
region along the length that could not be a site of origin. Regularly occurring action potentials
were associated with oscillations of the membrane potential. Irregularly discharging fibres were
brought to threshold by discrete non-propagated depolarizations called fibrillatory origin
potentials (f.o.p.s.) (Purves & Sakmann 1974). F.o.p.s. are generated at the T-tubuli, since
detubulation with glycerol abolishes the spontaneous activity (Smith & Thesleff 1976). Thus, the
integrity of the transverse tubular system is a prerequisite for the presence of irregular spontane‐
ous activity. It was also observed, that these discrete depolarizations are caused by regenera‐
tive increase in the Na conductance of the membrane, similar to that associated with the normal
action potential (Purves & Sakmann 1974, Smith & Thesleff 1976).

We may presume that in humans, fibrillations with regular rhythm also derive from the
membrane potential oscillations of denervated muscle fibres (Thesleff 1982a) or the denervated
part of a muscle fibre, as in muscular injury (Partanen & Danner 1982). Irregular fibrillations
are accordingly caused by f.o.p.s reaching the firing threshold of an action potential. Imme‐
diately after a f.o.p. there is a period during which the probability of a second f.o.p. occurring
is very low (Purves & Sakmann 1974). In denervated muscle fibres there are newly synthesized
potassium channels, and they produce a longer duration of the hyperpolarization of the
intracellular action potential compared to normal tissue. This hyperpolarization may last up
to 100 ms and more (Thesleff 1982a, Dumitru 2000). Thus the refractory period after which a
second action potential may occur is increased in denervated muscle fibres, compared to
normal muscle fibres. Thus slightly irregular fibrillations with pauses may be fired by a muscle
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fibre eliciting a large number of f.o.p.s., which mainly reactivate the fibre immediately after
the refractory period of a spontaneous potential. An occasional failure of a f.o.p. to occur may
be seen as a pause in the fibrillation sequence. We have rarely observed a slightly irregular
fibrillation sequence even without pauses, evidently representing a muscle fibre with a large
number of f.o.p.s. On the other hand, random fibrillations may be associated with very
infrequently occurring f.o.p.s. In any case, regular fibrillations are the first to be present also
in experimental studies and irregular fibrillations arise later on (Purves & Sakmann 1974, Smith
& Thesleff 1976).

4.5. “Myokymic” fibrillations

“Myokymic” fibrillations have not been categorized as an entity of its own earlier. They may
be distinguished from true myokymia by the single fibre potential pattern. True myokymia
exhibits a motor unit potential pattern, and was not studied in the present work. The high
firing frequency of “myokymic” fibrillations shows that these potentials are not elicited by
denervated muscle fibres with a prolonged refractory period. We attribute these potentials to
spontaneous large acetylcholine release (giant or slow-rising MEPPs) to the synaptic cleft. This
type of transmitter release may occur spontaneously in regenerating nerve terminals or after
botulin toxin injection or application of 4-aminoquinoline, without any motor nerve action
potential and depolarization of the motor nerve terminal (Thesleff 1982b, Sellin et al. 1996).
Evidently large spontaneous transmitter release may cause a short burst of postsynaptic
potentials of a single muscle fibre, recorded as “myokymic” fibrillations. It is conceivable that
no antidromic spreading of the potential to the rest of motor unit takes place without depola‐
rization of the nerve terminal, as in peripherally originating fasciculation potentials (see
Stålberg & Trontelj 1982).

“Myokymic” fibrillations and end plate spikes can be distinguished by their firing pattern.
“Myokymic” fibrillations fire in short high-frequency bursts, doublets and triplets and they
may be found at any region in the muscle. Needle insertion does not activate them. End plate
spikes show sustained firing with a very irregular rhythm with numerous short but also long
intervals, and the mean interval lengthens if the needle is not moved. End plate spikes are
found in the active spots of the muscle being studied, often associated with miniature end plate
potentials and pain (Wiederholt 1970).

5. Comments

It is of utmost importance that a clinical neurophysiologist performing ENMG studies
recognizes different types of spontaneous activity. Confusing end plate spikes with fibrillation
potentials may cause false positive findings of axonal damage. Even the difference between
rhythmic and irregular fibrillation potentials may be difficult to grasp and there are differences
between individual examiners in this respect (Trillenberg & Spencer 2010). False classification
of potentials is a frequent error, especially among resident-level examiners (Kendall & Werner
2006). We studied parameters by which it could be possible to distinguish between different
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types of fibrillation potentials: rhythmic, random, and slightly irregular fibrillations with
pauses, “myokymic” fibrillations, and end plate spikes. The most effective differentiating
variables in this respect proved to be the minimum interval, APCID and MCD. Interval analysis
of the activity of a single motor unit also shows an entirely different discharge pattern
compared to spontaneous potentials (Conrad et al. 1972). The functionality to calculate these
variables for sequences of spontaneous EMG potentials should be included in future ENMG
devices. The lack of tools for editing and interval analysis of EMG potential sequences can be
considered to be a major shortcoming in the present ENMG machines.
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1. Introduction

Advances in the study of human spinal cord neurophysiology have been strongly based on
the analysis of the electrical activity of muscles (electromyogram - EMG). The EMG measured
over the skin reflects the general behavior of motor units (MUs) and hence of spinal moto‐
neurons (MNs). It can be used, for instance, to infer changes in the behavior of neuronal circuits
within the spinal cord during the performance of a motor task or in response to peripheral
and/or descending inputs.

In the beginning of the 20th century, Paul Hoffmann introduced a non-invasive technique – the
H-reflex – that helped to pave the way for subsequent investigations into the mechanisms of
stretch reflex regulation [1]. The neuronal organization of the spinal cord is now better
understood thanks to studies of reflex modulation in response to different conditionings and
motor contexts, e.g., electrical or mechanical stimulation of sensory afferent pathways,
magnetic or electric activation of descending tracts (DTs), passive movement of limbs and
joints, voluntary isometric contractions and performance of motor tasks.

Reflexes play a fundamental functional role in motor control, as they are involved in the
coordination of voluntary movements and maintenance of postural stability. This justifies the
high contingent of fibers from peripheral (cutaneous, muscle and joint afferents), segmental
(propriospinal interneurons), and supra-segmental (descending tracts) origins that synapse
on different spinal cord elements (synaptic terminals, interneurons and MNs). This also
highlights the important integrative function of the spinal cord, contrasting with the naive



notion that it is only a relay station, or a pathway that simply transfers information from the
brain to the muscle fibers.

Despite the relative limitations of non-invasive techniques employed in humans, it is currently
possible to establish a parallel between the findings from animal preparations (such as cat)
and experiments in humans (e.g., [2, 3]). In addition to the use of animal models as aids for
understanding human data, another source of information comes from new multi-scale
computer simulators of neuronal circuitry and muscle control [4, 5]. Moreover, with the
development of these simulators, supported by anatomical and biophysical data from animal
experiments, it is also possible to reinforce hypotheses formulated to explain experimental
results obtained from humans (e.g., [5]).

The aim of the present chapter is to provide some conceptual and methodological background
for researchers and clinicians who intend to use EMG to study human spinal cord neuro‐
physiology. Here we will discuss different methods frequently used in the study of human
neurophysiology based on surface EMG. These will be illustrated by results from both
experimental studies and simulations performed in a multi-scale model of the spinal cord and
leg muscles. Additionally, a brief account will be given of some processing techniques of
surface EMG that are used to quantify spinal cord excitability and effects of inhibitory
pathways. The methods explored in the chapter have been used in both healthy subjects and
patients with a variety of neuromuscular disorders.

2. Brief review and basic methodological considerations

This brief review presents a few basic concepts related to electrical muscle activity recorded
with electrodes over the skin. Methodological aspects that might influence the interpretation
of experimental results are discussed. Further details concerning these basic aspects can be
found elsewhere [6, 7].

2.1. Some important definitions

In the preceding section we have referred to EMG as the electrical muscle activity recorded
with surface electrodes. This electrical activity is the result of the depolarization of a number
of muscle fibers. A group of muscle fibers innervated by the same spinal cord MN is called a
muscle unit while the MN and the muscle unit it innervates is the motor unit (MU). During
voluntary muscle activation, the number of recruited muscle fibers contributing to the EMG
depends on the net excitatory drive from the brain and peripheral sensory afferents arriving
onto the spinal MNs. During a mild voluntary contraction only a small fraction of MUs is
recruited. As the excitatory command is increased, two distinct mechanisms take place: the
MUs previously recruited increase their firing rate (rate coding) and new MUs with higher
firing threshold are recruited (population coding). These basics may be found in many
references, such as [8].

The activity of a single MU is easily recorded with needle electrodes inserted into the muscle
(the most common is the concentric needle electrode). However, during low-intensity con‐
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traction, surface electrodes can also record activity of superficial MUs [9] as can be seen in the
upper trace in Figure 1. For increased levels of voluntary contraction additional MUs are
recruited (see middle trace in Figure 1). For high-intensity contraction the EMG recording tends
to show a filled random pattern due to the superposition of a greater number of MU action
potentials (MUAPs) known as interference pattern (bottom trace in Figure 1). Thus, the
interference pattern of the EMG is associated with the asynchronous firing of different MUs.
When the conditioning of an interference pattern EMG is used to infer spinal cord processes,
the experimental control of the level of activity is crucial. When the strength of descending
commands changes, different populations of MNs and interneurons (INs) are recruited,
leading to different conditioned EMG responses.

Figure 1. Surface EMG recordings from soleus (SO) muscle during a weak contraction (unpublished data). Upper pan‐
el: EMG recording during a very weak contraction in which only one MU is recruited. Middle panel: when the subject
was told to slightly increase the voluntary contraction, the MU previously recruited increased its firing rate (see the
green arrows) and other MUs with different firing rates were recruited (red and blue arrows). The letter “S” indicates a
sum of at least two distinct MUAPs. Lower panel: Interference pattern of EMG.

2.2. Acquisition

Some technical aspects need to be considered for an accurate recording of the EMG signal.
Here we are going to briefly discuss filtering, sampling rate and electrode positioning.

The spectral composition of a signal has implications on the choice of the band-pass filter cutoff
frequencies used before the analog-to-digital conversion as well as for the selection of a suitable
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sampling frequency (SF). Figure 2 shows the power spectrum of an EMG recorded with surface
(upper panel) and needle (lower panel) electrodes during a sustained contraction. It is
interesting to note the dramatic difference in the spectra of both recordings (note the different
calibrations of the abscissa). For the surface EMG, band-pass filter cutoff frequencies from 10Hz
to 500Hz would be appropriate and a SF of at least 1kHz would be used; however, in the second
example, the 500Hz cutoff frequency (see the red area in the lower panel of Figure 2) would
be clearly inappropriate due to the significant contributions of high-frequency spectral
components of the signal. Therefore, when using needle EMG, the high-frequency cutoff
should be higher, e.g., 5kHz-10kHz and sampling done at 20kHz-40kHz.

Figure 2. Power spectra of EMG signals from the SO muscle recorded with surface (upper panel) and needle (lower
panel) electrodes (unpublished data). They show the frequency content (in Hz) of each signal. The green marks in the
abscissa (small vertical lines) comprise the frequencies of the band-pass filter used for surface EMG. The corresponding
frequency ranges are indicated in red (upper panel) and in blue (lower panel) for surface and needle recordings, re‐
spectively. It is clear in the lower panel that if we used the same frequency range of surface EMG for needle EMG a
considerable amount of information would be lost (see the red area delimited by the green marks).

The choice of a suitable frequency range for the band-pass filter to be applied to the surface
EMG signal needs to be done with caution according to the objectives of the study. A wrong
choice of filter parameters may cause information loss and misleading interpretations of the
results. For instance, if the focus is to investigate slow variations of the surface EMG signal
during stepping or gait (e.g., EMG envelope), a frequency band of 10-300Hz could be adequate
[10]. However, using the same recording technique to evaluate reflex components (e.g., H-
reflex), the high cutoff frequency should be raised to 1kHz (with a SF of at least 2kHz) for better
reproduction of the phasic EMG signal generated [10].

Generally, in surface EMG, the electrodes are located on the skin above the belly of the muscle
of interest, in a region between the tendon and the innervation zone [11]. The electric currents
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generated by depolarization of the muscle fibers travel through the connective tissues, fat,
vessels, skin (all of which comprises the volume conductor), reaching the region underneath
the electrodes. The volume conductor has the property of a low-pass filter [12] and the signals
reach the electrodes placed over the skin with a slower time course and decreased amplitude.
On the other hand, a needle electrode is much closer to the source of the electrical activity than
a surface electrode and hence it does not suffer the low-pass filtering and amplitude attenua‐
tion caused by volume conduction [6, 12]. This explains why the needle EMG signals have
better signal-to-noise ratios and why their power spectra have components at higher frequen‐
cies (see the lower panel in Figure 2).

The main advantage of invasive techniques such as needle or wire EMG is its high selec‐
tivity (one or very few MUs can be recorded with a high signal-to-noise ratio). Converse‐
ly, this may be a disadvantage when the purpose is to evaluate a larger number of MUs
to obtain a more comprehensive view of muscle activation. In this case,  surface EMG is
more indicated.  The main shortcomings of  surface EMG are that (1)  not all  muscles are
superficial and (2) the possibility of interference from nearby muscles’ electrical activities
on the  EMG signal  recorded from the  desired muscle.  These  recorded interferences  are
attenuated or perhaps distorted versions of the electrical activities from the nearby mus‐
cles  and  are  known  as  crosstalk  [13,  14].  The  crosstalk  effect  can  sometimes  be  mini‐
mized by a careful placement of the electrodes.

The distance between electrodes is a key factor to increase or decrease the relative selectivity
of the EMG recording. Figure 3 shows an example in which the EMG activity is recorded with
an array of three electrodes. When the potential difference is calculated between the more
distant pair of electrodes (E1 – E3) the recording is less selective than when the electrodes are
closer to each other (E1 – E2).

Figure 3. Surface EMG showing the effect of the distance between electrodes (unpublished data). Upper panel: EMG
recorded with a distance of 2.5cm between electrodes (E1-E3). The lower panel shows the same recording with inter-
electrode distance of 1cm (E1-E2).
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3. Conditioning of the constant (“asynchronous”) muscle activity

The  EMG  interference  pattern  is  useful  to  help  understanding  the  conditioning  effects
coming from a variety of sources. These conditionings fundamentally act on the modula‐
tion of muscle activity and are context-dependent [15].  Therefore,  it  is  possible to study
the effects of a variety of inhibitory and excitatory pathways on MNs by means of EMG
signal conditioning, and hence extract information on spinal cord neurophysiology.

The voluntary activity of the SO muscle (sustained low-level isometric contraction) can be
modulated by the activation of the primary (Ia) afferents from the antagonist muscle spindles
[15, 16]. The diagram depicted in Figure 4 shows surface transcutaneous electrical stimulation
(1ms rectangular pulse) applied to the common peroneal nerve (CPN) that supplies the tibialis
anterior (TA) muscle. The conditioning stimulus substantially reduces the SO muscle activity
via reciprocal inhibition (RI) [16]. A typical example of the resulting EMG signals is shown in
Figure 5.

Figure 4. Schematic showing the pathway of reciprocal inhibition (RI). The black arrow indicates the descending drive
from the motor cortex to the SO muscle that generates the interference pattern shown in the oscilloscope (small rec‐
tangle in orange color). The EMG activity can be conditioned by an electrical stimulus applied to the nerve that sup‐
plies the antagonist muscle (TA). The action potentials in the Ia afferents (red arrow) activate the inhibitory Ia IN (IaIN)
that generates an inhibitory post-synaptic potential (IPSP) in the membrane of the MN. Hence, after the conditioning
electrical stimulus, some MNs will stop firing and the EMG interference pattern will show a transitory decrease in the
amplitude (see also Figure 5).

Looking at one or a few sweeps of conditioned-EMG signals (left panel of Figure 5), it is not
possible to determine if the inhibition is present. Note that the low voluntary muscle activity
produced a very sparse MU firing in the recordings (upper traces) shown on the left panel of
Figure 5. When the sweeps (a total of 50) are superimposed (lowermost signal at the left panel
of Figure 5), the inhibition becomes clear (see the red horizontal bar below). Thus, several
tenths (or even hundreds) of stimuli are necessary to allow the detection/quantification of the
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effect of RI on the SO MNs [1]. However, to quantify the amount of inhibition, additional signal
processing of the EMG signal is needed: (1) subtraction of the DC level, (2) computation of the
absolute value of each EMG sample, also called EMG rectification, (3) computation of the
ensemble average of the several rectified conditioned-EMG signals (or sweeps). The number
of sweeps to be averaged depends on the strength of the conditioning effect and the level of
voluntary muscle contraction [16]. These procedures will be illustrated based on the super‐
imposed sweeps shown at the right uppermost panel of Figure 5. The results of step (2) above
are shown in the middle panel at the right of Figure 5. The bottommost trace of the right panel
of Figure 5 is the ensemble average of the traces displayed just above it (step 3).

Figure 5. Left panel: EMG recordings of the SO showing the muscle activity before and after the delivery of an electri‐
cal stimulus to the CPN nerve (unpublished data). The traces show sparse MU firings. The rectangle in blue encompass‐
es the stimulus artifact followed by a crosstalked activity from the antagonist (TA) muscle. An interesting observation
is that the inhibition is not quite clear by the examination of a single recording. The bottom trace shows all the 50
recordings superimposed. A clear reduction in muscle activity ~40ms after the electrical stimulation is indicated by a
red bar. Right panel: same traces superimposed (upper trace). All the EMG recordings were rectified (superimposed
traces in the middle) and averaged (bottom trace). The red bar indicates the reduction in muscle activity due to RI
induced by the procedure depicted in the schematic of Figure 4.

The inhibitory period indicated by the red bar under the averaged trace of Figure 5 can then
be quantified either by the peak (lowest point of the recording), the mean or the RMS [7] and
normalized with respect to a similar computation of the pre-stimulus period (green bar). In an
alternative approach, RMS values in each sweep at the right-top corresponding to the time
windows defined by the green (control) and red (inhibited) bars are computed and averaged.
This yields a mean RMS value in the control period and a mean RMS value in the time interval
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associated with the effect of the RI. To allow comparisons between subjects one may adopt the
ratio of the latter to the former as an index of the level of RI.

Besides changing the excitability of MNs, pathways converging to the spinal cord may also
affect the excitability of several spinal cord elements by acting on presynaptic terminals (e.g.,
the Ia-MN synapse). Presynaptic effects will be discussed later.

4. Conditioning of the evoked phasic (“synchronous”) muscle activity

So far, we have discussed the case of asynchronous voluntary activity of MUs that generates
the EMG interference pattern. Another way to assess spinal cord processes is by means of
reflex-generated compound muscle action potentials (CMAP).

A variety of reflexes (stretch reflex, cutaneous reflex, H-reflex, etc) has been studied at rest,
during locomotion and during the performance of a number of motor tasks in an attempt to
better understand how the central nervous system (CNS) integrates the descending signals
with those coming from the periphery [1]. Ascending signals from the periphery are incorpo‐
rated into motor plans in order to continuously update the CNS and generate suitable
commands to muscles that will work in concert to produce a functionally relevant motor
output. At the spinal cord level, the afferent influx coming from muscles, joints and skin help
to sculpt motor behavior by playing a significant role in the modulation of the excitability of
different reflex pathways [1].

The stretch reflex pathway is one of special interest and will be the focus of this topic. The
excitability of this pathway (or parts of it) can be assessed by means of either electrical
stimulation of peripheral nerve (H-reflex, F-wave and V-wave) or mechanical stimulation of
the tendon (T-reflex). In what follows we will discuss the methodology of these techniques as
well as their modulation in response to a variety of conditionings.

4.1. The H-reflex

The H-reflex was first described in 1918 by Paul Hoffmann [17] and is the electrical ho‐
mologous  of  the  stretch  reflex.  It  is  elicited  by  a  transcutaneous  electrical  stimulation
(rectangular pulse with 1ms duration) applied to a mixed nerve that synchronously acti‐
vates afferent fibers from muscle spindles (see the arrow showing the orthodromic senso‐
ry  activation in  Figure  6).  The evoked afferent  volley generates  excitatory post-synaptic
potentials  (EPSPs)  in  α-MNs (hereafter  referred to  as  MNs)  that  may fire  action poten‐
tials  if  they  surpass  the  firing  threshold.  These  EPSPs  seem to  be  generated mainly  by
the monosynaptic Ia-MN excitatory pathway but they are also influenced by oligosynap‐
tic pathways [18]. The action potentials originating from the MNs lead to the generation
of  a  CMAP  recorded  with  surface  EMG  electrodes  at  the  homonymous  muscle.  The
evoked CMAP is termed H-reflex and is different from the interference pattern of EMG
described in the preceding text (see sections 2 and 3), which is characterized by the asyn‐
chronous firing of MUs. The technique of H-reflex has been widely used to assess the ex‐
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citability  of  the  stretch  reflex  pathway  and  infer  spinal  cord  mechanisms  contributing
towards motor control [1, 19]. In the lower limbs, the SO muscle has often been used be‐
cause its electrically-elicited reflex response is relatively easy to obtain.The muscle affer‐
ents  of  group  I  (Ia  and  Ib)  and  II  are  also  depicted  in  the  schematic  of  Figure  6.
However, for low intensity stimulation, group I muscle afferents (mainly Ia) are primari‐
ly activated [20].

The presence of a stable M-wave (direct motor response, see below) is desired in most studies
to assure (by indirect means) a constant stimulation (see the arrow showing the orthodromic
motor activation in Figure 6). Thus, any changes in H-reflex amplitude would be related to
neurophysiological factors and not to alterations in stimulus efficacy, which would change the
M-wave as well [21].

Figure 6. Schematic of the stretch reflex pathway and the mixed nerve stimulation that generates orthodromic and
antidromic nerve activity (only the monosynaptic pathway from the Ia is shown). EMG trace showing an H-reflex and
M-wave elicited by a transcutaneous electrical stimulus (1ms duration) applied through electrodes located over the
skin at the popliteal fossa. The stimulus activates Ia afferent and motor axons from the mixed nerve (PTN) that supplies
the SO muscle. The resulting H-reflex and M-wave are recorded with surface electrodes (see the schematic on the left).
A: Stimulus artifact indicating when the stimulus was delivered; M: M-wave; H: H-reflex.

4.1.1. Recruitment order of reflexively activated motoneurons

With the increase of the stimulus intensity, a larger number of Ia afferents are activated leading
to reflex recruitment of more MNs. The MNs in the spinal cord are synaptically recruited
according to the size principle [22], i.e., the small size MUs (with low threshold for synaptic
input) are recruited first. Therefore, H-reflexes of low amplitude reflect the activation of small
MUs (see Figure 7). Higher amplitudes of H-reflex correspond to the activation of intermedi‐
ated sized MUs along with the small ones. The increment in H-reflex amplitude reaches a limit
that is not only related to the number of MNs within the pool, but also to the phenomenon of
“annihilation”, i.e., action potentials in the efferent axon generated reflexively collide with the
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antidromic volley due to the firing of the distal part of the efferent axon by the electrical
stimulus (Figure 8). Therefore, those motor axons that were activated by the transcutaneous
electrical stimulation generate antidromic spikes (shown in Figure 6 as the “antidromic motor
activation”) that prevent the action potentials of reflex origin from reaching the muscle (see
Figure 8). As the axonal conduction velocity of efferents is lower than the afferents, there is
enough time for the collision to take place in the efferent axons. The action potentials generated
in the efferent axons also propagate toward the muscle (orthodromic motor activation in Figure
6 and red arrows in Figure 8) and will generate a shorter latency response (M-wave). The
stimulus intensity that generates the lowest amplitude M-wave is termed motor threshold
(MT). The direct motor response (M-wave) increases monotonically with stimulus intensity
until its maximum (MMAX), as there is no annihilation in the distal part of the motor axons
(distal to the stimulation point; see Figure 8). A supramaximal stimulus intensity will discharge
100% of the efferent axons, yielding the MMAX and blocking the generation of any H-reflex
response due to the antidromic motor volley (see Figure 7).

Figure 7. a) EMG traces recorded from the SO muscle showing changes in H-reflex and M-wave amplitudes as a func‐
tion of stimulus intensity (unpublished data). Note the extinction of the H-reflex when the MMAX is present in the re‐
cording (under the maximal stimulus intensity). b) Schematic recruitment curve with the peak-to-peak values of H-
reflexes (blue) and M-waves (red) along the stimulus intensity. The regions A-D delimited by the green dashed vertical
lines contain, respectively: the ascending limb of recruitment curve; motor threshold and HMAX; descending limb of the
curve; MMAX. c) Recruitment curve obtained from the SO muscle of one representative subject. Data based on [10]. The
circles and crosses represent the peak-to-peak amplitude values of the H-reflex and M-wave, respectively. d) Same da‐
ta from c showing a sigmoidal fit to the ascending limb of the H-reflex recruitment curve. Data based on [9], but fig‐
ures are unpublished.
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Figure 8. Schematics illustrating the recruitment of sensory and motor fibers by transcutaneous electrical stimulus.
The stimulus intensity increases from a to d (see also the corresponding A-D regions in Figure 7) but the duration is
always the same, 1ms. Note the bidirectional propagation of potentials (toward the spinal cord and muscle) in b-d.
The blue arrows indicate the afferent volley (travelling across the blue axons) and the action potentials reflexively
evoked in the motor axons (green cells) that will generate the H-reflex. The red arrows represent the orthodromic mo‐
tor activation (see also Figure 6) that will generate the M-wave. The green arrows represent the antidromic volleys in
either sensory or motor axons. The green arrows in the motor axons will cause a collision (indicated by a yellow star)
with the reflexively evoked volley (blue arrows) in the efferent fibers. a) For low intensity stimulus the smallest MUs
(filled circles) are recruited according to the size principle and no collision is observed. At this point only the H-reflex
(without M-wave) is present in the EMG recording (see also Figure 7). b) With the increased intensity of electrical stim‐
ulation (1ms rectangular pulse), a few motor axons discharge action potentials that propagate antidromically leading
to the annihilation of spikes. At this point the H-reflex is accompanied by an M-wave in the EMG recording. The M-
wave has a shorter latency than the H-reflex because it is a direct response, i.e., it does not travel to the spinal cord and
back to the muscle (red arrows reach the muscle before the blue ones). c) The stimulus intensity is much higher and
the collision occurs in a larger number of efferent axons, despite the number of afferents recruited by the electrical
stimulation being the same (or even higher) than in situation b. At this point the H-reflex amplitude is lower than the
M-wave (C region of Figure 7b). d) The supramaximal intensity recruits 100% of the sensory and motor fibers inducing
100% of annihilation. No H-reflex is identified in the EMG recording and the M-wave reaches its maximal amplitude
(MMAX) (D region of Figure 7b).

In this scenario, the H-reflex will never reflect the activation of all the MNs within the pool,
even if the stimulus intensity is increased. Instead, this reflex response reaches a maximum
(HMAX) as a result of a balance between mechanisms that tend to change the reflex amplitude
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when the stimulus is increased. The main mechanism that increases H-reflex amplitude
(assuming the subject is in a relaxed and controlled state) is the larger number of Ia axons
activated by the higher intensity stimulus. The main mechanism that decreases the H-reflex
amplitude in response to a stimulus intensity increase is the above mentioned collision of
action potentials in the efferent axons. Other mechanisms that may also contribute to decrease
the H-reflex amplitude for a higher stimulus amplitude include (1) the activation of Ib afferents
(see schematic in Figure 6) [20], (2) the activation of large-diameter cutaneous afferents, (3) the
firing of Renshaw cells in response to the synchronous antidromic (or orthodromic) firing of
MNs in the pool [19, 23]. These longer latency mechanisms have their putative effect on H-
reflex amplitude because the later phases of the H-reflex waveform (after its rise) have been
associated with the longer latency oligosynaptic pathways that excite the MNs [18]. For
stimulus intensities above that corresponding to HMAX (from the beginning of the descending
phase of the recruitment curve, Figure 7b and c), the larger the number of efferents undergoing
collision the lower the amplitude of the H-reflex (see Figure 7 and Figure 8).

It is always recommended keeping the amplitude of the test H-reflex in the ascending limb of
the recruitment curve, where there is no (or very few) collision in the motor axons. The best
fit for the ascending limb of the curve is a sigmoid (Figure 7d) [24]. This fitting is important to
define some parameters that can be extracted from the curve, such as slope, current threshold
and HMAX [10] (see ahead). It is also highly recommended using a test H-reflex amplitude within
the range of 20-30%MMAX [25] because at this amplitude reflexes are more responsive to
conditioning.

4.1.2. H-reflex amplitude and ongoing EMG activity under different conditions

The H-reflex can be evoked in different conditions: at rest, during voluntary muscle contrac‐
tion, in upright stance, during rhythmic movements of different limbs, during walking,
running, and so on [1, 10, 26]. Usually, H-reflex evoked during contraction of the homonymous
muscle shows higher amplitude compared to H-reflex evoked at rest [1, 21] (Figure 9). This
happens because the MNs that were not fired by the afferent volley caused by the electrical
stimulus might reach the firing threshold during contraction due to the summation of EPSPs
generated by the activation of DTs. Figure 9 shows an example of H-reflex obtained at rest and
during tonic voluntary isometric contraction of the SO muscle. When the level of voluntary
contraction increases (more MUs are recruited), the size of the H-reflex increases in parallel
[26]. Therefore, care should be taken when the objective is to study the modulation of the H-
reflex during motor activity as its amplitude depends on the excitability of the MNs in the pool
[21]. In practical terms, it is crucial to maintain a constant level of muscle activity throughout
the experiment [1, 21].

During a sustained voluntary contraction there is a momentary silence in the muscle activity
(silent period) following the H-reflex, as seen in the EMG recording of Figure 10. The silent
period is mainly ascribed to the after-hyperpolarization (AHP) of the MNs after the synchro‐
nous reflex activation, since the EPSPs caused by descending commands cannot ellicit another
spike in the MN during its refractory period (which is related to the AHP). After this period,
the constant descending drive causes the MNs to reach the firing threshold almost at the same
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time, i.e., when the refractory period ceases. This generates a rebound effect that can be seen
in the EMG recordings of Figure 10. Other mechanisms might be involved in the generation
of the silent period such as recurrent inhibition from Renshaw cells [27, 28]. This silent period
has been shown to be useful, e.g. for the quantification of the degree of crosstalk between two
muscles [14] and for the study of involuntary sustained muscle contraction after a train of
stimuli [29].
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Figure 10. EMG recordings (unpublished data; n = 50) from the SO muscle during upright stance showing 100ms of
background muscle activity (B) prior to the delivery of a stimulus to the PTN (A) to generate an H-reflex (H). Following
the H-reflex, a clear silent period (S) of ~100ms is noticed. A rebound effect (R) can also be seen in the interval be‐
tween 150 and 200ms.

Not only tonic voluntary contraction induces changes in reflex excitability. There are pre- and
post-synaptic influences that affect H-reflex amplitude from a variety of sources. Presynaptic
inhibition (PSI) is perhaps one of the most important mechanisms of reflex modulation [30].
By means of PSI the CNS can regulate the excitability of the stretch reflex pathway in different

Figure 9. EMG recordings from the SO muscle showing the H-reflexes elicited in two different conditions, at rest and
during isometric voluntary contraction (unpublished data). The black trace represents the averaged response.
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motor contexts. For instance, it is generally accepted that PSI increases from the standing
position to walking and even more during running [26].

Even in motor tasks involving rhythmic movements of limbs that mimic patterns of locomotor
movements (e.g., arm swing during walking) modulation of reflex responses can be observed.
It has been suggested that arm cycling in an ergometer decreases reflex amplitude of the SO
muscle by increasing the level of PSI [31]. This result has been used as an evidence for the exis‐
tence of a neuronal linkage between upper and lower limbs responsible for coordinated actions
during locomotion [10]. An example of reduced amplitude H-reflex is shown in Figure 11.

Figure 11. Comparison of H-reflex amplitude from the SO muscle at rest and during arm cycling. The constant amplit
tude of the M-wave indicates that there were no changes in stimulus efficacy. The black trace represents the averaged
response. Data based on [32], but figures are unpublished.

It is also possible to explore a wider range of MUs by examining the behavior of the H-reflex
evoked at different stimulus intensities during the performance of a motor task. Therefore,
instead of comparing test reflex responses of a given amplitude (just like those shown in Figure
11) that would represent a single point in the recruitment curve (hence, a limited fraction of
active MUs within the pool), the whole recruitment curve can be analyzed (Figure 12). Several
parameters may then be extracted from the recruitment curve and compared across conditions
[10, 24] and the input-output relations of the system under study can be properly examined.
Figure 12 shows an example of changes in the SO recruitment curve during rhythmic arm
movements using a stepping ergometer. One can notice a reduction in HMAX values as well as
a right shifting of the curve, indicating changes in the threshold of reflex response (see the right
panel of Figure 12). It is also possible to investigate changes in the recruitment gain by
comparing the slope of the ascending curve between conditions. Note that no significant
changes occurred in the M-wave curve (crosses), indicating that the stimulus efficacy was
constant for both conditions.

In an attempt to better describe mechanisms responsible for reflex modulation, protocols based
on conditioning stimulation have been developed. For example, it is possible to assess the level
of PSI under different conditions [33, 34]. The technique (illustrated in Figure 13a) consists in
applying a conditioning electrical stimulus to the CPN (1ms rectangular pulse) and a test
stimulus to the PTN with a conditioning-to-test (CT) interval of 100ms [35] (compare gray and
red traces in the upper panel of Figure 13b). The reflex response conditioned by the CPN
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stimulus will have a lower amplitude as compared to the H-reflex elicited without conditioning
due to the PSI effect. This procedure has been widely used in many research laboratories to
investigate changes in the degree of PSI in different conditions.

Another pre-synaptic mechanism that affects H-reflex amplitude is post-activation depression
(or homosynaptic depression - HD), which consists in a frequency-dependent reduction of
reflex amplitude, i.e., when the stimuli are applied with frequencies higher than 0.1Hz (less
than 10s interval) a depression in H-reflex amplitude is observed supposedly due to a reduced
release of neurotransmitter in the Ia terminal [37, 38]. The HD is also exemplified in the upper
panel of Figure 13b (green curve) that shows an averaged reflex response evoked at every 1s
(1Hz stimulus frequency).

It is interesting to note a further decrease in H-reflex amplitude when both presynaptic
mechanisms are present (PSI+HD; see the blue trace in Figure 13b). This result might be related
to the increased frequency used for the conditioning stimulus (1Hz as compared to 0.1Hz used
to obtain the trace in green) delivered 100ms before the test stimulus (also delivered at 1Hz to
induce HD). Indeed, it was recently shown that an increased conditioning stimulus frequency
enhances PSI of both H- [39] and T-reflexes [36].

4.2. The T-reflex

In section 4.1 we presented a technique for the assessment of stretch reflex excitability based
on transcutaneous electrical stimulation (the H-reflex). Here we are going to discuss another
way to investigate the same pathway by using a mechanical stimulus applied to the tendon in
opposition to the electrical current applied to a peripheral mixed nerve. The target again will
be the SO muscle. This technique has been used by clinicians to assess the integrity of the spinal

Figure 12. Recruitment curves obtained in two distinct conditions, at rest (blue) and during rhythmic arm movement
(red). a) It is possible to note a decrease in HMAX amplitude along with a right shift of the red curve. Note that the M-
wave recruitment was very similar in both conditions. b) A closer inspection reveals a slight change in recruitment gain
as indicated by the steeper slope of the blue curve compared to the red one. A clear change in H-reflex threshold can
also be observed. Data based on [10], but figures are unpublished.
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cord after injury or in neuropathologies [40]. Perhaps, the main concern about the use of this
technique in scientific research is to maintain the mechanical stimulus consistent throughout
the experiment. Several investigators have used an instrumented hammer [41, 42] designed to
apply a somewhat controlled mechanical percussion to the tendon. An alternative approach
is to use a powerful electromechanical shaker to achieve tendon mechanical stimulation [43].
The tip of the shaker is lightly pressed against the Achilles tendon to ensure reasonable
stimulus reproducibility. The shaker can be controlled via software that provides the desired
input waveform shape, amplitude and duration (e.g., a sinusoidal cycle with 10ms duration
and excursion of ~3mm). An inbuilt accelerometer is a reliable alternative to provide a feedback
from the shaker tip excursion and monitoring stimulus consistency [3, 43].

Figure 13. a) Schematic of the experimental setup for testing the presynaptic inhibition pathway. The test stimulus
was either electrical (Stim2) or mechanical (indicated by the shaker in contact with the SO tendon). The interval be‐
tween conditioning (Stim 1) and test stimuli (CT interval) was 100ms. SO afferent activation is shown in the dashed
circle. For the H-reflex a single action potential is generated per Ia fiber, whereas the tendon stimulus evokes a burst
of firing in Ia afferents. This difference might be responsible for the lesser sensitivity of the T-reflex to PSI as compared
to the H-reflex (see text for details). b) Upper panel: Averaged H-reflex waveforms obtained in the SO muscle under
different conditionings as compared to the control or no-conditioning case (in dark gray). The trace in red shows an H-
reflex conditioned by a 1ms stimulus to the CPN to induce PSI on the afferent terminals of the SO muscle. The green
trace represents the H-reflex under homosynaptic depression, HD (stimulus applied to the PTN at 1Hz). When the test
and conditioned responses were obtained with interval of 1s (conditioned and test stimuli applied at 1Hz) an addi‐
tional inhibition was observed (blue trace; HD+PSI). The vertical arrow shows the instant of stimulus delivery. Lower
panel: the same as for upper panel showing the T-reflex. Note the longer delay as compared to the H-reflex (indicated
by a horizontal dashed line). Results similar to those observed in H-reflex were attained for condition PSI+HD. Data
based on [36], but figures are unpublished.

The main difference between both techniques (H and T reflexes) is that in the case of the H-
reflex the stimulus bypasses the muscle spindles (it is applied directly to the nerve, see Figure
6). To generate the T-reflex the stimulus is applied distally, on the tendon of the muscle of
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interest. The mechanical percussion induces a brief muscle stretch leading to the activation of
spindle afferents. As a consequence, the mechanical stimulus generates a burst of firing in each
afferent axon (mainly in Ia afferents). In contrast, the electrical stimulation produces only one
spike per axon and at a more fixed latency (less sparse spikes arriving to the MN pool) than
the burst due to the tendon tap [20] (see dashed circle in Figure 13). Therefore, the effect of
asynchronous afferent bursts on the Ia-MN synapses will be different from a less dispersed
volley of single action potentials. The MN depolarization (sum of EPSPs) generated by a more
asynchronous afferent volley would produce a long rising time course in the membrane of the
MN, giving time to other inputs (e.g., Ib afferents; see also Figure 6) mediated by oligosynaptic
pathways to exert influence on the membrane of the postsynaptic cell [20]. Therefore, condi‐
tioning effects on T-reflex might be different from effects observed on H-reflex. For instance,
T-reflex has been shown to be less responsive to a conditioning that induces PSI compared to
the H-reflex [44] (see Figure 13). Despite the relatively lower sensitivity to PSI, the T-reflex also
showed a stronger inhibitory effect when the conditioning stimulus was applied at higher
frequency (1Hz), as for the H-reflex (see previous section) [36]. However, postsynaptic effects
(e.g., mediated by RI) may have similar strength for both reflexes (see section 5.2.1; [44, 45])
regardless of the stimulus frequency.

Another important difference is related to the sensitivity of reflex responses to the fusimotor
system excitability. T-reflexes are differentially susceptible to γ-MN activity (that regulates the
muscle spindle sensitivity) as compared to H-reflexes [46]. All these aspects need to be taken
into account in the interpretation of results and/or comparisons between both types of reflex
responses.

4.3. The F-wave

F-waves are recorded routinely in clinical neurophysiological practice [47]. The F wave is a
late response that occurs in a muscle following stimulation of its motor nerve, evoked by
antidromic activation (“backfiring”) of a fraction of the MNs. Typically, F-waves are evoked
in response to a strong electrical stimulus (supramaximal stimulation) applied to a peripheral
nerve. Action potentials traveling orthodromically reach the muscle fiber, thereby eliciting a
strong M-response (MMAX). The action potentials traveling antidromically (see arrows in Figure
6) reach the cell bodies of the MNs making a small fraction of them to fire. This causes
orthodromic action potentials to travel back towards the muscle, generating a relatively small
amplitude CMAP called F-wave. Several measurements can be done on the F responses,
including peak-to-peak amplitude, duration, latency (period between stimulation and F-wave
response), and persistency (number of F-waves obtained per number of stimulations). Most
electrophysiologists agree that F-wave latency constitutes a valuable parameter that reflects
conduction properties of motor axons, being even more reliable than distal motor conduction
measurements used to detect mild or early generalized abnormalities [48]. Although the use
of F waves for assessing MN excitability is controversial [49], they are sensitive to changes in
MN excitability [48] and have been used to assess it in a variety of protocols [50, 51]. In contrast
to the H-reflex, which is influenced by presynaptic effects (PSI and HD), the F response is not
a reflex (is not elicited by Ia volley), hence its generation is related solely to the MN membrane
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potential, which depends on the EPSPs and IPSPs the MN is receiving. Figure 14 shows F-wave
recordings from the SO muscle (in response to supramaximal stimulation to the PTN) obtained
in a subject at rest.

Figure 14. Nine superimposed EMG signals from the SO muscle showing stimulus artifacts, M-waves (MMAX) and F-
waves obtained in response to supramaximal stimulation (rectangular pulses with 0.2ms duration) delivered to the
PTN of a resting subject (unpublished data). Surface stimulating electrodes were positioned with the cathode (2cm2)
on the popliteal fossa and the anode (8cm2) on the patella. The stimulus intensity used to elicit F-waves was above
that necessary to elicit MMAX. The same recordings are shown in a and b, with different amplitude gains (note the cali‐
bration bars).

4.4. The V-wave

As described in section 4.1, when a supramaximal stimulus is delivered to the nerve of a relaxed
muscle, an M-wave is observed in the EMG with short latency and no H-reflex is observed due
to the collision (see Figure 8) between antidromic and orthodromic spikes (there could be F-
waves, but they are not our focus here). However, if the subject maintains a steady voluntary
contraction, and the same supramaximal stimulus is delivered to the peripheral nerve, a reflex
response appears at a latency equal to the H-reflex. This reflex response, frequently referred
to as a V-wave (associated with a voluntary drive), is an electrophysiological variant of the H-
reflex and is used to measure the level of efferent drive [52-54].

The rationale behind the genesis of this response is that the descending drive activates a subset
of MNs in the spinal cord making their axons conduct action potentials orthodromically. These
action potentials collide with the antidromic volley generated at the electrical stimulation site
by the supramaximal stimulus applied to the peripheral mixed nerve. Thus, this subset of MNs
(recruited by the descending command) will be susceptible to be activated by the reflex afferent
volley generated by the supramaximal electrical stimulus. Hence, the V-wave amplitude
roughly reflects the number of spinal MNs being activated by the volitional drive, as well as
the excitability associated with the stretch reflex pathway (previously discussed in section 4.1).

This electrophysiological measure has been used in several human neurophysiology studies,
for instance: (1) neuronal plasticity associated with resistance training in healthy subjects [52];
(2) short-term effects of neuromuscular electrical stimulation [55]; (3) multiple sclerosis [56].
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In the next section, we will present simulation results regarding the mechanisms behind the
genesis of the V-wave.

5. Results from simulations

5.1. General description of the simulator

In this section, we will present simulation results that are valuable to better understand some
mechanisms underlying the conditioning of muscle activity discussed previously in this
chapter. The simulations were carried out in a multi-scale web-based neuromuscular simulator
(dubbed ReMoto) that is freely accessible at http://remoto.leb.usp.br. A complete description
of the simulator may be found elsewhere [4, 5]. Briefly, the simulator provides a detailed
modeling of four spinal motor nuclei that command leg muscles responsible for ankle
extension (SO; medial gastrocnemius - MG; lateral gastrocnemius - LG) and ankle flexion (TA).
Each nucleus encompasses a MN pool and spinal INs mediating recurrent inhibition (by means
of Renshaw cells), RI (by means of inhibitory Ia INs that receive inputs from antagonist
muscles), and Ib inhibition. Individual spinal neurons are modeled following biophysical data
from both cat MNs and INs, including active ionic channels responsible for the genesis of action
potentials (sodium and fast potassium) and afterhyperpolarization (slow potassium). MN
dendrites have an L-type calcium channel yielding a persistent inward current that is activated
by the presence of neuromodulators in the spinal cord [57]. Ia and Ib afferents are present in
ReMoto so as to allow studies on spinal reflexes (e.g., H-reflex) generated by electrical
stimulation applied to a nerve (PTN for SO, LG and MG; CPN for TA). Model parameter values
(e.g., axon conduction velocity, ionic channel time constants, maximum synaptic conductan‐
ces) and default numbers of elements (i.e. spinal neurons and afferents) are based on experi‐
mental data from cats or humans. Some of the parameter values were adjusted so that the
dynamic behavior of an individual model matches those experimentally observed in cats or
humans, for example, MN frequency-current (f-I) curves, post-synaptic potentials time course,
and IN discharge patterns.

The MN pool drives muscle units, which generate both electrical (MUAPs) and mechanical
activity (force twitches). For each muscle, one output is the EMG, expressed as the sum of all
MUAPs, and the other output is force, being the sum of the twitches of all muscle units. Muscle
twitches are modeled as the impulse responses of second-order critically-damped systems [58].
MUAPs occurring at the muscle surface are modeled by first- and second-order Hermite-
Rodriguez functions [59], which are randomly attributed to each MU. MUAP amplitude and
durations are chosen to match intramuscular MUAPs recorded from humans. To model the
MUAP recorded by bipolar surface electrodes at the muscle’s surface, each intramuscular
signal is re-scaled depending on the MU positioning within the muscle cross-section [60], thus
representing the spatio-temporal filtering due to the volume conductor (see section 2.2). A
white Gaussian noise is added to the resultant surface EMG and this signal is band-pass filtered
to mimic a real EMG signal recorded in experiments.
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Volitional muscle control is represented by the generation of random trains of action potentials
in the DTs, which are modeled by independent nonhomogeneous renewal point processes
with Gamma-distributed ISIs. The instantaneous firing rate or the ISI of these point processes
can be modulated by mathematical functions (e.g., sinusoid and ramp) in order to generate
dynamic motor behaviors, such as rhythmic muscle activity.

Recently, a detailed muscle spindle model was added to the simulator’s structure, so that
stretch reflex responses can be studied with the simulator [61]. This model (fully described in
[62]) represents the nonlinear dynamics of three intrafusal muscle fibers (bag 1, bag 2 and
chain). The combination of the fibers’ tensions yields the instantaneous activity of the Ia and
II afferents. Each intrafusal fiber has an active element, which represents the static and dynamic
fusimotor activity coming from gamma MNs. A single muscle spindle model lies in parallel
with each muscle model so that muscle stretch and stretch velocity modulate intrafusal fiber
tension and consequently the afferent activity. Primary (Ia) and secondary (II) afferent
activities are translated into spike trains that are transmitted to the spinal cord through an
ensemble of peripheral nerve axons with an associated distribution of conduction velocities
(type II afferents are at the moment available only in a downloadable version at the website).
In order to represent the ISI variability observed in afferent axons [63], each spike train is
represented by a non-homogeneous renewal point process with Gamma-distributed ISIs,
whose intensity is modulated by the correspondent muscle spindle output (i.e., Ia or II). In
addition, a linear recruitment of afferents is adopted so that during low afferent activity only
a small fraction of afferents are discharging and the increase in afferent activity (from muscle
spindle model) results in the recruitment of additional afferent axons.

5.1.1. Simulated H and T reflexes

H and T  reflexes  can  be  studied  in  ReMoto  by  activating  (electrically  or  mechanically)
the  monosynaptic  pathway encompassing Ia  afferents,  MN pool,  and muscle  (including
the spindle). Oligosynaptic pathways [23] that may contribute to the H and T reflexes are
not yet available in the simulator. Due to its multi-scale structure one may evaluate neu‐
rophysiological  mechanisms and test  hypotheses that are unfeasible with human experi‐
ments.  Recent  results  [64]  of  conditioning  effects  on  H  and  T  reflexes  are  presented
below, with emphasis  on RI,  which is  an important  inhibitory pathway associated with
the control of movements [65, 66].

The friendly interface of ReMoto allows the easy set up of H- and T-reflex simulations using
the structure depicted in Figure 15. The SO motor nucleus encompasses 900 type-specified
MNs (800 S-type, 50 FR-type, and 50 FF-type), which receives synaptic contacts from Ia
afferents (400 with 90% connectivity) of the PTN. In order to generate test H-reflexes, electrical
stimuli (1ms rectangular pulses) are delivered at the nerve in a point equivalent to the popliteal
fossa (0.66m from the spinal cord and 0.14m to the muscle end-plate). Figure 16a shows the
M-wave and H-reflex generated by a 13mA stimulus without conditioning, as well as the
discharge times of Ia afferents and MUs that were recruited directly by the electrical stimulus
(early recruited MUs) and reflexively by Ia-to-MN excitation, respectively.
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Figure 15. Schematic diagram of the neuromuscular system used to simulate H-reflex, T-reflex and V-wave of the SO
muscle. An electrical pulse with appropriate amplitude delivered to the PTN elicits a direct M-wave and a test reflex (H-
reflex), which can be observed in the simulated EMG. Similarly, the V-wave can be generated after a supramaximal
stimulus delivered to the PTN during a sustained voluntary contraction evoked by the activity of DTs. Test T reflexes
can be observed in the EMG after the application of an idealized SO muscle stretch (ΔL) that evokes a phasic response
of muscle spindles and a burst of firing in Ia afferents. To simulate a conditioned H- or T-reflex due to RI, the antago‐
nist CPN was stimulated with a CT interval equal to -3ms. For the T-reflex, an additional 7ms interval was added to
account for the difference in reflex latencies.

Test T-reflexes can be simulated by applying an idealized stretch (10ms triangular-shaped
stretch) to muscle fibers (see the schematic in Figure 15 and the time course in the lower panel
of Figure 16b) in order to evoke a response in the muscle spindle model, which reflexively
activates the spinal MNs by means of Ia afferents. The upper panel in Figure 16b shows the T-
reflex generated with amplitude similar to the H-reflex described in the paragraph above
(~25%MMAX). It is worth noting that in these simulations a similar number of spinal MNs were
recruited by the afferent volley evoked by the electrical (H-reflex) and mechanical stimulus
(T-reflex), suggesting that despite the asynchronous discharge in Ia fibers during the T-reflex
(see Ia afferent discharges in Figure 16b; [20]), the excitatory post-synaptic effect is similar
between the electrically- and mechanically-evoked reflexes. A remarkable difference between
these reflexes is the latency in which each wave is observed in the simulated EMG. The T-reflex
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is shifted by approximately 7ms with respect to latency of the H-reflex, which represents the
conduction time between the point of mechanical (muscle tendon) and electrical (popliteal
fossa) stimulations [44, 45] (see also the vertical line in Figure 13b for experimental data).

Figure 16. Simulated H and T reflexes (data based on [64], but figures are unpublished). a) From top to bottom: SO
EMG showing the M-wave and the test H-reflex; raster plots of MU discharges at the muscle end-plate; raster plots of
Ia afferent discharges at the popliteal fossa; and electrical stimulus delivered to the PTN at the popliteal fossa. b) From
top to bottom: SO EMG showing the test T-reflex; raster plots of MU discharges at the muscle end-plate; raster plots of
Ia afferent discharges at the popliteal fossa; and idealized mechanical stimulus (normalized to the optimal muscle
length, L

0
) delivered directly to the muscle spindle model. In both simulations, Ia afferents had a random low-frequen‐

cy background discharge, which is compatible with the experimental data recorded from humans [63, 67]. Differences
in latencies between the H- and T-reflex are due to the different places of stimulus application.

5.1.2. Conditioning effects from the activation of the reciprocal inhibition pathway

In this set of simulations, we have evaluated the conditioning effects of the RI pathway on the
amplitude of H and T reflexes. Test reflexes were evoked as described in the preceding section;
nevertheless, a conditioning stimulus was applied to the CPN, which innervates the antagonist
muscle (see schematic in Figure 15), in order to elicit an afferent volley to the inhibitory Ia INs
(IaINs) that make inhibitory synapses on the SO MN pool. The stimulus amplitude (1ms
duration) delivered to the CPN was 1.1MT (i.e. 10% above the MT). In addition, the connec‐
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tivity between Ia afferents and IaINs was set at 100%, while a 20% connectivity was adopted
in the IaINs-to-MNs pathway. Similarly to experimental studies, a CT interval equal to -3ms
was adopted for the H-reflex simulations (i.e. the conditioning stimulus was delivered 3ms
before the test stimulus). To account for the difference in reflex latencies, 7ms was added to
the CT interval in T-reflex simulations [44, 45].

Top panels in Figure 17 (a and b) show the EMGs of the SO muscle for a control condition (red
curves) and when a conditioning stimulus was applied to the CPN (black curves). RI reduced
the H-reflex amplitude by ~40% of its control value (Figure 17a), whereas the amount of
inhibition observed in T-reflex was ~53% of its control value (Figure 17b). This difference was
not statistically significant (t-Student test; p > 0.05; n = 5), supporting the hypothesis that the
post-synaptic effect is similar in both H and T reflexes [45].

Figure 17. Conditioning effects of the reciprocal inhibition (RI) on H and T reflexes. Data based on [64], but figures are
unpublished. a) Simulated SO EMGs showing M waves and the H reflexes evoked with (black curves) and without (red
curves) a conditioning stimulus delivered to the CPN (five repetitions for each condition). b) The same as a but for T
reflexes. c) Raster plots of MU discharges at the muscle end-plate for a single simulation of H-reflex in a control condi‐
tion (left-side graph) and with a conditioning stimulus delivered to the CPN (right-side graph). d) The same as c but for
a single simulation of T-reflex. e) Membrane potential time course of a single MN during a H-reflex simulation. The
left-side graph shows an action potential generated in a control condition, whereas the right-side graph shows the
post-synaptic potentials observed when a conditioning stimulus is delivered to the CPN. f) The same as e but for a
single MN during a T-reflex simulation. The zero in all displayed abscissas indicates the moment when the stimulus
(either electrical or mechanical) was delivered.
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Approximately the same number of spinal MNs was de-recruited by the RI in both reflexes
(see Figure 17c and d), with a more pronounced effect on high-threshold neurons. This finding
(which is readily accessible in the simulator, but not in human experiments) can be explained
by the higher input conductance of these cells, which yield smaller compound excitatory post-
synaptic potentials (EPSP). Hence, these cells will be operating near their firing thresholds,
which means that they will be more easily de-recruited by the arrival of small IPSPs (see right-
side graphs in Figure 17e and f). Another result that is unique to the simulations is the recording
of intracellular membrane potentials. In the lower panels of Figure 17 (e and f), the membrane
potential of a single MN is shown. In a control condition (i.e. without conditioning), this MN
is recruited by both electrically- and mechanically-evoked synaptic volleys (left-side graphs).
Similarly, the arrival of an IPSP is effective in de-recruiting this MN in both reflexes (right-side
graphs), suggesting that RI has a similar effect on these responses. In addition, the compound
EPSP observed in the MN soma has a similar time course for both reflexes, reinforcing the
hypothesis that post-synaptic effects are similar between H- and T-reflexes [45].

5.2. Simulated V-wave

As described in section 4.4, the V-wave is believed to reflect the level of the efferent drive
maintained by a voluntary command. To test this hypothesis, we have used the neuromuscular
simulator described above to generate V waves in the SO muscle [68]. The structure depicted
in Figure 15 (with exception of the conditioning stimulus) was also used in this simulation,
with the MN pool encompassing 900 type-identified MNs and 100 independent axons
representing the DTs. The spike train associated to each DT axon was modeled as Poisson point
processes with a given mean intensity and the connectivity between DTs and the MN pool was
fixed at 30%. At time 1s, a supramaximal electrical stimulus was delivered to the PTN evoking
an MMAX and subsequently a V-wave. Changes in V-wave amplitude (normalized with respect
to the MMAX) were evaluated by changes in the mean ISI of DTs, mimicking the neuronal
plasticity that is supposed to occur after training [52, 55, 56].

Figure 18 shows the simulated SO EMG (upper panels) for two different intensities of the
descending drive (mean ISI equal to 3.8ms in Figure 18a and 3ms in Figure 18b), which were
chosen to match the ratio V/MMAX observed in the literature [52]. The increase in the ratio
reflects the increase in the number of active MNs (from 233 to 426; see lower panels in Figure
18), which roughly corresponded to the number of MNs discharging before the electrical
stimulation. This information cannot be accessed in human experiments, emphasizing,
therefore, the relevance of mathematical modeling and computer simulations.

The reader can notice that the background EMG activity before the stimulus delivery is slightly
different between the two simulated conditions. However, the interference pattern is more
susceptible to nonlinear summation and cancellation of MUAPs. Therefore, the V-wave may
be a more reproducible and reliable measure of the efferent drive, which can increase or
decrease due to different factors, e.g, neuronal plasticity following training and hyper-
excitability of spinal MNs following neurological diseases, such as stroke and amyotrophic
lateral sclerosis [54, 56].
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Figure 18. V-waves (arrows) preceded by M-waves in ReMoto simulation of SO EMG (upper panels). Raster plots of
MN spikes (lower panels). a) Lower-intensity descending drive. b) Higher intensity descending drive. Data based on
[68].

6. Conclusion

In this chapter we have discussed several aspects regarding the use of surface EMG in a variety
of human neurophysiology protocols. Different conditioning effects on the interference pattern
and phasic responses, which can be used to infer spinal cord mechanisms, were presented and
discussed. Finally, in order to refine the understanding of some underlying mechanisms
involved in motor control, as well as to facilitate the interpretation of EMG data, we have
introduced a comprehensive web-based simulator of the neuromuscular system with open-
access and a friendly interface. The simulation results can be used to test hypothesis raised
from the analysis of experimental data and to propose new questions to be addressed in
different experimental protocols. The techniques and models presented here might be useful
for researchers/clinicians who intend to conduct experiments on both healthy subjects and
patients with neuromuscular disorders.
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Clinical Quantitative Electromyography
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Additional information is available at the end of the chapter
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1. Introduction

Human muscles are composed of motor units and each motor (MU) unit is composed of a
specific α-motor neuron and the muscle fibres it innervates. A motor neuron innervates the
muscle fibres of a MU via the neuromuscular junction (NMJ) formed at the terminal end of
each branch of its axon. Voluntary muscle contractions are initiated when the central nervous
system recruits MUs by activating their motor neurons, which in turn, via their NMJs, activate
their muscle fibres. At each NMJ, a region of transmembrane current is produced across the
sarcolemma membrane of its corresponding fibre when the motor neuron is activated (i.e.
discharges an action potential). This transmembrane current creates a change in transmem‐
brane potential (or action potential) which propagates along the fibre and initiates/co-ordinates
its contraction [1]. The currents creating the action potentials of the activated fibres of recruited
MUs summate to create dynamic electric fields in the volume conductor in and around
muscles. Electrodes placed in these electric fields detect time changing voltage signals which
are the electromyographic (EMG) signals discussed in this chapter. When a muscle is affected
by a neuromuscular disorder, characteristics of its action potentials, and as a result of the EMG
signals they create, change depending on whether the muscle is affected by a myopathic or
neurogenic disorder and the extent to which the muscle is affected. Therefore, quantitative
EMG signal analysis can be used to support the diagnosis of neuromuscular disorders. Clinical
quantitative electromyography (QEMG) attempts to use the information contained in an EMG
signal to characterize the muscle from which it was detected to support clinical decisions
related to the diagnosis, treatment or management of neuromuscular disorders.

The main objective of this chapter is to provide an overview of different clinical EMG (detec‐
tion, measurement and analysis) techniques and the information available in an EMG signal
depending on how it was detected (i.e. what type of electrode was used and during what type
of muscle activation protocol). How to extract and utilize information from EMG signals to
clinically characterize the corresponding MUs and subsequently the whole muscle will also



be covered. Descriptions of muscle electrophysiology, EMG detection electrodes and infor‐
mation extraction techniques for surface and intramuscular electrodes are provided. A review
and comparison of applications of EMG techniques for clinical decision support concludes the
chapter.

2. Muscle morphology, physiology and electrophysiology

2.1. Morphological and physiological description of a muscle

2.1.1. MU structure and layout

Each muscle consists of muscle fibres. The muscle fibres of a muscle are grouped according to
their innervating α-motor neuron. A MU refers to a single α-motor neuron and the muscle
fibres it innervates [5]. A voluntary muscle contraction is initiated by the activation of motor
neurons whose axons propagate action potentials to their terminal ends where they join with
a muscle fibre via a NMJ as shown in Fig.1. More specifically, a NMJ is the area where the axon
terminal of a motor neuron axon innervates a muscle fibre. In a normal muscle, when a motor
neuron is activated (i.e. discharges an action potential) each of its innervated muscle fibres are
also activated via their respective NMJ. At each NMJ, following the arrival of the action
potential at its axon nerve terminal, a region of transmembrane current is produced across the
sarcolemma membrane of its corresponding fibre which creates a change in muscle fibre
transmembrane potential (or a muscle fibre action potential) which propagates along the fibre
and initiates/co-ordinates its contraction. Therefore, in normal muscle, activation of a motor
neuron causes all of its innervated muscle fibres to contract and contribute to the force
generated by the muscle.

For each muscle, there is a pool (or group) of motor neurons which are activated during a
voluntary muscle contraction. The number of muscle fibres in a certain motor unit and the
diameter of these fibres determine the size of the motor unit or the magnitude of its contribution
to the muscle force created. The number of muscle fibres within a motor unit is not constant.
Most muscles have large numbers of smaller MUs and smaller numbers of larger MUs. The
distribution of the MU sizes of a muscle determines how precisely its force can be controlled;
the smaller the motor unit, the more precise its force and function.

A MU territory is the cross-sectional area of a muscle in which the fibres of a MU are randomly
located. For a normal MU, its MU fibres are randomly positioned throughout its territory. MU
territories can be conceived to be circular, with diameters taking values between 10 and 15 mm
depending on the size of the MU. In addition, the MU territories of the MUs of a muscle are
greatly overlapped. Therefore, in a normal muscle, adjacent muscle fibres rarely belong to the
same MU. Instead, the muscle fibres of a MU are interdigitated with muscle fibres of many
other motor units. The interdigitation and spatial distribution of the fibres of the MUs of a
muscle, help evenly distribute the contributions of MUs to muscle force.

Electrodiagnosis in New Frontiers of Clinical Research90



Figure 1. A motor unit [30]

2.1.2. MU activation (recruitment and rate coding)

When a MU is recruited, its motor neuron discharges a train of action potentials that propagate
along its axon and, as described above, cause the muscle fibres of the MU to contract. The
recruitment of only one MU leads to a weak muscle contraction. The recruitment of additional
MUs leads to the activation of more muscle fibres and, as a result, muscle contraction becomes
gradually stronger. Changing the rate at which a MU fires (i.e. the rate at which its motor
neuron discharges an action potential) can also change the average force produced by a muscle.
Therefore, muscle force is modulated by concurrent changes in the number of MUs recruited
and their rates of firing.

Motor unit recruitment or derecruitment refers to the activation or deactivation of a MU or
population of MUs and thus the subsequent addition or subtraction of the forces produced by
its or their muscle fibres, respectively, to the overall muscle force. Motor unit recruitment
strategies vary depending on the inherent properties of the specific motor neuron pools of a
muscle. Smaller muscles with smaller pools or numbers of MUs tend to recruit all of their MUs
earlier during an increasing force contraction and often have all of their MUs recruited at 30%
of maximal voluntary contraction. Larger muscles with large numbers of MUs recruit MUs
throughout the entire range of force generation.

In general, the firing times of a healthy MU can be modeled as a Gaussian renewal point process
and the firing times of different MUs are usually independent of one another. Intervals between
the firing times of a particular MU are referred to as inter-discharge intervals (IDIs) and the
rate at which a MU fires is simply called its firing rate and often measured in pulses per second
(pps)... MU rate coding refers to changing the firing rate of a MU (i.e. the inter-discharge
intervals between motor neuron discharges). MUs are initially recruited with firing rates of
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about 8 – 10 pps and can increase their firing rates up to 25 to 50 pps. In general, as the intended
force of a contraction exceeds the recruitment threshold of a MU, its firing rate will increase.

In general, MUs are recruited in order of their size. When the muscle is initially activated, small
MUs are recruited first. As the strength of a muscle contraction increases, MUs of progressively
larger size are recruited [25]. The result of this process of adding sequentially larger MUs is a
smooth increase in the created muscle force [32]. This orderly recruitment of sequentially larger
MUs is referred to as the "Henneman size principle” or simply the "size principle" [32], [34],
[35]. Henneman et al. noted that motor axon diameter, conduction velocity and, by further
investigation, motor neuron size all increase with functional threshold [32]. There are excep‐
tions to the size-ordered activation of MUs. For example, MU recruitment patterns can vary
for different movement tasks, depending on muscle function, sensory feedback, and central
control [34]. The force produced by a single MU is partly determined by the number and sizes
of the muscle fibres in the motor unit (i.e. the MU size). Another important determinant of
force is the frequency with which the muscle fibres are activated. Due to the Henneman size
principle mentioned above, force increments due to recruitment are small, whereas during
higher force contractions, force increments become much larger.

2.2. Muscle electrophysiology

An innervated muscle fibre is activated when the currents created by the activity of its NMJ
create a transmembrane action potential that then propagates in both directions along the
muscle fibre away from the NMJ initiating and coordinating contraction of the fibre. In other
words, action potentials propagate along the axon of a motor neuron to activate the muscle
fibres of a MU. The currents creating the action potentials of the activated muscle fibres linearly
contribute to a spatially and temporally dynamic electric field created in the volume conductor
in and around a muscle. The strength and spatial and temporal complexity of the created
electric field is determined by the number of MUs active and their size and spatial extent.
Electrodes placed in this electric field can be used to detect a time changing voltage signal (i.e.
an EMG signal).

3. EMG signals

3.1. Volume conduction and detection of EMG signals

“Volume conduction is the spread of current from a potential source through a conducting
medium, such as body tissues” [6]. Simulation models have been devised so that the effects of
having different kinds of volume conductors and arrangements of detection electrodes on an
EMG signal can be studied [67].

The voltage signal detected when measuring the dynamic electric field created in the volume
conductor surrounding a muscle fibre by the currents that flow to create and propagate a
muscle fibre action potential, is called a muscle fibre potential (MFP). In turn, the detected
voltage signal associated with the firing of a MU is called a motor unit potential (MUP). A

Electrodiagnosis in New Frontiers of Clinical Research92



MUP is actually the sum of the MFPs of it muscle fibres. The train of detected MUPs created
by the repeated firing of the same MU is referred to as a motor unit potential train (MUPT).
Thus, a MU can be represented by its MUPT or by a MUP template; which is an estimate of its
typical or expected MUP shape. The detected MUPTs created by all of the active MUs during
a muscle contraction summate to comprise a detected EMG signal. Thus, a detected EMG signal
contains contributions from all of the muscle fibres active during a muscle contraction. The
term “interference pattern” is also used to refer to the EMG signal detected during a muscle
contraction.

Due to different distances between a detection electrode surface and the individual muscle
fibres of a MU, the size and frequency content of the MFP contributions of the various fibres
to the MUPs generated by a MU vary among the different fibres of the MU. There is an inverse
relationship between both the amplitude and high frequency content of MFPs, and the distance
between the contributing muscle fibre and the electrode detection surface such that muscle
fibres that are closer to the detection surface [6] contribute larger and higher frequency content
MFPs. In addition, the peaks of individual MFP contributions occur at different times,
indicating that their associated muscle fibre action potentials are not synchronously propa‐
gating past or “arriving” at the electrode detection surface [6]. The difference in their arrival
times is referred to as their temporal dispersion. Temporal dispersion is caused by the different
conduction distances between the NMJs of the fibres of a MU and the electrode detection
surface and the different muscle fibre action potential conduction velocities of the fibres of a
MU. The number of muscle fibres contributing significant MFPs to a MUP and their respective
temporal dispersions will determine the size and complexity of a detected MUP. The stability
of the MUPs of a MU refers to how similar its detected MUPs are across multiple motor neuron
discharges. MUP stability is primarily dependent on the consistency of the times required by
the NMJs of a MU to initiate a muscle fibre action potential on their respective muscle fibre
and the consistency of the propagation velocities of the initiated muscle fibre action potentials.

In addition to the concepts of MFPs, MUPs and MUPTs, there are additional extrinsic and
intrinsic  factors  that  impact  the  characteristics  of  a  detected  EMG  signal.  The  extrinsic
factors depend on the structure and placement of the electrode detection surface. Extrin‐
sic factors include: the area, shape and distance between electrode detection surfaces; the
location  of  the  electrode  detection  surface  with  respect  to  the  NMJs  of  the  muscle;  the
location of the electrode detection surface with respect to the lateral edge of the muscle;
and the orientation of the electrode detection surface with respect to the direction of muscle
fibre action potential propagation [45]. Specific electrode configurations and their applica‐
tions are described below. Intrinsic factors are related to inherent characteristics within the
muscle itself. Intrinsic factors include: the number of active MUs, the fibre type composi‐
tion of the muscle, the amount of blood capable of flowing through the muscle during the
contraction, the diameters, depths and locations of the active fibres, and, for surface EMG
signals, the amount of tissue between the surface of the muscle and the electrode detec‐
tion surface [45].
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3.2. Specific electrode configurations for detecting EMG signals

One way of envisaging an EMG electrode is to compare it to a receiving antenna. For telecom‐
munications, dynamic electromagnetic signals propagate throughout air and an antenna
detects these signals. Air in this case is analogous to the volume conductor throughout which
currents spread. An EMG electrode acts as an antenna detecting, in this case, dynamic voltage
signals generated by the activity of muscle fibres from which currents propagate throughout
the volume conductor surrounding the muscle fibres and muscles [24].

Electrodes used to detect EMG signals are actually transducers that allow the electric fields
created in the volume conductor surrounding muscle fibres by the ionic currents associated
with muscle contraction to be detected and amplified using standard instrumentation
amplifiers which are dependent on electronic currents. EMG signals can be detected using a
bipolar electrode configuration; measuring the voltage difference using two, or more, active
electrodes, or a monopolar electrode configuration; with one reference (passive) electrode and
one active electrode. In general, an EMG signal can be detected using a surface or intramuscular
electrode configuration. Accordingly, there are two classes or types of EMG signals, surface
and intramuscular EMG signals, respectively.

3.2.1. Surface electrodes

Surface EMG electrodes are placed on the skin overlying a muscle. It is typical for surface EMG
signals to be detected using a bipolar electrode configuration consisting of two electrodes with
surface areas approximately equivalent to that of a 1 cm by 3 cm rectangle and with approxi‐
mately 1 cm spacing. However, surface electrode arrays with more than 2 electrodes, smaller
detection surfaces and electrode spacing have been developed. Huppertz et al. used two
columns of electrodes [7] to detect surface EMG. In [13], a 2-dimensional array of electrodes,
which consisted of 128 electrodes in total, was used.

3.2.2. Intramuscular electrodes

Intramuscular (or needle) electrode configurations are inserted through the skin and into a
muscle. Intramuscular EMG signals can be detected using various needle electrode configu‐
rations. Below are some characteristics of clinically used needle electrodes. (Concentric and
monopolar needle electrodes are the most commonly used needle electrodes.)

3.2.2.1. Needle electrodes

1. Concentric needle electrodes

A concentric needle electrode consists of a needle cannula in which an insulated core conductor
is positioned. The cannula and core conductor are cut at a 15o angle to expose the active
detection surface. A concentric needle electrode usually has an elliptical active detection
surface area of 0.07 to 0.08 mm2 provided by its core conductor while its cannula serves as the
reference electrode [6].
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2. Monopolar needle electrodes

A monopolar needle electrode consists of a solid stainless steel needle coated with insulation
except for its distal tip, which serves as the active detection surface. The reference detection
surface consists of either another monopolar needle electrode or a surface electrode. Compared
to a concentric needle electrode, a monopolar needle electrode has a larger active detection
surface area of about 0.2 mm2. [6].

3. Single fibre needle electrodes

A single-fibre EMG (SFEMG) needle electrode consists of a hollow cannula, which contains an
insulated core exposed through a side port 7.5 mm from the tip of the cannula. The circular
active detection surface has a diameter of 25 µm [6]. The surface of the cannula serves as the
reference electrode.

3.3. Potential Information content

The electrode configuration and muscle activation protocol used to detected EMG signals
depends on the objectives of the investigation being completed

3.3.1. Surface EMG signals

Because surface electrodes are placed on the skin overlying a muscle, whose muscle activation
related electric fields they are detecting, the various distances between specific MUs and the
muscle fibres of those MUs to the electrode detection surface(s) are large and relatively equal.
As such, the MUPs of different MUs are composed of primarily of low frequency components
(50 to 200Hz) and quite similar in shape and it is difficult to discriminate between the activities
of different MUs. As the detection surface area increases more MUs become essentially equi-
distant from the electrode. This increases the number of MUs able to make significant contri‐
butions to a detected signal (or the uptake volume of the electrode) lowers there frequency
content and reduces the ability to discriminate individual MU contributions. Reducing the
inter-electrode spacing for bipolar electrode configurations can only somewhat counter the
effects of increased detection surface area. Alternatively, as the detection surface area decreas‐
es, the uptake volume of the electrode reduces, the MUPs are composed of relatively higher
frequency content components, and it is easier to discriminate individual MU contributions.
Therefore, depending on the amount of detection surface area and the inter-electrode spacing,
surface electrodes generally sample from a large number of MUs over a large portion of a
muscle. Therefore, surface EMG signals primarily contain information regarding the overall
activity of a muscle and are primarily used to assess muscle activation patterns and muscle
fatigue [4].

Stalberg [19] was the first to introduce the idea of spike triggered averaging a macro detected
EMG signal (i.e. an EMG signal detected using an electrode with a large detection surface)
using individual motor unit firing times as triggers [18]. He used a macro electrode that had
a cannula of length 15 mm centered on a single fibre needle (SFN) detection surface to acquire
the signal triggering potentials. For each MUPT, the motor unit firing times are used as triggers
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for locating 100 ms epochs in the macro detected signal. Each located interval is ensemble
averaged to extract the macro MUP for the MU [18]. The size parameters of the macro MUPs,
such as peak-to-peak voltage or area are related to the overall size of the contributing MU [15],
[16]. When used with spike-triggered-averaging techniques surface EMG can be used to extract
surface motor unit potentials (SMUPs) which are useful for assessing MU sizes [45] and can
be used for estimating the number of motor units in a muscle [45].

An exception to conventional surface EMG signals are multi-channel signals simultaneously
detected using arrays of surface electrodes with small detection surface areas and small inter-
electrode spacing. These signals can be used for surface EMG signal decomposition [13]
applications. Detecting surface EMG signals using multi-electrode arrays provides informa‐
tion about the spatial distributions of MU fibres under the electrode array, which in turn
enhances the ability to discriminate individual MU activity relative to standard surface EMG
electrode configurations.

One other application multi-channel surface EMG was to use a multi-channel electrode with
four detection surfaces linearly positioned along the direction of the muscle fibres and with
each detection surface aligned perpendicular to this direction [22]. Using a linear array of
detection electrodes increases the possibility of interpreting EMG signal features compared to
single-channel surface signals. Using a linear array of detection surfaces makes it possible to
investigate in detail the processes of the generation, propagation, and extinction of muscle
fibre action potentials.

3.3.2. Intramuscular EMG signals

Intramuscular or needle EMG electrodes are inserted through the skin and into the muscle and
can be positioned at specific locations within a contracting muscle. As such, the various
distances between specific MUs and the muscle fibres of those MUs to the electrode detection
surface(s) can be significantly different. Therefore, intramuscular EMG electrodes can be
positioned to preferentially detect the activity of MUs whose muscle fibres are closest to the
detection surface(s) of the intramuscular electrode. This can result in the MUPs of different
MUs being quite different in shape making it easier to discriminate between the activities of
different MUs.

Intramuscular EMG signals can be acquired using selective electrodes with a small detection
surface (e.g. concentric or monopolar needle electrodes) or using an electrode with a large
detection surface (e.g. macro electrodes [19]) [17]. Generally, MUPTs detected using intra‐
muscular electrodes provide local information about their respective MUs. The MUPs
comprising intramuscular EMG signals can provide information related to MU size, MU
muscle fibre distribution and the stability of time it takes for NMJs to depolarize their con‐
nected muscle fibre. In addition, MUPTs can provide information about MU recruitment and
firing rates.
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4. Neuromuscular disorders

Neuromuscular disorders change both the morphology and activation patterns of the MUs of
the muscles affected. Therefore, the shapes of MUPs detected in muscles affected by neuro‐
muscular disorders will differ from those detected in healthy or normal muscles. In addition,
for a given level of muscle activation the number of MUPTs contributing to a detected signal,
which reflects the level of MU recruitment, and the rates at which MUPs occur in detected
MUPTs, which reflect MU firing rates, will differ.

A normal muscle at rest will have no electrophysiological activity (i.e. there will be no electric
field created in its surrounding volume conductor). Muscles affected by a neuromuscular
disorder can have spontaneous muscle fibre activity called fibrillations and/or spontaneous
MU activity called fasiculations.

Myopathic disorders cause muscle fibre atrophy, splitting, hypertrophy and necrosis. Exam‐
ples of atrophic and hypertrophic muscle fibres are diagrammed in Fig 2. Atrophic and split
muscle fibres have smaller diameters and slower muscle fibre action potential propagation
velocities. They therefore produce in general smaller and wider MFPs with later occurring
peak vales. Hypertrophic muscle fibres have larger diameters and faster muscle fibre action
potential propagation velocities. They therefore produce in general large and narrower MFPs
with earlier occurring peak values. Necrotic fibres are not active and do not contribute to
detected MUPs or muscle force. As such, myopathic MUPs, in general, are composed of fewer
MFP contributions of varying size and with larger temporal dispersion than in MUPs detected
in normal muscles. Myopathic MUPs are therefore generally smaller in size and more complex
than normal MUPs. The variation in muscle fibre action potential propagation velocity in a
muscle fibre affected by a myopathic process can be greater than normal. This in turn can
increase the instability of myopathic MUPs across the MUPs of a MUPT.

Because the MUs of a myopathic muscle are generally smaller during equivalent muscle
activations more of them must be recruited and they need to be activated at higher firing rates
compared to a normal muscle [6]. Therefore, at equivalent levels of muscle activation, EMG
signals detected in a myopathic muscle can become more complex than EMG signals detected
in a normal muscle (see Fig 3).

In contrast, neurogenic disorders cause the loss of MUs and muscle fibre denervation.
Subsequent to reinnervation of the denervated muscle fibres the surviving MUs have increased
numbers of fibres with greater and clustered spatial fibre densities relative to normal muscle
as seen in Fig.2. The increased number of MU fibres result in MUPs comprised of larger
numbers of MFP contributions. The greater and clustered spatial fibre densities result in
grouped MFP contributions. Consequently neurogenic MUPs tend to be larger and more
complex than normal MUPs sometimes with distinct components or phases (e.g. satellite
potentials). During the acute phase of reinnervation newly formed NMJs have larger variations
in the time taken to initiate a muscle fibre action potential in their respective muscle fibres.
This results in increased instability of neurogenic MUPs across the MUPs of a MUPT.
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Because the MUs of a neurogenic muscle are generally larger and because they are fewer in
number during equivalent muscle activations, fewer of them must be recruited but they need
to be activated at higher firing rates compared to a normal muscle [6]. Therefore, at equivalent
levels of muscle activation, EMG signals detected in a myopathic muscle can become more
complex than EMG signals detected in a normal muscle. Therefore, at equivalent levels of
muscle activation, EMG signals detected in a neurogenic muscle are generally less complex
than (or sparse compared to) EMG signals detected in a normal muscle (See Fig 3).

Figure 2. A. Normal MU vs. myopathic MU; B. Normal MU vs. neurogenic MU [43]
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Figure 3. Examples of healthy, neurogenic and myopathic EMG signals [38]
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5. How to extract clinically important information

Suitably detected EMG signals can contain information that can be used to assist with the
diagnosis of neuromuscular disorders. Specific characteristics of a detected EMG signal can
be related to the type of neuromuscular disorder present (i.e. myopathic or neurogenic) as well
as the degree to which the muscle may be affected by a disorder. As described above, the
changes in MU morphology and activation created by a disease process lead to expected
changes in MUP shapes and stability as well as the level of EMG signal complexity. However,
in order to use EMG signals to support clinical decisions, the EMG signals must be acquired
from a contracting muscle during specific activation protocols and using specific detection
electrode configurations. The activation protocol and detection electrode configuration used
should provide EMG signals in which the effect of the changes in MU morphology and
activation created by a disease process are emphasized. Specific aspects of the detected EMG
signals can then be analyzed to determine if they were most likely detected in a myopathic,
normal or neurogenic muscle. It this last step qualitative or quantitative analysis can be
applied.

5.1. Qualitative electromyography

The current status quo for assessing the clinical state of a muscle is to qualitatively analyze
EMG signals detected using needle electrodes following abrupt movement of the electrode,
while the muscle is at rest and during low levels of muscle activation. Characteristics of the
detected signals are subjectively compared to those expected to be detected in normal muscle.
The signals detected following abrupt needle movement and while the muscle is at rest are
grouped into what is classified as spontaneous activity. Following abrupt needle movement,
if the muscle remains active (i.e. significant signals are detected) for a prolonged period of time
this is a sign of abnormality. Likewise, if while the muscle is at rest, potentials related to muscle
fibre fibrillation or MU fasciculation are detected the muscle is considered abnormal. The
degree of spontaneous muscle activity is often subjectively graded using a discrete 4 or 5 level
scale. MUPs contained in EMG signals detected during low levels of muscle activation are
visually and aurally analyzed to assess their shape, size and stability either as they are
presented in a free running or triggered raster display.

The firing rates of MUs and the number of recruited MUs are also estimated.

The advantage of analyzing an IP detected during minimal muscle activation is that individual
MUPs can be recognized. Therefore information about their recruitment information and their
firing rates can be obtained [21]. In order to estimate MU firing rates, a 500 ms epoch is
displayed [6]. This technique depends on visual inspection to identify individual MUP
discharges. The number of discharges of an MU in this 500 ms epoch is multiplied by 2 to get
the firing rate [6]; to obtain the number of discharges in one second.

This is a semi-quantitative approach to implement IPA where an IP is detected during maximal
force of contraction [14]. The IP is considered full when the signal baseline is completely
obscured by MUP spikes [6]. If the baseline can be seen between MUP discharges, the IP is
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considered incomplete, while if individual MUPs can be recognized, the IP is considered
discrete [6]. One border of the EMG envelope is defined by connecting the negative peaks while
the other is defined by connecting the positive peaks. The voltage difference between these
lines (borders) is the envelope amplitude [6]. The criteria are as follows [14]: if the IP is full and
the envelope amplitude is small, this is a myopathic pattern, and if the IP is discrete and the
envelope amplitude is larger than its normal value, this is a neurogenic pattern.

The objectives of this qualitative analysis and characterization of the needle-detected EMG
signals is to extract information regarding the morphology of a representative sample of MUs
of the muscle being examined. Experienced and skilled clinicians can use these qualitative
analyses to assist with the diagnosis of an examined muscle with respect to which, if any,
specific disease processes may be present and if present, to what extent.

One of the main disadvantages of qualitative EMG analysis is inter and intra-rater variability.
Specific assessments made and the consistency with which they are made depend on the
training, experience and skill of the examiner. In addition, no more than a few MUPs can be
qualitatively analyzed at a time [4]. Therefore, qualitative analysis is restricted to low levels of
muscle activation where only a few MUs are recruited and consequently the EMG signals
detected are the aggregation of only a few MUPTs.

5.2. Clinical Quantitative EMG (QEMG)

Quantitative electromyography (QEMG) is an objective assessment of several aspects of
detected EMG signals to assist with the diagnosis of a muscle under examination and also to
assess the severity of an existing disorder if one is detected. QEMG is also sometimes used to
assess the status of a detected disorder (active or not) and its time course (chronic or acute) [6].
Quantitative analysis is an automated process, unlike qualitative analysis, which typically
requires comparing measured feature values of an EMG signal detected in a muscle under
examination to standard or training set values from EMG signals detected in muscles of know
clinical state (i.e. myopathic, normal or neurogenic). As a result, standardization or the
collection of training data needs to be completed properly; for instance, data should be grouped
based on age, gender, and specific muscle. In addition, the EMG signals need to be acquired
using a standardized and consistent technique regarding the electrode used, the detection
protocol, etc [4]. QEMG aims at increasing diagnostic sensitivity and specificity. Unlike
qualitative analysis, quantitative analysis is not limited to studying just the first few recruited
MUs and EMG signals detected at higher levels of muscle activation can be analyzed.

Accuracy and transparency are two important factors that must be taken into consideration
when selecting or designing a QEMG technique for clinical use. Accuracy is a major issue for
any supervised learning problem as the ultimate purpose is to correctly categorize, a muscle
being examined so that its condition can be correctly weighted in determining the overall
patient diagnosis. Transparency is essential here as well because a clinician should be able to
clearly understand the rationale behind the characterization process. A clinician is expected
to have moderate knowledge of statistics and if the complexity of a certain technique is beyond
that, it is considered as a non-transparent characterization technique. Rule-based classifiers
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usually provide this required transparency when they are used in QEMG but their accuracy
levels are not as high as support vector machines or neural networks.

To perform QEMG, the complete EMG signal, or interference pattern, can be analyzed or
individual MUP activity can be isolated from an EMG signal using level or window triggering
or EMG signal decomposition methods. If EMG signal decomposition methods are used,
individual MUPT can be analyzed which allow information about typical MUP shape, MUP
shape stability and MU activation patterns to be used. The next sections discuss QEMG
methods based on interference pattern and individual MUPT analysis, respectively.

5.2.1. Interference Pattern (IP) analysis

As mentioned earlier, the term “interference pattern” is used to refer to the complete EMG
signal detected from a contracting muscle. The term “interference pattern” is sometimes used
to describe the EMG signal detected during a maximal contraction only but the former
definition is more common. The characteristics of an interference pattern (IP) depend on the
level of muscle activation maintained during its detection and the type of electrode used. The
level of activation determines the number of recruited MUs and their firing rates. The type of
electrode used determines the shape characteristics of the MUPs (duration, area, amplitude,
etc.) that are created by the active MUs and which in turn comprise the IP.

The term “interference pattern analysis” (IPA) refers to those techniques that analyze an IP.
IPA is used when a global analysis of an EMG signal is desired. IPA is a quantitative analysis
which can be completed using either a frequency or time domain representation of the IP [6].
Following are brief descriptions of common IPA techniques.

5.2.1.1. Frequency domain analysis

Any signal of time can be represented by a summation of sinusoidal functions of several
frequency values, phase shifts and magnitudes. Therefore, a frequency domain representation
of an IP can be obtained if these frequency values, phase shifts and magnitudes of the signal
are identified. A frequency domain representation reveals information about MUP ampli‐
tudes, and durations as well MU firing patterns. For instance, high frequency components are
representative of MUPs with short durations and short rise times, while low frequency
components are representative of to MUPs with long durations and long rise times [8].

5.2.1.2. Time domain analysis

Time domain analysis basically depends on detecting the main characteristics of the time
domain representation of an IP. Detecting changes in the sign and slope of an IP was how it
was initially performed [8]. Later, more specific characteristics of the time domain signals were
found to be important. For instance, the number of turns and their amplitude are important
features for discriminating between IPs detected in myopathic, normal and neurogenic
muscles. A peak is identified to be a turn if the change in amplitude between this peak and the
previous peak exceeds a prespecified threshold, while the amplitude is the difference in
voltage values between successive peaks of opposite polarity [8].
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5.2.1.3. Clouds analysis

Clouds analysis uses the number of turns and the mean turn amplitude features of IPs detected
during several contractions maintained at different levels of muscle activation ranging from
slight effort to maximal. The number of turns and the mean turn amplitude for each IP define
points in a two dimensional plot in which is overlaid a cloud or region [8]. The cloud defines
the area in which 90% of data from IPs detected in normal muscle are expected to be. Accord‐
ingly, a muscle is considered diseased if more than 10% of its IPs provides data points which
are outside of the cloud.

One of the limitations of IPA is that because of superpositions of MUPTs it is difficult to detect
marginal levels of disorders. Small numbers of abnormal MUPTs may be lost in IPs generated
by a majority of normal MUPTs.

5.2.2. MUP template / MUPT characterization

A MUPT is composed of the MUPs created by a single MU. The typical MUP shape of a MUPT
is represented by its MUP template. The stability of the MUPs with in a MUPT can be estimated
as can the firing behavior of the MU that created the MUPT. MUPT characterization refers to
performing supervised learning to determine if a MUPT was created by a normal or abnormal
(disordered) MU, if just two categories are considered or by a myopathic, normal or neurogenic
MU if three categories are considered. This characterization is based on a training stage that
is performed using training data suitably representing each category. MUPT features used for
MUPT characterization often consist of MUP template morphological features; features
extracted from the time domain representation of the MUP template [4] as well as spectral
features; those extracted from its frequency domain representation [4]. MU firing pattern
features have not yet be effectively used. Typically, a feature selection step is performed to
select the best feature subset. As is the case with any supervised learning problem, feature
selection can be filter-based (quality metric of the feature subset depends on information
content like interclass distance or correlation) or wrapper-based (quality metric of the feature
subset depends on the accuracy of the characterization process using such feature set).
However, wrapper-based feature selection techniques are used more frequently [56].

In addition to the intrinsic MUP template features, like turns, duration, amplitude, etc,
combinations of features can be used if they improve the characterization results. For instance,
MUP template thickness (area/amplitude) can be added to the features used for characteriza‐
tion to improve classification performance as the discriminative power of the feature set would
be higher.

5.2.2.1. Signal detection and preprocessing

1. Level and/or window triggering

Individual MUPTs can be extracted for quantitative analysis using level or window triggering
methods. These methods allow the MUPs created by a single MU to be extracted, but only if
their amplitudes are unique with respect to the amplitudes of MUPs created by other MUs.
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These methods can be used with careful positioning of the needle and during low level of
muscle activation. Only one MUPT can be extracted from the EMG signal detected during
muscle contraction. Therefore, for each MUPT to be extracted a separate contraction must be
performed.

2. EMG signal decomposition

EMG signals are the linear summation of the MUPTs created by the MUs active in a muscle.
EMG signal decomposition extracts individual MUPTs from an EMG signal. Unlike level or
window triggering, EMG signal decomposition allows several MUPTs created by MUs
concurrently active during a single muscle contraction to be analyzed. The accuracy of the
MUPTs extracted by an EMG signal decomposition algorithm determines the type of analyses
that can be successfully applied to the extracted MUPTs. The MUPTs extracted during EMG
signal decomposition can be further analyzed to assist in diagnosing neuromuscular disorders.

EMG signal decomposition involves three main steps, described in the following paragraphs.

The first step is to detect the MUPTs comprising an EMG signal. Some EMG signal decompo‐
sition algorithms attempt to detect all the MUPTs that existed in the EMG signal while others
attempt to extract only MUPTs that had a major contribution to the EMG signal. The following
step is to determine the shapes of the different MUPs. This can be done by categorizing the
MUPs in the signal based on their shapes and sizes. This categorization, if implemented
properly, reveals clusters of MUPs with similar shapes and sizes. As a result, MUPs with
different shapes and sizes should belong to different clusters. MUPs with similar shapes and
sizes were most probably created by different discharges of the same MU, while MUPs with
unique shapes and sizes (i.e. not belonging to cluster or to a cluster with very few members)
are most probably superpositions. The main outcome of this step is to identify the number of
MUs that contributed significant MUPs to the EMG signal (i.e. to estimate the number of
MUPTs with significant MUPs) and to estimate the MUP template of each discovered MUPT.

The second step is to determine the class of every template. Superpositions of MUPs are harder
to deal with in the first step as well as in this step. If the overlap is only slight, the constituents
might still be recognizable. But if the overlap is complete it might be necessary to try different
alignments of the templates to see which gives the closest fit. The motor unit discharge patterns
can also be used to help determine which MUs are involved in a superimposed MUP [36]. As
discharge rates are assumed to be rather orderly (i.e. IDIs can be assumed to follow a Gaussian
distribution), the time at which a particular discharge took place can be estimated from the
time at which the preceding or following discharge took place.

The final step in decomposition is to validate the results to ensure they are consistent with the
expected physiological behavior of MUs. If there are unexpected short IDI in any of the
discharge patterns, or if there are detected MUPs that have not been assigned to a MUPT, then
the decomposition is probably not correct or incomplete. On the other hand, if all the activity
in the signal (i.e. the detected MUPs) has been adequately accounted for by the set of extracted
MUPTs which in turn represent MUs with physiologically realistic discharge patterns, then
there is a good chance that the decomposition is substantially complete and accurate [36].
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5.2.2.2. Non-transparent classification techniques

MUPT characterization can be performed using probabilistic techniques. Probabilistic
techniques provide a MUP characterization in terms of conditional probabilities that sum to 1
across all of the categories considered. For instance, a probabilistic technique can suggest that
considering the features of a MUPT there is a 10% probability it was detected in a myopathic
muscle, a 70% probability it was detected in a normal muscle and a 20% probability it was
detected in a neurogenic muscle neurogenic if three categories are considered.

Various methods have been used in the literature to perform MUP template characterization,
ranging from conventional to advanced classifiers. For example, linear discriminant analysis
(LDA), decision trees and a standard Naive Bayes (NB) classifier were implemented and
compared in [9]. LDA attempts to find a linear combination of features that maximizes the
between class variance and minimizes the within class variance and it relies on this as a basis
for optimal classification. Using these trivial classifiers has the advantage of being rather more
transparent than using more advanced pattern recognition techniques like neural networks
and support vector machines.

Artificial neural networks were first used for MUP template characterization in [10] and [11].
More progress in this direction was achieved in [12] as artificial neural networks were used
along with radial basis functions and probabilistic neural networks in a two-phase classifier,
which increased MUPT characterization accuracy. In the second phase of the classification, a
C4.5 decision tree was used to determine whether the disorder was myopathic or neurogenic,
if any. Another example of using neural networks in MUP analysis can be found in [63].

In [53] autoregressive (AR) modeling and cepstral analysis were applied to characterize MUP
templates and the training dataset was built on normal MUP templates as well as MUP
templates taken from myopathic muscles. It was concluded in [53] that using AR modeling
and cepstral analysis along with time domain features (in particular duration) led to catego‐
rizations with high accuracy in the assessment of myopathic MUP templates (in this work two
categories were used; normal and myopathic). In [54], MUP templates were classified into three
categories; normal, myopathic and neurogenic using support vector machines (SVM).

Using artificial neural networks in classification could lead to over-fitting; a classifier that has
difficulty in producing the same accuracy with new or more generalized data. As mentioned
earlier, using a SVM and artificial neural networks does not provide enough transparency and
renders it more difficult for clinicians to understand how a certain classification decision was
made.

5.2.2.3. Transparent rule-based MUPT classification techniques

An example of a transparent rule-based classification technique is the two-stage classifier
developed in [55]. This two-stage classifier is based on utilizing radial basis function artificial
neural networks and decision trees. The combined use of an artificial neural network and a
decision tree reduces the number of tuned parameters required and allows an interpretation
of the classification decisions to be provided [55].
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Techniques based on pattern discovery (PD) represent another example of transparent rule-
based techniques used for MUPT characterization. Pattern discovery is an information theory
based technique established to detect significant patterns in data and then to use these patterns
for classification [5]. PD was first introduced by Wong and Wang [57]-[60]. PD is applied on
discrete data and, as a result, a quantization step is required for each feature that has contin‐
uous values, which is the case with most MUPT features. The number of discretization bins
can be identified according to the nature of the problem at hand and the dataset used. For
instance, if the number of bins is three; low, medium and high for each feature, there might be
some loss of accuracy resulting from placing “very high” and “slightly high” values in the
same bin. On the other hand, using five bins; very low, low, medium, high and very high can
solve such a problem but more training examples are needed to keep the same number of
expected occurrences per bin. In the PD classification algorithm, the first step is to discover
the “significant” patterns; patterns that are repeated more often than expected assuming a
random occurrence [56]. Rules are composed of patterns that include a muscle category. The
order of a rule is equal to the number of MUPT features plus the muscle category. For example,
high amplitude values in neurogenic MUPTs are a 2nd order rule [5]. Each rule has an
associated weight of evidence (WOE) that denotes how much evidence the rule holds in
support of a certain category [9]. For rule selection during testing, the highest order rule for
each category is selected first. WOEs of selected rules are added to be normalized and this
process continues until there are no more rules or all features have already been included in
the previously selected rules [56]. In addition to the well-known pros and cons of discretization,
characterizations performed by PD are transparent as the technique is rule-based which makes
it feasible to explain to a clinician the rationale behind the classification decisions. However,
when PD is used, there is a decrease in accuracy due to the discretization performed on the
continuous MUPT feature values.

In [61], a fuzzy inference system was introduced. This system is based on using PD in combi‐
nation with fuzzy logic theory to yield a hybrid system. The idea was to reduce quantization
error via assigning memberships for every MUPT feature value based on their position within
their assigned bin. The fuzzy membership values allow the same MUPT feature value to be
considered in more than one rule simultaneously. Using this technique for establishing rules
is similar to the method by which humans manually interpret certain data values and then
attempt to classify these values, which makes it very useful, at least in terms of transparency,
in a clinical decision support system.

5.2.3. Muscle categorization

The ultimate purpose of characterizing MUPTs is to characterize the muscle from which they
were detected. The statistical method for muscle characterization can be performed by
calculating mean values for sampled MUPT features and comparing them to expected
normative mean values (Note: comparisons should be standardized with respect to age,
gender, muscle, EMG detection technique, etc.). Using the expected normative mean and
outlier threshold values the overall category of a muscle is then determined based on the mean
values of the sampled MUPT feature values with respect to these thresholds. For instance,
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Stalberg identified the outlier range to be outside of the mean ± 2 × standard deviations range.
This way, a categorization of the muscle being examined can be obtained. As an example for
standard feature values, MUP template values documented in [62] are still considered
standard values for MUP template duration, amplitude and shape.

The above muscle categorization techniques do not provide any measure of confidence.
Probabilistic muscle categorization, on the other hand, addresses this weakness as it provides
probabilities describing MUPT characterizations as well as the overall muscle characterization.
More formally, a probabilistic MUPT characterization technique assigns a likelihood measure
to each MUPT category under consideration. For each MUPT characterization, a set of n
likelihood measures is obtained, where n is number of muscle categories under consideration
(2 or 3) [4]. For each MUPT, this set of likelihood measures should sum to 1.

5.2.3.1. Aggregation of MUPT characterizations

Characterizations of MUPTs must be aggregated to obtain the overall muscle characterization
of the muscle from which these MUPTs were detected. As with MUPTs, a set of n muscle
likelihood measures is obtained, where n is the number of muscle categories and the muscle
is considered to belong to the category that has the highest category likelihood value. Muscle
likelihood values can be considered confidence measures in a particular characterization. In
[64], [65], the idea of implementing probabilistic characterization and aggregating MUP
template characterizations using Bayes’ rule was first introduced. MUP template characteri‐
zation was performed using Fisher’s LDA. Other techniques used Bayes’ rule to aggregate
MUP template likelihood measures obtained from multiple classifiers like decision trees, LDA
and Naive Bayes [56].

5.2.3.2. Measures of confidence and involvement

A muscle characterization likelihood value (measure) indicates the probability that the muscle,
from which the characterized MUPTs were detected, actually belongs to the given category,
conditioned on the evidence provided by the set of MUPT characterizations. Thus, a muscle
characterization likelihood measure can be considered a measure of confidence in making a
particular categorization based on the available evidence. For instance, a muscle confidence
score of 75% for a given category means that, out of all the muscles that are assigned that score,
75% of such muscles actually belong to that category.

Another relevant concept in the context of muscle categorization is that of the level of involve‐
ment (LOI). When the values of the arithmetic mean of MUPT features are used to aggregate
MUPT probabilities, the conditional probabilities resulting from a muscle characterization
technique correlate well with the level of involvement (LOI) of a disease [66].

It is not easy to predict LOI due to the fact that confidence in making a correct muscle catego‐
rization decision at lower levels of disease involvement is low, which results in greater
variability and lower accuracy in the LOI measurement [4].
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6. Summary

An overview of the basis of EMG signals and the types of information they may contain
depending on how they are detected was provided in addition to descriptions of various
clinical QEMG techniques. The main objective was to emphasize the specific information
targeted for extraction by clinical QEMG techniques and how this information can be extracted
so that the sampled MUs, that created the MUPs comprising an EMG signal, can be accurately
characterized and subsequently used to characterize and then categorize an examined muscle.
Different clinical QEMG techniques were described. The bulk of the ongoing research in
clinical QEMG is centered around improving muscle categorization accuracy using transpar‐
ent clinical QEMG techniques so that characterization results can be explained to clinicians.
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1. Introduction

Aging is characterized by changes in the neuromuscular system that decrease muscle strength,
balance, proprioception and reaction time (Bassey, 1997). Aging may be accompanied by
adjustments in muscle activation such as a decrease in voluntary activation and alterations in
the rate of agonist/antagonist coactivation (Häkkinen et al., 1998). This progressive decline in
physical capacities reduces the ability of older adults to perform complex motor tasks and is
associated with impaired mobility and a reduction in the ability to live independently
(Meuleman et al., 2000).

Assessment of muscle activation by electromyography (EMG) provides important information
about age-related neuromuscular adjustments (Schmitz, et. al., 2009). EMG contributes to the
identification of factors that generate impairments to the performance of daily activities and
an increase in the risk of falls for older adults. Additionally, identifying age-related abnormal
muscle activation may be helpful in preventing mobility impairments.

The aim of this chapter is to provide a global understanding of the EMG parameters used
to identify age-related neuromuscular fatigability alterations. Towards this end, issues that
affect  EMG  results  in  older  adults  will  be  presented,  such  as  weakness  and  muscle
activation  abnormalities,  muscle  activation  and  fatigability,  performance  in  daily  activi‐
ties,  postural  control  changes,  and the effects  of  physical  activity on the neuromuscular
system.



2. Weakness and muscles activation abnormalities

It is well described that age-related muscle strength loss causes a reduction in maximal
voluntary joint torque and power production, resulting in clinical implications for older adults,
particularly when this strength loss involves weakness in the lower limbs (Bento et al., 2010,
LaRoche et al., 2010). It is also clear that this age-related weakness is not fully explained by
muscle mass loss (Clark & Fielding, 2012). Recent studies have demonstrated that the decline
of muscle mass only explains 6-10% of strength impairments and that muscle mass gains in
older adults do not prevent this age-related weakness (Clark et al., 2006a, Clark et al., 2006b,
Delmonico et al., 2009). Explanations of these phenomena have proposed that age-related loss
of muscle strength is associated with impaired intrinsic force generation capacity and abnor‐
malities in muscle fiber contractile and metabolic properties, excitation-contraction coupling
and patterns of muscle activation (Clark & Fielding, 2012, Manini & Clark, 2012).

EMG is widely used to assess muscle activation and is used to highlight the relationship
between muscle recruitment and age-related weakness (Clark et al., 2010, Ling et al., 2009,
Watanabe et al., 2012, Wheeler et al., 2011). Muscle activation is a result of the excitation of
motor neurons leading to force production in muscle fibers (Clark et al., 2010). Additionally,
the quantity of motor units and the firing rates of these motor neurons play important roles in
determining the intrinsic muscular force (Clark et al., 2010). Along these lines, age-related
losses may be related to a suppressed ability of the central nervous system to maximize motor
unit recruitment, resulting in a lower activation of agonist muscles (Clark et al., 2010). Other
studies have proposed that age-related weakness is also associated with increased antagonist
activation (Macaluso et al., 2002).

Recent studies showed that muscle strength is a good predictor of mobility and disability in
older adults (Clark & Field, 2012). Clark et al. (2010) assessed the isometric strength of knee
extensors (3 maximal trials of 3-5 seconds at 60º of knee flexion), the isokinetic strength of knee
extensors (5 consecutive contractions at 60, 90, 180 and 240°.s-1) and the EMG activation of knee
extensors (Vastus Medialis, Vastus Lateralis and Rectus Femoris) and knee flexors (Biceps
Femoris and Semimembranosus) in older adults with normal and impaired mobility. These
authors identified that older adults with impaired mobility had lower activation of knee
extensor muscles in all maximal isokinetic voluntary contractions. Additionally, the lower
activation of knee extensor muscles was associated with lower torque and power in all
isokinetic trials. Thus, the most novel result of this study is the demonstration that agonist
muscle activation deficits may contribute to reduced lower limb strength. However, the
findings of this study did not support the hypothesis that increases in antagonist coactivation
leads in strength deficits during fast contractions (Clark et al., 2010).

Higher antagonist coactivation may not limit strength in older adults with different levels of
mobility (Clark et al., 2010). However, age-related weakness may be influenced by increased
antagonist coactivation (Macaluso et al., 2002). Macaluso et al. (2002) assessed vastus lateralis
and biceps femoris activation during isometric contractions of knee extensors and knee flexors
in young and older women. This study demonstrated that older women were on average 45%
weaker than young women in knee flexor and extensor maximal torque. However, only in the
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contraction of knee extensors was a significantly higher antagonist coactivation found in older
women. Thus, antagonist coactivation may contribute to decreased strength in older adults
and, in agreement with Clark et al (2010), Macaluso et al. (2002) also proposed that decreased
neural activation of the agonist muscles is another potential explanation for age-related
weakness.

Ling et al. (2009) compared the surface-represented motor unit size and firing rate of the vastus
medialis (VM) during knee extension at 10, 20, 30 and 50% of maximal voluntary contraction
in young and old adults. These authors used EMG positioned at the VM motor point and
discharged supramaximal stimulation on the femoral nerve. This study demonstrated that
aging causes neuromuscular compensations that counteract Henneman’s size principle
(Henneman & Olson, 1965; Ling et al, 2009). According to this principle, the recruitment of
larger motor units and the increase in their firing rates are progressive and consistent with
increases in force level (Henneman & Olson, 1965, Ling et al., 2009). However, Ling et al.
(2009) demonstrated that in contrast to young adults, old adults recruit larger motor units and
have higher firing rates at low loads.

Figure 1 presents the relationship between knee extensor maximum voluntary torque and
rectus femoris activation during a knee extensor isokinetic concentric movement in older
women with impaired or normal mobility.

Figure 1. The relationship between knee extensor maximum voluntary torque and rectus femoris activation during a
knee extensor isokinetic concentric movement in older women with impaired or normal mobility. * p < 0.05 (Cardozo
et al., unpublished data).
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Thus, we can see that age-related muscle strength loss decreases maximal joint torque and
power production, yet the muscle activation mechanisms that promote this behavior are still
not well described.

3. Muscles activation and fatigability

Despite is expected a reduced fatigability in older adults, the findings of several studies is
controversial (Allman & Rice, 2002, Avin & Frey Law, 2011).

During muscular fatigue, there are changes in the amplitude and frequency of the EMG signal
(Cardozo & Gonçalves, 2003, Cardozo et al., 2011), which is dependent on the number of active
motor units, their firing rates and the conduction velocity (Oliveira & Gonçalves, 2009). These
changes are described in figure 2. Along these lines, EMG is widely used to highlight the
muscular fatigue phenomenon in several populations, including people who suffer from back
pain, athletes and, recently, older adults (Croscato et al., 2011, Fraga et al., 2011, Hunter et al.,
2004, Lindström et al., 2006).

Figure 2. Amplitude (root mean square-RMS) and frequency (median frequency) behavior due to an isometric fatigu‐
ing protocol (Cardozo et al., unpublished data).

Hunter et al. (2004) compared the time to task failure, physiological responses (mean arterial
pressure, heart rate, and rating of perceived exertion) and EMG responses at a sustained
submaximal isometric contraction (20% of MVC) for elbow flexion in young and old men and
women. The main finding of this study was that the time to task failure was longer with older
adults, regardless of gender, and longer with young women than with young men. However,
older adults had a reduced rate of increase in physiological parameters (mean arterial pressure,
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heart rate and rating of perceived exertion) and in EMG burst relative to younger adults. The
authors speculated that changes in the EMG pattern were related to torque fluctuations. The
authors concluded that motor unit activity increased most slowly during fatiguing submaxi‐
mal efforts in older adults, possibly leading to increases in the time of task failure (Hunter et
al., 2004).

Lindstrom et al. (2006) assessed the EMG activation of the vastus lateralis and rectus femoris
during 100 repeated maximum knee extension contractions at 90º.s-1 in young and old men
and women. The authors found that older male adults were most fatigable according to the
peak torque and EMG parameters (with a higher area based fatigue index and lower root mean
square for the vastus lateralis in older men), but this group did not see the greatest fatigue
according to the Borg scale. The authors suggested that the EMG amplitude revealed that
fatigue is a combination of age-related changes in muscle and central activation failure
(Lindstrom et al., 2006).

Aging leads to selective atrophy of type II fibers and increases the contribution of type I fibers
to the generation of torque (Avin et al., 2011). However, even in low intensity activities (e.g.,
rising from a sitting position and walking) when torque is generated by the recruitment of type
I fibers, older adults have a higher metabolic cost and higher fatigability than young subjects
(Hortobágyi et al., 2011, Wert et al., 2010). This phenomenon is related to a declining VO2max
(which occurs at a rate of approximately 8% per decade) and leads to older adults performing
their daily activities at higher relative intensities (as measured by percentage of VO2max) than
young people (Wilson and Tanaka, 2000). Additionally, recent studies have shown that the
rate of consumption of VO2 during walking is also related to the EMG activation pattern
(Peterson & Martin, 2010, Hortobágyi et al., 2011).

Peterson and Martin (2010) and Hotobágyi et al. (2011) found a moderate association between
higher Cw and increased antagonist coactivation of the thigh and calf muscles in older adults
(Peter & Martin, 2010, Hortobágyi et al., 2011). According to Hortobágyi et al. (2011), older
adults had an 18.4% higher Cw than young adults and this higher Cw was associated with
increased antagonist coactivation (Vastus Lateralis x Biceps Femoris and Tibialis Anterior x
Gastrocnemius Lateralis). Peterson and Martin (2010) determined that antagonist coactivation
of the thigh (vastus medialis, biceps femoris and semitendinosus) had a higher contribution
to the increase in Cw than the contribution from the shank (tibialis anterior, lateral soleus and
medial gastrocnemius). Both studies suggested that age-related neuromuscular adaptations
in the lower limbs decrease the joint instability and that a higher antagonist coactivation is
required to maintain dynamic stability during a normal gait, which increases the Cw.

4. Performance in daily activities

Everyday tasks are motor acts performed during a day that contribute to physical independ‐
ence, such as rising from a seated position, ascending or descending stairs, walking and taking
a shower. Challenges encountered during daily activities, which are easily overcome by young
adults, may represent a potential risk for falls among the elderly. Functional motor activities
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are especially difficult for older adults due to sensorimotor deficits related to age, exposing
these older adults to fatal accidents and serious injuries (Korteling, 1994, Roeneker et al., 2003).

An age-related decline in the ability to perform physical tasks associated with daily living as
well as in strength and muscle size may occur regardless of physical fitness or amount of
training (Klitgaard et al., 1990, Schulz & Curnow, 1998). The decline in force and task per‐
formance may be related to alterations in the activation of motor units, decreases in muscle
mass and increases in fat mass (Lexell, 1995).

Performance in daily tasks may be investigated by EMG in young and old persons. A study
performed by Landers et al. (2001) analyzed integrated electromyography (IEMG) in two tasks
of daily living: while the subjects sat down on a chair and while they carried a small load. The
muscles analyzed were rectus femoris and biceps brachii. The raw EMG signal was recorded
over six seconds for each collection point at a sample rate of 100 Hz. Subjects were given three
practice trials, followed by three maximum isometric contractions at each test angle. The results
showed that higher normalized integrated EMG values indicate greater muscular effort and,
when combined with other tests, that biomechanical measures can provide information about
muscle function in older adults.

The ability to walk efficiently and safely is important to maintain independence (Callisaya et
al., 2010). However, the energy cost of gait in the elderly is higher than in young people, which
can cause early fatigue (Hortobagyi et al., 2009). However, little is known about what makes
the elderly more prone to fatigue during the gait, but existing hypotheses are that this fatigue
is related to neuromuscular mechanisms, such as increased muscle coactivation (Burnett et.
al., 2000, Hortobagyi et al., 2009, Macaluso et al., 2002). Increased coactivation might be used
to optimize power generation and compensate for aging-related decline of neuromotor
functioning, as manifested by reduced strength and power of muscles, reduced proportions
of fast twitch muscle fibers and increased response times (Ishida et al., 2008).

Older adults also require greater effort relative to their available maximal capacity to execute
daily motor tasks when compared with younger adults (Hortobagyi et al., 2003). This is due
to a change in muscle fiber type with aging and a higher percentage of peak oxygen uptake
required to perform daily tasks (Astrand et al., 1973, Waters et al., 1983). Higher physiological
relative effort in elderly people may be the cause of premature fatigue associated with decline
of motor function and, consequently, falls. Hortobagyi et al. (2003) tested the hypothesis that
the relative effort to execute daily activities is higher in old adults compared with young adults.
They assessed the vastus lateralis and biceps femoris muscles by EMG during the ascent and
descent of stairs, the rise from a chair and the performance of maximal-effort isometric supine
leg presses. The EMG signals were sampled at 1000 Hz, and the dependent variables included
the average root mean square (RMS) EMG and EMG coactivity, expressed as a ratio of biceps
femoris root mean square EMG with vastus lateralis RMS EMG activity. The results show that
the relative vastus lateralis EMG activity is higher in old adults than young adults during some
daily activities, and an association exists between the increased relative effort at the knee joint
and increased muscle activation.
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Stair descent and ascent are also important functional abilities (Holsgaard et al., 2011). Studies
indicate that the elderly operated at a higher proportion of their maximal capacity than did
young adults when performing tasks such as the safe descent of stairs (Reeves et al., 2008).
Hinman et al. (2005) used EMG to record muscle activity during stair descent. They determined
the effects of age on the onset of vastus medialis obliquus activity relative to that of vastus
lateralis and the onset of quadriceps activity in the terminal swing relative to heel-strike during
stair descent. Muscle onset was identified from individual EMG traces with a computer
algorithm and was validated visually. The results show that older adults activated their
quadriceps significantly earlier than the younger group during stair descent. Thus, quadricep
activation may compensate for strength and balance impairments in older people during
challenging activities.

Dexterous manipulations, such as eating and writing, may deteriorate due to aging (Keogh
et  al.,  2007).  Reduced  hand  function  is  related  to  the  loss  of  finger-pinch  force  control
(Keogh et al., 2006, Lazarus & Haynes, 1997, Ranganathan et al., 2001). Keogh et al. (2007)
determined the effect of unilateral upper-limb strength training on the finger-pinch force
control  of  older men by EMG. The EMG activity of  the flexor pollicis  brevis  and flexor
digitorum superficialis muscles was recorded using a sample rate of 1000 Hz, and the EMG
data were subsequently filtered with a second-order Butterworth low-pass filter with the
cutoff  frequency  set  at  400  Hz.  The  amplitude  of  the  electromyographic  signals  was
obtained by using the RMS procedure with a bin size of 100 ms. The results show that a
nonspecific  upper-limb  strength-training  program  may  improve  the  finger-pinch  force
control of older men. However, additional studies are required to create strategies for the
improvement of hand-held movements in older adults.

5. Changes in postural control

The capacity to maintain the body in an upright position in a stable state is critical to prevent
falls in old people. This capacity requires the integration of visual feedback, the vestibular
system, proprioception, reaction times and muscular responses. However, these mechanisms
are negatively affected by aging, and therefore, the adaptive reflexes that respond to distur‐
bances of balance are damaged (Abreu & Caldas, 2008). As a result of these changes, the elderly
become more prone to falls (Tinetti, 2003).

EMG can evaluate the response of muscles during postural control in different situations
requiring the integrity of the neuromuscular system. Figure 3 presents the time delay between
a perturbation (accelerometer signal) and the muscle activation (EMG onset) response obtained
by EMG analyses of the tibialis anterior muscle. This time delay is negatively affected by the
aging process, promoting slower responses in old adults. This behavior may increase the risk
of falls in this population when the muscle activation may not be fast enough to maintain
stability after a perturbation.
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Figure 3. EMG response due to perturbation (Cardozo et al., unpublished data).

Older people have different strategies to maintain posture in balance situations: the ankle
strategy responds to slow disturbances; the hip strategy is used on larger and faster displace‐
ments of the center of pressure (COP); and the step strategy is used when the others are not
able to return the COP to the support base, using quick jumps or steps (Vanicek et al., 2009).

Another  strategy  used  by  older  adults  is  an  increase  in  antagonistic  muscle  activation
during balance recovery (Mixco et al., 2012). This coactivation can be a necessary change
to compensate for the decline in postural control associated with aging (Nagai et al., 2011).
Additionally, Freitas et al. (2009) have shown that older adults activated their muscles and
were able to reach the peak of activation. However, they retained a higher level of activation
longer than younger adults.

As a result of the aging process, reaction time tends to increase due to the atrophy of fast twitch
fibers with aging. This atrophy contributes to a lower power output, slower sensory feedback
and slower muscle onset, resulting in ineffectiveness of equilibrium recovery after disturban‐
ces (Pijnappels et al., 2008).

Due to physiological changes resulting from the aging process, recovery strategies are slower
and therefore less effective in old adults (Mian et al., 2007). Thus, to minimize these changes,
physical activity is highly recommended and widely used as an intervention to prevent falls.
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6. Effects of physical activity on the neuromuscular system

Decreases in maximal isometric, concentric, and eccentric forces, force development rate and
muscle power are all age-related effects (Granacher et al., 2010, Petrella et al., 2005, Skelton et
al., 1994). Regular physical exercise for the elderly population has been identified as an
important intervention in the treatment and recovery of some diseases (Bassey, 1997). As the
functional benefit of exercise may be greatest in older adults, in recent years, there have been
several studies about the effects of physical activity on the neuromuscular system of this
population.

Traditional strength training protocols can still be recommended to improve muscle strength
and voluntary neural activity in older adults (Fung & Hughey, 2005, Runge et. al., 1998).
However, other types of training have been shown to develop strength, power and balance in
this population. Resistance training with power training and ballistic strength training may be
effective for improving explosive force production and functional performance in old age
(Granacher et al., 2011). Orr et al. (2006) show that power training at low intensities can improve
balance, power, strength and endurance in the lower limb muscles of older adults. Recent
studies have also shown that whole body vibration and resistance exercises combined with
vascular occlusion may improve muscle strength (Granacher et al., 2012, Rabert et al., 2011,
Takarada et al., 2000). Figure 4 shows the influence of an active lifestyle on increasing healthy
life expectancy.

The assessment of lower limb muscle activity provides important information about neuro‐
muscular behavior before and after physical activities (Schmitz et al., 2009). EMG can identify
changes in the motor skills of older adults and help create prevention strategies for age-
associated changes in neuromuscular factors that can impair daily activities and increase the
rate of falls among this population.

A recent study investigated the effects of strength and endurance exercises over the course of
12 weeks in older adults. The maximal neuromuscular activity of agonist muscles was
evaluated using EMG (RMS) in the vastus lateralis and rectus femoris and antagonist co-
activation in the biceps femoris long head. The sampling frequency was 2000 Hz, and the data
were filtered using a Butterworth band-pass filter of the fourth order with a cutoff frequency
between 20 and 500 Hz. The RMS values of the antagonist biceps femoris muscle were
normalized by the maximum RMS values of this muscle. After determination of the maximal
neuromuscular activity, the submaximal neuromuscular activity was evaluated to determine
the isometric neuromuscular economy. The results show that training in older adults resulted
in greater changes in neuromuscular economy as assessed by EMG (Cardore et al., 2012).
Similarly, Cardore et al. (2011) investigated the effects of concurrent training on endurance
capacity and dynamic neuromuscular economy in elderly men. During the maximal test,
muscle activation was measured at each intensity by means of electromyographic signals from
the vastus lateralis, rectus femoris, biceps femoris long head, and gastrocnemius lateralis to
determine the dynamic neuromuscular economy. Changes in the myoelectric activity of the
Rectus Femoris and Vastus Lateralis muscles were observed as an adaptative response after
strength and endurance training.
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Figure 4. An active lifestyle enhances physical activity and decreases sedentary behaviors (Cardozo et al., unpublished
data).

Valkeinen et al. (2006) examined the EMG activity after a 21 week strength training period in
elderly woman with fibromyalgia. The EMG activity of the right vastus lateralis and vastus
medialis muscles was recorded during maximal isometric leg extensions, and the results were
expressed as the mean integrated EMG activity. There was a large increase in the maximal
force and EMG activity of the muscles, indicating that strength training for elderly people can
increase neuromuscular functional performance. Hakkinen et al. (2001) examined neuromus‐
cular adaptations in middle-aged and older men and women during a resistance training
period of 6 months. The EMG activity during the unilateral extension actions of the knee
muscles was recorded from the agonist muscles vastus lateralis and vastus medialis and from
the biceps femoris. The EMG signal was collected at 1000Hz, full wave rectified and integrated.
The results show that there were increases in the EMG integrated magnitude of the agonist
muscle during isometric and concentric leg extensions at maximal voluntary contraction in
older women after training. This finding may be related to changes in the muscle activation

Electrodiagnosis in New Frontiers of Clinical Research122



pattern providing a recruitment pattern (Hakkinen et al., 1998, Hakkinen et al., 2001, Ling et
al., 2009). Additionally, the EMG changes can also be related to reduced antagonist muscle
coactivation (Hakkinen et al., 2001). This phenomenon may enhance the agonists’ force
production, which is important in older adults during multijoint actions (Hakkinen et al., 1998).

Furthermore, the maintenance of balance during daily activities may represent a challenge for
older adults (Bugnariu & Fung, 2007). Aging is also associated with a decrease in the ability
to control the body’s position, requiring input from the afferent receptor systems to generate
an appropriate motor response in dynamic and static activities (Alexander, 1994, Granacher
et al., 2012, Woollacott & Shumway-Cook, 2002). Due to age-related decline in the integrity of
many postural regulating systems, rehabilitation is needed to promote the re-acquisition of
motor skills (Maki & Mcllroy, 1996). Along these lines, physical exercise is the most common
intervention to prevent the consequences of balance perturbations, such as falls, fractures and
death (Alfieri et al., 2012, Morey et al., 2008).

To improve balance, physical activity protocols include progressively difficult postures that
reduce the base of support as well as dynamic movements that perturb the center of gravity,
stress postural muscle groups and reduce sensory input (Granacher et al., 2012). In addition,
multisensory exercises that stimulate all three afferent systems can be a good strategy for
intervention (Alfieri et al., 2010, Bruin & Murer, 2007, Nitz & Choy, 2004, Orr et al., 2008;).
Bugnariu & Fung (2007) investigated the effects of aging and adaptation on the capability of
the central nervous system to select pertinent sensory information and resolve sensory
conflicts. EMG activity was collected from the tibialis anterior, gastrocnemius medialis, vastus
lateralis, semitendinosus, tensor fascia lata, erector spinae, neck extensor and neck flexor
sternocleidomastoideus. Functional balance and mobility were assessed before and after
virtual environment exposure and perturbation trials. The group found that after exposure to
sensory conflicts, the central nervous system can adapt to the changes and improve balance
capability in the elderly.

7. Conclusion

This chapter presents a global understanding of age-related neuromuscular alterations, such
as weakness and fatigue, and the use of EMG parameters in their identification. Neuromus‐
cular adaptations due to aging influence the ability of the elderly to maintain the capacity to
perform daily activities and to modulate their postural control. Additionally, physical activity
can improve neuromuscular functional ability in older people.
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1. Introduction

An important movement control strategy used by the central nervous system (CNS) is the
activation of multiple muscles acting in concert with each other to achieve a specific movement
[1-6]. The specific temporal pattern of motor unit firing, the number of recruited motor units,
and the intensity of the firing units result in a state of Multiple Muscle Activation (MMA)
during each movement. We hypothesized that quantifying the MMA would provide infor‐
mation about certain states of muscle activation used by the CNS at any moment of a given
movement activity. As neuromuscular disorders disrupt the firing characteristics of the motor
units by which the CNS controls human movement, quantifying the degree of MMA might be
useful as an assessment tool for these disorders. Additionally, monitoring changes in MMA
over time might provide valuable information about the progression of a disease state or
conversely, a recovery profile. Currently, no easily implemented screening technique for use
in clinical settings exists that allow the changes in the MMA to be measured and tracked over
time. Therefore, developing a single value that quantifies the degree of activation among
multiple muscles that accounts for temporal and magnitude changes in muscle activity in a
combinatorial fashion may be of value to clinicians and researchers interested in evaluating
alterations in muscle activation due to different physiological and environmental constraints.
In this chapter, a new index, “SYNERGOS” (from the Greek word for “working together”) is
introduced to quantify the level of MMA. At its core, SYNERGOS systematically identifies the
changes in muscle activity depicted by electromyography (EMG) signals obtained from
multiple muscles and summarizes the coactivity among these muscles into a single scalar
quantifying the MMA over a predefined period (i.e. in this report, the gait cycle) during a
variety of movements.



Surface EMG is commonly used to investigate neuromuscular activation during human
movements. EMG can provide insight into the relationship between the underlying activity of
the CNS and the resulting muscle contractions that produce the observable movement. Such
insight sheds light on the different neuromuscular activation patterns in both healthy move‐
ments and disease states [7, 8]. However, several studies identified the inherent stochastic
characteristics of EMG signals and recommended applying nonlinear data analysis to inves‐
tigate the underlying nonlinear features (i.e. determinism) of the signal [9-16]. Recurrence
Quantification Analysis (RQA) has shown promising results to detect subtle changes in EMG
signals which can be missed by the application of linear data analysis. RQA quantifies several
parameters such as percentage of recurrence (% REC) and percentage of determinism (% DET)
to detect such subtle changes in dynamical state of EMG signal [13, 15-18]. % DET is an
indication of the underlying deterministic patterns in a dynamical system that is associated
with the degree that an EMG signal “recurs,” or is predictable [15, 16, 18] as a result of
increasing firing rate in recruited motor units [9, 10, 16, 18]. % DET has shown significant
sensitivity to the change in the amount of loading and duration of a movement during both
static and dynamic movements [13-18]. In this study, the % DET obtained from the RQA for
each recorded muscle during predefined duration (i.e. gait cycles within each gait speed) is a
single value used as an input for calculation of SYNERGOS index for each gait cycle.

Previous authors have proposed techniques that have demonstrated that individual muscles
are not independently controlled by the CNS during movement [2, 4, 6, 19]. These methods of
quantifying multiple muscle activities provide several time-variant and time-invariant
parameters [2, 4] or several modes [6, 20, 21] demonstrating the level of activation of each
muscle during a movement. These techniques share some features in common with SYNER‐
GOS, namely the application of EMG to detect the multi-muscle actions during various
activities and the use of sophisticated techniques to explore the underlying dynamics associ‐
ated with the muscle activation controlling limb motion. While having these features in
common with SYNERGOS, these techniques are designed to investigate and parameterize the
underlying synergies by quantifying different modes of multiple muscle actions during body
movements so that relative time-invariant contributions of different muscles can be identified.
Conversely, SYNERGOS is not designed to identify multiple modes of activation synergies
but rather SYNERGOS is unique in that a single index value accounting for the simultaneous
activity of all muscles during a given movement, or over time in the case of cyclical movements
(e.g., one index for each gait cycle), can be conveniently assessed.

In this report, we assess the potential of the SYNERGOS technique to evaluate changes in MMA
between walking and running conditions that use different muscle activation strategies due
to differences in the complexity of these movements [22]. We hypothesized that the SYNER‐
GOS method can detect significant differences in quantified MMA during walking vs. running
due to higher level of coactivities resulted from more frequent and intense simultaneous
neuromuscular activities depicted by EMG signals. Additionally we hypothesized that the
SYNERGOS method was significantly sensitive to identify the changes in MMA associated
with small but incrementally increasing gait speed beginning with a slow walk and concluding
with running. These hypotheses were based on previous studies indicating an elevated muscle
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coactivation associated with higher gait speed (modeled by faster knee extension/flexion) [23,
24]. In this study, the cyclic movement of walking and running was chosen, which by their
nature, maintain their general kinematic form as speed increases but the underlying MMA is
modulated in concordance with increasing speed. We believe that if SYNERGOS can detect
minute changes in MMA associated with slight increases in locomotion speed it may have
functional utility to evaluate MMA during a variety of movements.

2. Method

2.1. Subjects

Ten, healthy University of Houston students participated in the study at the Laboratory of
Integrated Physiology (5 male and 5 female; age range: 20-25 years, Mean 22, SD 2.3 years,
weight: 55-80Kg Mean 67.45, SD 12.90 Kg.). The exercise readiness of each subject was
monitored by using a physical activity questionnaire (modified International Physical Activity
Questionnaire) in which several wellness aspects such as cardiovascular fitness, discomfort
during exercise, history of dizziness, joint problems, pregnancy, diabetes, breathing problems,
and history of major surgery were questioned [25]. In addition, the subjects were required to
report any history of neuromuscular disorder and lower extremity injury. No subject reported
any of the aforementioned exercise readiness risks. These selection criteria were chosen to
minimize the known effects of neuromuscular disorders and aging on changes in neuromus‐
cular activation. [26, 27]. All procedures were reviewed and approved by the University of
Houston Committee for the Protection of Human Subjects. The subjects were fully informed
about the test protocol and provided signed consent prior to participating.

2.2. Experimental protocol

Each experiment was conducted in a single laboratory session. To alter the gait pattern from
walking to running, the participants were instructed to walk at a comfortable initial speed
(different between subjects) on a treadmill whose speed increased by 0.045 m/s every five
strides up to a maximum duration of 180 seconds. Subjects were encouraged to stop the trial
if at any point they became uncomfortable. All subjects successfully completed this protocol
by transitioning their gait from walking to running. The transition speed (speed in which gait
pattern was changed from walk to run) was recorded for each subject by observation to be
used during analyses (see Statistical Analysis below). In addition, to verify the transition
between walk and run, the vertical hip velocity and the stride time variability were evaluated.
Both of these measures are sensitive to the sudden changes in gait pattern (i.e. walk to run
transition). This approach confirmed the observed transitional strides [28]. The mean initial
speed across all participants was a slow walk at 1.12 ± 0.13 m/s with final speed at a run of 3.30
± 0.11 m/s.
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2.3. Material and data collection

2.3.1. EMG activity

EMG signals were collected using six preamplifier bipolar active electrodes (EMG preampli‐
fier, Type No: SX230, Biometrics Ltd., Gwent, UK) with a fixed electrode distance of 20 mm
from rectus femoris (RF), tibialis anterior (TA), lateral gastrocnemius (GA), soleus (SO), vastus
medialis (VM), and biceps femoris (BF) of the right lower limb using double sided tape. The
electrodes were connected to a DataLINK base-unit DLK900 of the EMG acquisition system
which was connected to a PC using USB cable. To achieve acceptable impedance level the skin
over the location of each electrode was shaved and cleaned with alcohol swabs. EMG data
were collected at 1000 Hz and passed through an amplifier with the gain set at 1000. The
amplification bandwidth was 20–460 Hz (input impedance =100 MV, common mode rejection
ratio >96 dB (~110dB) at 60 Hz). A zeroing reference electrode was placed above the right lateral
malleolus bone and was secured by elastic wrap and tapes. There was no excessive filtration
of the EMG data during collection but a digital filter was applied during data processing (see
below). During the collection session, the electrodes were not removed from the subjects until
data collection was completed.

2.3.2. Apparatus

Kinematic data were also collected at 200Hz using VICON motion capture device (Oxford
Metrics, Oxford, UK) to identify the gait cycles by detecting each heel strike (i.e. right heel
strike to heel strike). The kinematic markers were located on the hip, knee, ankle, heel, and
toe. An electronic trigger was used to synchronize the EMG and kinematic data and to
determine the events in which the treadmill speed increased (one trigger per gait speed
increase).

2.4. Data processing

The data were processed by using a customized Matlab script (Mathworks, USA R2007a). The
detailed specifications of each are provided below.

2.4.1. Recurrence Quantification Analysis (RQA)

The first step was to calculate the % DET by using RQA (RQASP program [29]; also see details
in Appendix-RQA formulation). The EMG signals were band-pass filtered from 10-500 Hz [30,
31] however, no other smoothing techniques were used for the remaining signals to maximize
the exposure of the raw signals to the nonlinear analysis method [16, 32]. To minimize the
potential effect of any noise in the raw EMG signal on the outcome of RQA, the initial param‐
eters (i.e. time delay and embedding dimension) were selected by following the recommended
settings (i.e. embedding dimension, time lag, and radius) [29].

For each walking speed and each muscle, the EMG signal was clustered into five data bins that
were defined as the epochs of recorded data between each right foot heel strike (i.e. each gait
cycle). For each subject, the percentage of recurrence (% REC) and % DET of the clustered EMG
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signals was calculated for all muscles within each speed condition (% REC is required for the
control during the selection of radius, see Appendix-RQA formulation for more details). As
the RQA processes the time-delayed reconstructed space phase of the EMG signal, several
parameters were defined prior to performing the analysis. The data were analyzed using an
embedding dimension of m=6 based on the False Nearest Neighbor technique [33] and time
delay of 5 (τ = 0.005 second) based on the Mutual Information (MI) technique [34]. In the MI
technique, the first local minimum of the average mutual information is used to detect the time
delay. The proximity radius (see Appendix-RQA formulation) was selected as 2 to 10 units of
the rescaled “Maximum” unit of the Distance Matrix to keep the percentage of the recurring
points in the recurrence plot (RP) of the signal less than 2% , as has been recommended [18].

2.4.2. Shuffled surrogates tests

While  many studies  have indicated a nonlinear  dynamical  pattern for  EMG signals  [10,
14, 15, 17, 18, 35] the nonlinearity of such signals was tested to justify the application of
RQA in SYNERGOS [15,  17,  35-38].  A common practice to test the assumption of nonli‐
nearity in a signal (i.e.  EMG) is  using surrogate data testing [15,  35-37,  39].  During this
test the original EMG data are randomly shuffled using different algorithms namely time
shuffling to generate random signals.  It  is expected that the randomization of the signal
has significant effects on the nonlinear characteristics of the signal while keeping the line‐
ar  characteristics  of  the  signal  unchanged  which  verifies  the  nonlinear  behavior  of  the
signal  (i.e.  EMG).  In this  study,  20 series of  surrogate data using three algorithms were
generated  for  each  set  of  muscles  per  gait  cycle  [15,  35-38].  The  approximate  entropy
(ApEn) and % DET of the original data were used to monitor the changes in the underly‐
ing dynamics of the EMG data after shuffling [40-42]. It was hypothesized that the value
of % DET would significantly decrease while the value of  ApEn would significantly in‐
crease for the shuffled data (see Appendix-Shuffled Surrogate Tests of EMG). By rejecting
the  null  hypotheses  of  this  testing  procedure  the  existence  of  underlying  nonlinear  dy‐
namics of  the EMG signal could be assumed and therefore the application of RQA was
justified.

2.4.3. SYNERGOS

We developed the SYNERGOS method to assess the level of MMA based on the activation of
each muscle with all possible sets of the other muscles. SYNERGOS employs a two-step
method for quantifying MMA. The first step is using RQA to analyze the EMG signals of each
recorded muscle separately. The calculated % DET of the EMG signal obtained from each
muscle serves as an input variable for the second step of SYNERGOS in which the inputs are
combined by using a novel method that quantifies the level of MMA. SYNERGOS accounts
for the concomitant activation of all measured muscles rather than only pairs of muscles. This
measure results in a single scalar value indicating the overall activity among the set of multiple
muscles representing the overall activation of these muscles during the course of the move‐
ment. Fig. 1 shows the schematic of the algorithm.

SYNERGOS: A Multiple Muscle Activation Index
http://dx.doi.org/10.5772/56168

135



Figure 1. The schematic view of the SYNERGOS algorithm. EMG signals are analyzed using the RQA and the output, %
DET for each muscle is imported into the SYNERGOS algorithm which eventually provides a single scalar index repre‐
senting the state of MMA.

In this method, the average of several components is calculated. Each component is an average
of the mth roots of the products (m= 2, 3, …, n while n= number of recorded muscles) of % DET
of EMG signals for sets of m different muscles (i.e., pairs, triplets, quartets, etc.), where the
final component is the nth root of the products of % DET of all n muscles being analyzed (i.e.
the geometric mean). The SYNERGOS index was calculated based on the equation (1) by using
the % DET derived for each muscle.

1
1

SYNERGOS SYN SYN SYN SYNbi tri quad n musclen
é ù= + + +¼+ -ë û-

(1)

SY Nbi represents the paired-muscle coactivities with (n2) possible elements (see equation 2).

While SY N tri depicts the contribution of simultaneous coactivity among three-muscle sets

to SYNERGOS index with (n3) possible combinations. The same strategy is used to calculate

the higher order muscular coactivity among other multiple-muscle sets. SYNERGOS index
is elaborated in equation (2) as:
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Where DET i represents the % DET for each muscle (i, j, k, etc.) from the EMG signal during
each gait cycle and delta δij is the Kronocker delta defined in equation 3:

1
0

i j
ij i j
d

ì =
= í ¹î

(3)

While for higher order of SYN (i.e. SY N tri, SY Nquad , …) the ℵ is defined as follows:

ijkl ij jk kld d d¼À = ¼ (4)

Therefore for any combination including a pair or multiple similar muscles the ℵijkl… is zero.
δ and ℵ are used to ignore the coactivation of each muscle with itself so the result of Equation
(1) represents only the coactivity of sets of two or more separate muscles. Following the

strategy of the equation (2), SY Nn−muscle =(∏
i=1

n

DET i)1

n and represents the geometric mean of

the % DET of the recorded muscles.

This calculation represents the interaction of each muscle’s activity with the other muscles’
activity throughout a dynamic task since these muscles are all active at various times during
the task. Each term in Equation 2 calculates the possible coactivation of each muscle with the
other muscles in the limb. SYNERGOS basically summarizes the multidimensional correlation
tensors of muscle activity into a scalar value while explicitly removing the unidimensional
activity of single muscles from such tensors. Consequently, the SYNERGOS method calculates
the interaction of all of the muscles, in all possible combinations. The magnitude of SYNERGOS
can vary between 0 to 100 indicating the lowest and the highest level of MMA. A SYNERGOS
of zero indicates that none of the muscles being measured during a task are simultaneously
active regardless of the magnitude of activity in each muscle. A SYNERGOS of 100 indicates
that all muscles are simoultanously active and each muscle is activated to its potentially
maximum contraction level during each movement cycle (e.g., gait cycle). While theoretically
possible, the index could only reach 100 if electrical stimulation was used to achieve tetanus
in all monitored muscles. Values between 0 and 100 represent the average simultaneous
activation scaled by the magnitudes of activity and temporal sequencing of the respective
muscles. During movements a certain coactivity level among several agonist and antagonist
muscles exists therefore, a SYNERGOS value between 0 and 100 will be obtained by analyzing
the measured muscles.

For instance, in the current study the SYNERGOS algorithm for measuring the level of multiple
coactivation for pairs of muscles (i.e., the first component in Equation 2) uses the upper
triangular matrix of % DET indicated in equation (5) (where D represents % DET of each EMG
signal).
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The delta function negates the elements of the matrix located on the diagonal (equation 6) for
the EMG from the following muscles: rectus femoris (RF), tibialis anterior (TA), lateral
gastrocnemius (GA), soleus (SO), vastus medialis (VM), and biceps femoris (BF).
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Finally, the technique calculates the sum of the square roots of the Equation 7 matrix elements.
The outcome is averaged over the number of combinations (equation 7).
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Other components of the SYNERGOS requires the calculation of combinations of % DET of
three muscles (SY N tri), four muscles (SY Nquad ), five muscles (SY N5), and six muscles

(SY N6) while controlling for the number of combinations ((62)=15 for two muscles, (63)=20 for

three muscles, (64)=15 for four muscles, (65)=6 for five muscles, (66)=1 for six muscles).

Finally, for each subject, to obtain a single SYNERGOS index for the EMG signals during each
gait speed, the root mean square of the five SYNERGOS indices obtained from the clustered
EMG signals (five gait cycles per gait speed; see Recurrence Quantification Analysis) were
calculated (equation 8). This single value represented the quantified MMA during each gait
speed.
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Where SY NGS , j is the SYNERGOS index calculated for the jth gait speed condition and SY N i , j

is the SYNERGOS index calculated for the data clustered in the ith gait cycle (i =1, 2, …, 5)
within the jth gait speed condition.

2.5. Statistical analysis

To analyze the efficiency of the proposed method, a restricted maximum likelihood linear
mixed model was employed to identify changes in MMA measured by SYNERGOS associated
with gait pattern (i.e. walk or run) and with changing gait speed. The model included three
fixed effects, speed, pattern (walk or run), and speed-by-pattern interaction, and two random
effects, subjects and measurement error (i.e., random within-subject variation). This analytical
approach is similar to repeated measures analysis of variance in that it accounts for depend‐
ency resulting from multiple measures per subject but unlike analysis of variance does not
require the same number of measures for each subject. The fixed effects were used to test the
study hypotheses. The random effects were used to compute intraclass correlation coefficients
(ICC) of type (2,1) (i.e., degree of consistency among measures) [43] and the corresponding
standard errors of measurement (SEm) as relative and absolute reliability estimates, respec‐
tively (i.e. indicators of the consistency and precision of the SYNERGOS measure). The
significance level was set at p≤ 0.05. The analysis was conducted by using SPSS 16.0.1 (SPSS
Inc., Chicago, Illinois, USA).

3. Results

3.1. Surrogate testing

The results of the discriminant statistics (see Appendix-Shuffled Surrogate Tests of EMG). for
each muscle and algorithm are shown in Table. 1. For all subjects, muscles, and gait cycle, the
results of three different surrogate tests rejected the null hypotheses of equal or more deter‐
minism in surrogate data compared to the original data (φ > 2 and p< 5% ). The rejection of
this null hypothesis indicated significant change in the nonlinear behavior of the surrogate
signals (i.e. reduction of determinism) compared to the collected EMG signals which justified
the application of higher order nonlinear data analysis techniques such as RQA to investigate
the underlying dynamical pattern of the EMG signals specifically in SYNERGOS.

In Fig.2(a) an example of soleus EMG activity obtained during a single gait cycle (right heel
strike to right heel strike) is depicted. Soleus contributes to the ankle planterflexion during
body propulsion in stance phase of the gait. Muscle activity dramatically increases during
midstance and peaks during the terminal stance phase with a rapid decrease in muscle activity
in the pre-swing phase. The muscle remains fairly quiet during the swing phase of gait. Fig.
2(b) displays the recurrence plot (RP) of the soleus activity in which recurrent points are
positioned along several parallel diagonal recurrent lines demonstrating the existence of a
specific deterministic muscular activity in the soleus during the gait cycle. Fig.2(c) represents
the randomized shuffling of the EMG signal using surrogate testing algorithms. The RP of the
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shuffled data are presented in Fig.2(d). No particular deterministic pattern can be recognized
by observing several recurrent points scattered on the plot as these points do not generate long
diagonal recurrent lines that would indicate determinism of the signal. The analyses of the
original and surrogate signals also confirmed the results displayed in Fig.2(b) and Fig.2 (d).
The reduction in % DET and increase in ApEn indicates that the surrogate data follows
different dynamical patterns than the original EMG signal therefore the EMG signal included
nonlinear behaviors (i.e. determinism) that were altered by the randomization of the original
signal.

SO GA TA VA RF BF

Time Shuffled

φApEn
Mean 37.54 37.02 24.76 38.99 30.46 27.35

SD 6.52 7.12 7.30 7.81 7.00 3.42

φ%DET
Mean 454.65 518.50 344.20 292.60 42.17 213.00

SD 165.09 93.84 111.21 89.51 26.36 68.31

FT

φApEn
Mean 42.16 40.60 32.22 43.79 24.18 25.61

SD 7.43 7.38 12.72 8.92 5.82 4.83

φ%DET
Mean 61.26 94.09 232.65 22.43 69.42 48.27

SD 23.08 57.94 46.55 8.34 26.57 9.20

IAAFT

φApEn
Mean 16.63 14.77 18.56 12.47 17.22 15.78

SD 4.16 4.70 6.01 4.59 4.44 1.45

φ%DET

Mean 49.24 66.33 53.88 25.84 35.58 11.03

SD 4.95 22.98 41.35 23.47 11.35 4.57

Table 1. The values of surrogate testing for three different algorithms; φApEn and φ%DET  represents the value of
statistics calculated from ApEn and % DET of the EMG signals and surrogate data series. (Fourier transform (FT),
Iterated amplitude adjusted Fourier transform (IAAFT), rectus femoris (RF), tibialis anterior (TA), lateral gastrocnemius
(GA), soleus (SO), vastus medialis (VM), and biceps femoris (BF))

3.2. SYNERGOS analysis

The SYNERGOS indices during walking, running, and the whole protocol are summarized in
table2.

Condition Average SD

Walking 17.61 11.57

Running 33.86 10.89

Overall 25.71 13.76

Table 2. The SYNERGOS indices averaged across all subjects and during walking, running, and the full protocol. The
average index increased significantly during running compared to walking.

Electrodiagnosis in New Frontiers of Clinical Research140



As expected, the changes in the gait mode (walking vs. running) altered the activation of
muscles contributing to gait. Fig.3 shows the normalized EMG activities in one of the subjects
whose SYNERGOS indices increased significantly from 2.58% during the slowest walking
speed to 41.56% during the fastest running speed indicating an increase in cooperation among
multiple muscles.

Figure 2. (a) The neuromuscular activities of soleus muscle during a gait cycle are depicted by EMG activities in in
which soleus is mostly active during the propulsion of body during stance phase while showing little activity during
swing phase. (b) The Recurrence plots (RP) generated based on the original data is shown in the graph (a) indicating
the existence of a specific pattern in the soleus activity during the gait cycle. This pattern is depicted by several recur‐
rent points located along particular diagonal lines which are parallel to the main diagonal line (see Appendix-RQA
formulation). The outcome of the RQA also verified the existence of the aforementioned pattern (% REC = 1.98; %
DET = 51.80, radius=2.86, ApEn=0.72). Figure (c) contains the randomized shuffled data of the signal shown in 1(a).
Figure (d) is the RP of the randomized signal which shows no significant determinism in the shuffled data. The time
delayed dimensional data in RP are randomly scattered around the main diagonal line and the recurrent points are
positioned along very short length. In addition, the outcome of RQA has shown significant reduction in determinism
in the randomized data (% REC = 1.99 radius=8.70, ApEn=1.46). The drastic drop in the determinism of the signal de‐
tected by decreasing % DET and increasing ApEn verified the nonlinear dynamics of the EMG signal.
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This change was detected by a significant alteration in the SYNERGOS index with the index
being significantly greater during running than during walking (F(1,382.149) = 54.067, p <0.001)
suggesting increased muscle multiple coactivity during more vigorous movements. In
addition, the hypothesis that SYNEGOS could detect changes in MMA associated with slight
increases of 0.045 m/s in gait speed was confirmed (F(1,382.537)= 675.85, p< 0.001). A significant
interaction effect of gait speed and movement pattern ( F(1,382.082) = 48.075, p <0.001) was
also detected indicating that increases in SYNERGOS values occurred at a lower rate during
increases in running speed than during increases in walking speed. A high degree of reliability
was detected during both walking (ICC=0.92, SEm=3.14) and running (ICC=0.91, SEm=2.71).

Figure 3. The EMG activity of the lower extremity muscles in soleus (SO), gastrocnemius (GA), tibialis anterior (TA),
vastus medialis (VM), rectus femoris (RF), and biceps femoris (BF) comparing walking and running stage. The data are
time normalized using a linear length normalization method to convert different each gait cycle into equally scaled
units (each unit represents 1% of gait cycle). A gait cycle was defined as the duration between right heel strike and
the next right heel strike (gait cycle = 100% of scaled unit). For demonstration purposes, the amplitude for each mus‐
cle was normalized to the maximum EMG obtained during the data collection. This maximum was always reached
during running.

Fig.4 displays the 95% confidence intervals (95% CI) of SYNERGOS index across all subjects
for each of the gait speeds. In addition, the final fitted model slopes both during walk and run
in the SYNERGOS indices across treadmill speeds (solid lines) is depicted. The model consis‐
tently increased in response to increasing gait speed and had larger absolute values during
running, indicating greater magnitude and coactivation (SYNERGOS walk 16.517 ± 3.14 vs.
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SYNERGOS run = 32.84 ± 2.71). Furthermore, the fitted slopes for increases in the SYNERGOS
index during walking (slope = 18.30) and running (slope=15.35) were significantly (p<0.001)
different.

Figure 4. The shaded area indicates the 95% CI of the SYNERGOS index for each gait speed. The vertical dotted line
indicates the average walk to run transition speed. The linear fit model for walk and run are shown by solid line while
the extrapolation of the linear fit model into the opposite gait pattern was shown by dotted lines for the SYNERGOS
indices. In both walking and running conditions the SYNERGOS indices increased consistently in response to increas‐
ing gait speed. The index had larger absolute values (>20) during running, indicating greater magnitude and activa‐
tion of muscle activity, but the slope for walking (slope = 18.30) was significantly (p<0.001) higher than the slope in
running condition (slope=15.35) indicating a greater rate of change in MMA when increasing walking speed relative
to increasing running speed.

4. Discussion

We have introduced a new analysis method, SYNERGOS that provides an index for quanti‐
fying the state of muscle multiple coactivation during a given movement task and demon‐
strated that it could successfully discriminate between muscle coactivation patterns associated
with changing gait mode and speed as a particular combination of the % DET for multiple
muscles. As mentioned previously a SYNERGOS index of 100 would represent 100% contrac‐
tion and simultaneous activation of all measured muscles. Such a possibility is extremely
unlikely when considering any voluntary contraction but definitely would not occur during
a dynamic movement as rigidity would result.

4.1. SYNERGOS considerations

Several studies investigated the effect of increasing gait speed on the neuromuscular activities
of the lower extremities [22, 44-49]. These studies reported increasing average and peak EMG
voltage associated with increasing speed in the soleus, gastrocnemius, tibialis anterior, vastus
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medialis, rectus femoris, and bicep femoris muscles [22, 44-49]. In addition, significant
increases in musle cocontraction were reported during increasing gait speed [48]. The increases
observed in the SYNERGOS indices are consistent with the previous studies verifying greater
EMG activity during faster gait speeds.

Previous studies have indicated that the stability of the human body decreases during higher
gait speed which might be correlated with higher risk of fall and injury [50-52]. Muscular
cocontraction is a strategy used to stiffen the joints resulting in the reduction of kinematic
degrees of freedom to enhance stability during dynamic movements that may threaten
postural stability [48]. During faster movements kinematics (velocity and accelerations) and
kinetics (i.e. forces, torque, and momentum) parameters alter with higher rates therefore more
reliable postural and movement strategy is required to ensure relatively quicker response to
the variations in the stability of the system. Thus, increasing the level of MMA provides an
effective way for the CNS to reduce the numerous DOF during more demanding movements
such as running to provide more stability of human body in faster gait speeds. Increasing
SYNERGOS indices are compatible with the aforementioned observation of the motor control
strategy.

Several methods for quantifying the coactivity of a group of muscles have been described
previously, including muscle cocontraction and various linear techniques. Muscle cocontrac‐
tion studies are limited to evaluation of only two antagonistic muscles at a time [53, 54]. While
analysis of muscle cocontraction may be valuable for various clinical assessments, evaluation
of only two muscles does not adequately represent the complex control required to evaluate
full-body motion; SYNERGOS overcomes this limitation by offering the potential to represent
the combination of EMG activity from all monitored muscles. Linear data analysis methods
such as principal components analysis or other factorization techniques have been used to
identify the time-invariant patterns of multiple muscle coactivation [2, 4-6, 19, 21, 55], but the
nonlinear patterns of information embedded in EMG signals have received little attention [4,
6, 18, 56]. In contrast, SYNERGOS quantifies the changes in MMA of a potentially unlimited
number of muscles within the constraints imposed by the practical considerations of the
number of muscles EMG can reasonably be collected from during a given movement and
analyzes the signals using a powerful nonlinear technique. The SYNERGOS method detects
the changes in muscle coactivity states by accounting for both time dependent and time
invariant characteristics of EMG signals assessed by % DET EMG without assuming linearity
(i.e. stationarity) of EMG signals [13, 14, 16-18].

The SYNERGOS index is an overall estimation of MMA during a specific cycle. The simplicity
of the single quantity will come with a price of losing some temporal aspects of muscular
activation. Although SYNERGOS algorithm in the first step captures subtle changes in the
temporal and magnitude characteristics of each EMG signal by using the % DET in the second
step it calculates the overall MMA by averaging the muscular activities using equation (16).
Therefore the single quantity cannot demonstrate the exact simultaneous multiple activities
of each muscle with others in every single EMG data point. The time-unit of each SYNERGOS
index can be set to the duration of the epochs. However this limitation (single SYNERGOS

Electrodiagnosis in New Frontiers of Clinical Research144



index per epoch) provides simplicity to monitor and track the multiple muscle activations over
a longer period of time.

As the CNS likely uses optimized MMA strategies to control different movement tasks, a
quantity indicating an overall multiple muscle coactivity may be valuable, particularly in
clinical settings, to assess the changes in the performance of the CNS of different patient
populations. After further evaluation and validation using data collected during a variety of
activities from a variety of patient populations, SYNERGOS may enable clinicians to screen
the effectiveness of treatments on neuromuscular activities and could potentially be used as a
diagnostic tool to detect abnormal activation in the neuromuscular system.

4.2. RQA considerations

Several previous studies have investigated the application of RQA and % DET to provide
insight into the state of muscle activation in various activities during both isometric and
dynamic movements. These studies have demonstrated the benefits of such nonlinear
techniques to study the neuromuscular activities quantified by EMG signals [13, 14, 16-18,
32]. To perform various activities, muscles are required to generate different forces to satisfy
the task related goals that may result in variation of motor unit recruitment and ultimately
changes in motor units synchronization [9, 10]. The great sensitivity of RQA to the subtle
changes in dynamical systems has increased the use of this analysis for understanding various
procedures in motor control, specifically in analyzing EMG signals [13, 16, 18, 29, 35, 40].
However, RQA should be conducted with careful selection of initial parameter settings. % DET
has been shown to have high sensitivity to the interaction of noise and embedding dimension
if the time lag is more than 8 samples (τ > 8 samples) [29]. Therefore, the selection of the
embedding dimension and time lag was conducted using False Nearest Neighbor and Mutual
Information techniques for all EMG signals during each gait cycle as the artificial changes in
% DET caused by noise may alter the outcome of SYNERGOS.

4.3. EMG considerations

EMG signals depict the overall presentation of action potentials from motor units. Low
frequency noises such as power line noise and cable movement are removed using the current
technology in EMG data collection devices [57]. Two major sources of noise that may affect
the integrity of the EMG signal are baseline noises and movement artifact noise. The baseline
noise is generated in electrode amplification process during data collection. In addition, skin
movement artifacts are generated during dynamical movement of the muscles resulting in the
relative change in the location of the electrode to the targeted muscles. These artifacts can also
be generated during highly demanding movement activities in which the impulse of the forces
may travel through the muscles and approach the electrodes. In this study a 10-500Hz
bandwidth was used to filter the collected EMG signals during the movements. Although in
more vigorous activities the corner frequency of 20Hz was shown to remove some additional
noises [57], in this study the corner frequency of bandwidth was chosen based on the recom‐
mendations of International Society of Electrophysiology and Kinesiology (corner bandwidth
frequency of 10 Hz) [30]. As further filtering of data might remove some portions of the ‘true’
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EMG signal generated by neuromuscular activation, which might result in limited exposure
of actual muscular activities to the RQA, hence dismissing ‘true’ subtle changes in the EMG
signal [16, 32] Thus no further filtering was applied on the EMG signals used in this study.
Additionally the effect of noise on the % DET as the inputs of SYNERGOS was also minimized
by the careful selection of initial parameters (i.e. embedding dimension, delay, and radius) to
ensure the integrity of the algorithm (see “RQA consideration”).

In conclusion, we have proposed a nonlinear multiple-muscle coactivation quantification tool,
“SYNERGOS”, that is sensitive to changes in both the magnitude and the timing of muscle
activity caused by environmental or task related changes. In the future, this method may have
application as a diagnostic tool for the evaluation of the therapeutic interventions in individ‐
uals with neuromuscular disorders, or those in rehabilitation settings. Further development,
validation, and application of the SYNERGOS measure in clinical populations are currently
being explored. Additionally, assessment of SYNERGOS’s intra- and inter-day reliability is
also underway.

Acknowledgements

We would like to extend our sincere thanks to all the University of Houston students who
participated in the study. Additionally, we are thankful to Mr. Chris Arellano, Mr. Marius
Dettmer, and Ms. Azadeh Khorram for their help with the data collection.

Apendix

RQA formulation

RQA is a nonlinear data analysis tool, that quantifies the recurrent data in the phase space tra‐
jectory of a time series data set, here EMG signals [15, 18]. For RQA analysis each time series is
defined as the EMG activity recorded for each muscle during each gait cycle depicted by “d

→
”:

, , ,1 2
Td d dNd = ¼é ùë û

r
(9)

Where N represents the total number of collected data points in each bin (i.e. EMG data). In
our study, N decreased as the gait speed increased, owing to the shorter gait cycles. In the next
step the phase space vector is calculated based on the embedding dimension (m=6) found by
False Nearest Neighbor method and time delay (τ=  0.005 second equal to 5 EMG data samples)
found by Mutual Information technique [33], [34]. The equation of the phase space can be
constructed as [15]:
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resulting in a vector with Ns =N− (m−1)τ elements. Based on the above phase space vector a
Distance Matrix (DM) is defined. The elements of the DM are the Euclidian norm of the distance
of each of two generated elements of the phase space vector [13].

                   , 1, ,,
m ms s s i j Ni ji j i s= - Î = ¼DM r r r

R (11)

Here ℝ indicates the real numbers. In the next step, RQA assesses the proximity of each element
in the DM with other elements. This proximity is tested based on a predefined threshold radius
(εi). In this study, the threshold radius is found by an algorithm to keep the recurrence rate
less than 2 percent [18] resulting in 2<εi <10 units of the normalized DM by the maximum
element in the original DM. Next, the outcome of this assessment is converted into a binary
matrix as representing the approximately close elements while 0 indicates the “not-close”
elements:

, ( ), ,
m mi Hi j i i j
e e= -R DM (12)

In which H represents the Heaviside function defined as

( ) 0 0
1 0

x
H x

x
ì <

= í ³î
(13)

Equation 12 can be summarized into equation 14 as

0  
  , 1, ,, 1  

dm dmi j
i j Nsdm dmi j

ìï= = ¼í @ïî
Ri j

®
(14)

in which dmi and dmj are two elements on the DM matrix [15]. All elements compared with
itself (i.e. i = j) results in the recurrence matrix element of 1. Recurrence plots which visualize
the recurrence matrix can be generated based on the frequency distribution of the recurrent
points (non-zero elements in recurrence matrix). To calculate the % DET the noncumulative
frequency distribution of the constructed diagonal lines (recurrent points) in the Recurrence
matrix is defined as
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( ) { } ; 1,2, , P l l i Ni l
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Where N l  represents the number of diagonal lines with the length of li [17]. Due to the increase
in the deterministic pattern of EMG signal resulted from increasing motor unit firing rate
during more intense activities (i.e. running) N l  increased for longer diagonal lines and
decreased for shorter lines. Finally, % DET was calculated based on equation (16).

( )
%

,
, ,
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mN i

i j i j

e

e

å =
=

å R
(16)

in which lmin is the minimum number of recurrent point in a diagonal line required to define
a line [15]. lmin =1 represents the condition generated by the tangential motion of phase space
trajectory [15] that is not indicating the systematic determinism of the recorded EMG signal.
In this study, lmin =3 was chosen to demonstrate the deterministic pattern of the space trajectory
based on the recommendation of previous studies [16, 18]. As the denominator of the equation
(16) indicates the total recurrent points, % DET measures the proportion of recurrent points
that define recurrent diagonal lines longer than lmin representing the determinism or pre‐
dictability of the dynamical system, i.e. EMG signal.

Shuffled Surrogate Tests of EMG

To obtain a one-tailed significance level of α = 0.05, nineteen (M=19) surrogate data series out

of 20 should reject the null hypothesis (M = K
α −1 in which K=1). The results of the surrogate

testing were evaluated using a one-tail significance level because we had a directional
hypothesis that predicted a reduction in the determinism of the surrogate signals after
shuffling the original EMG [35, 36, 40, 42]. In the first series, temporally independent surrogate
data were generated by random shuffling of the time ordering of EMG data which destroyed
any time synchronization and correlation in the original data while saving statistical properties
such as the mean and standard deviation [35, 38]. In this step, rejecting the null hypothesis that
the EMG signals are originated from white noise is evidence of the existence of a dynamical
system in the EMG signal [37]. Next, a phase randomized surrogate algorithm [37] was used
to shuffle the original data by these three steps: 1) determining the Fourier transformation of
the EMG signals 2) randomization of the phase of Fourier transform 3) applying the inverse
Fourier transform to obtain a surrogate time series. The goal of this test is to reject the null
hypothesis that the EMG signal has a linearly correlated Gaussian noise pattern. Iterated
amplitude adjusted Fourier transform (IAAFT) was the third algorithm to generate surrogate
data series [36, 37, 39]. IAAFT algorithm generates surrogate data, which resemble the rank
ordering and power spectrum of the original EMG signals. Rejecting the null hypothesis by
using IAAFT algorithm can be an indicator of deterministic chaos in the original time series
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[36, 37, 39, 40], therefore the latter algorithm has the advantage of demonstrating the nature
of nonlinearity in the signal.

To test the null hypotheses, discriminating statistics were applied to investigate the changes
in the dynamical pattern of surrogate data. These statistics should be sensitive to higher order
nonlinearity of the signal [36, 37]. In this study, the null hypotheses were generated based on
the changes in the approximate entropy (ApEn) and % DET of the surrogate data. ApEn is a
single quantity by which the regularity of a signal can be measured [58, 59]. ApEn has been
shown to classify underlying complexity of the signals while no significant changes in
frequency and amplitude parameters were detected [40-42]. ApEn rages from 0 to 2 for
completely predictable signals (i.e. sine wave) to white Gaussian noise respectively. A value
of ApEn=2 indicates complete uncertainty in prediction of future behavior of a dynamical
system. Therefore, in surrogate testing the expected outcome is a significant increase in ApEn
value while a significant drop in % DET as a result of random shuffling procedure [35, 38].

ApEn value for both original EMG signals and surrogate data were calculated by applying the
parameter settings of embedding-dimension of m=2 and r= 0.2 × standard deviation of the
signal. In addition, after conducting the RQA analysis on the original EMG signals, a Matlab
script was used to perform the RQA on the surrogate data using the same parameter settings
( m=6 and τ= 0.005 second). The script increased the radius to obtain similar level of % REC
(the percentage of recurrent points in the recurrence plot graphs) for each set of muscles per
gait cycle and the % DET was calculated base on the modified radius.

Finally, the ApEn and % DET of surrogate data were statistically compared to the ApEn and
% DET of original EMG signal by defining the following statistics [37, 40]:

( ) ( )/           1  Q SD i to noriginal surrogatei surrogatei i
j m= - = (17)

Where n is the number of muscles and Qoriginal  indicates ApEn or % DET statistic from original
EMG for each muscle per gait cycle. μ̄(surrogate)i

 and S Dsurrogate denote the average and standard
deviation of computed ApEn and % DET of the surrogate series. φi indicates the amount of
change in the ApEn and % DET of the original data in the scale of standard deviations. To
reject the null hypothesis a minimum φi >2 is required to obtain a 5% significance level
(normality assumed) [39].

Nonlinear data analysis techniques are capable of revealing subtle changes in dynamical
systems that may be ignored during linear data analysis. However they require more sophis‐
ticated analysis procedures and are generally more time consuming and costly, therefore the
application of such techniques should be justified especially during clinical measurements. In
the current study, three algorithms were used to test the state of nonlinearity in the EMG
signals. The first two algorithms (time shuffled and FT) confirmed the fact that the recorded
EMG signals contain higher order nonlinear dynamics. The use of the third surrogate testing
method (i.e. IAAFT algorithm) expands our understanding from the nature of the dynamical
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nonlinearity. In our investigation, the existence of deterministic patterns measured by % DET
is a key to the SYNERGOS equation. Therefore the use of third surrogate algorithm, IAAFT
was justified. In previous studies amplitude adjusted Fourier transform (AAFT) algorithms
were used to investigate the nature of the EMG signal [40] however it has been argued that for
short and highly correlated data series the AAFT algorithm may result in flatness of power
spectrums [36] therefore IAAFT algorithm was introduced to overcome such a bias by
iteratively correcting the deviations in the power spectrum. [36, 39].
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1. Introduction

Skeletal muscle possesses the ability to change its structural and mechanical characteristics in
response to its external environment (i.e. it is adaptable). The exact nature of such adaptations
is manipulated by, amongst other things, the mechanical stimulus provided to the said muscle.
Resistance exercise is an example of one such stimulus, and is used in a variety of settings,
such as athletic performance, general health and fitness, injury prevention and rehabilitation.
It is also now commonplace for resistance exercise to be used to offset the debilitating effects
of illness, disease and sarcopenia (the latter being a term used to describe the age-related loss
in muscle mass, which is also accompanied by increased fatty tissue infiltration and the ensuing
decrement in muscle ‘quality’). The objectives of the resistance exercise protocol therefore, will
vary due to the unique nature of each setting, and therefore should be optimised in order to
bring about a specific and desirable set of adaptations. Frequent adaptations that are sought
from resistance exercise regimes include an increase in muscle cross-sectional area (CSA) and
strength [1], alterations to muscle architecture (spatial arrangement of muscle fibres within a
muscle [2]), and greater maximal activation of the musculature [3].

Muscle activation has been widely assessed using surface electromyography (SEMG), and in
many cases is expressed as a relative level (%) of maximal voluntary contraction (or MVC). It
comprises the sum of the electrical contributions made by the active motor units in proximity
to the measurement site. The global characteristics of the surface EMG, such as its amplitude
and power spectrum, depend on the membrane properties of the muscle fibres as well as on



the timing of the single fibre action potentials. Thus the surface EMG reflects both peripheral
and central properties of the neuromuscular system [4]. For many muscles, optimal firing rate,
which is that elicited by a maximal voluntary effort, is sufficient to generate a fused tetanus in
individual motor units. In predominantly fast-twitch muscles (e.g. biceps brachii), this firing
rate is ~30Hz whereas in predominantly slow-twitch muscles (e.g. soleus), this firing rate is
~10Hz [5]. This electromyographic signature is warranted in order for the muscle to express
its maximal force generating capabilities, and there have been many studies carried out that
have reported a significant increase in agonist SEMG recordings following a resistance training
program in both males and females, and in the young as well as the elderly [3, 6-12]. As
mentioned previously, muscle adapts in a specific manner to the stimulus provided, and in
the case of the aforementioned studies, increases in agonist muscle activation has been shown
to be specific to the mode of muscular contraction employed during the resistance training
period, and has been fairly well characterised. It is however unclear whether chronic changes
in the magnitude of the EMG signal occur with training.

One aspect of resistance training that is scarcely reported in the literature is the acute (and/ or
chronic) responses to resistance training programs whereby the length of the muscle when it
is loaded is being manipulated. Acutely, it has been demonstrated that there are significantly
different responses to exercising at different joint-angles (and thus different muscle lengths).
De Ruiter et al. [13] showed that during isometric MVC exercise at 30o, 60o, and 90o of knee
flexion, maximal activation of the knee extensors was significantly greater at 90o than the other
two angles, despite having identical torque production as 30o (90o; 199±22Nm, 30o; 199±29Nm)
and significantly lower torque production than 60o (298±41Nm). A subsequent study [14]
found that maximal muscle oxygen consumption was reached significantly later, and was on
average ~60% less at 30o compared to 60o and 90o knee flexion. Furthermore, Hisaeda et al.[15]
found that when performing isometric contractions at 50% MVC to failure at either 50o or
90o of knee flexion, endurance time was significantly shorter at 90o than 50o. This effect was
present both when the exercise was performed with the local circulation occluded and not
occluded, thereby highlighting local events as being key to the performance of the musculature
at discrete knee angles (or muscle lengths). In addition to this, the slope of the iEMG-time to
fatigue regression was significantly greater in the 90o condition compared to 50o. It is proposed
that one of the reasons for an increase in oxygen consumption at longer muscle lengths (or
more flexed joint angles) is that to produce the same external torque, the internal mechanical
stress must be higher at more flexed angles (90o) compared to extended angles (30o or 50o)
because the moment arm of the in-series elastic component (i.e. the distance between the
tendon and the joint centre of rotation, a factor which impacts on the forces required at the
muscle) is shorter [16] at more flexed angles. The above studies provide compelling evidence
of the link between the muscle length during a bout of resistance exercise and the acute impact
on muscle activation levels, energetic provision, fatigability, as well as torque production. It
has therefore been important to determine the nature of the acute effects of length-specific
training because it is the accumulation of the acute responses that ultimately are reflected in
the chronic muscle adaptations (known as the repeated bout effect).
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Previous investigations have also identified the link between muscle length (or joint-angle)
and gains in strength and/ or levels of muscle activation following more extended periods of
resistance training [17-21]. Briefly, these studies have shown that significantly greater increases
in isometric strength are attained when tested at the training length or position, and that these
changes in strength are accompanied by significantly greater activation of the muscle at the
training position. Furthermore, several studies have outlined that at shorter muscle lengths,
the phenomenon of length-specific adaptations are more marked compared to those at longer
muscle lengths [19, 21]. For example, performing resistance training at a shorter muscle length
results in increases in strength at, and close to the training muscle length, whereas training at
longer muscle lengths results in strength increases at, and around a larger range of muscle
lengths. However, all of the above data is provided via controlled isometric (static) contrac‐
tions, when resistance training programs for most individuals are predominantly of a dynamic
nature, and therefore warrants further research to extend the knowledge in this area. Therefore
the aims of the body of work presented for the first time here were:

1. To describe the acute differences in activation of the Vastus Lateralis (VL) muscle whilst
performing dynamic resistance exercise over relatively short muscle lengths compared to long
muscle lengths; here comparisons were carried out a) where the external ‘perceived’ workload
is matched, and b) when the internal workload is systematically matched between the two
training modalities. 2. To describe the changes in oxygen consumption and cardiovascular
responses during these exercise protocols. 3. To identify any link between the acute responses
to loading at shorter vs longer muscle lengths; and the more chronic adaptations on VL muscle
activation following 8 weeks of length-specific resistance training and 4 weeks detraining.

2. Methods

2.1. Acute study

Ten males (23±3 years, 1.79±0.06m, 73.4±8.4Kg) gave written informed consent to take part in
the study. All procedures and experimental protocols were approved by the Ethics Committee
at the Manchester Metropolitan University. Exclusion criteria for participation in the study
were the presence of any known musculoskeletal, neurological, inflammatory or metabolic
disorders or injury. Participants were physically active, involved in recreational activities such
as team sports, and had either never taken part in intensive (more than two hours a week)
lower limb resistance training or not within the previous 12 months. Participants attended the
laboratory for a total of five occasions. The first visit included demonstration of the appropriate
squat technique for a standard barbell back squat, and familiarisation of the exercise protocol
and testing equipment. The following week participants returned on four occasions, firstly to
record their one repetition maximum over each range-of-motion, which was defined as the
maximum amount of external weight (Kg) that could be lifted in a controlled manner through
the entire range-of-motion, and their MVC on an isokinetic dynamometer ( Cybex, Phoenix
Healthcare Products, UK) at 50o and 90o of knee flexion. The time-line of the sessions was as
follows: Day 1; 1RM & MVC, Day 2; Rest, Day 3; Protocol 1, Day 4; Rest, Day 5; Protocol 2, Day
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6; Rest, Day 7; Protocol 3. During each of the resistance exercise protocol days, the participants
were randomly allocated to perform the resistance exercise session of one of the three desig‐
nated ranges-of-motion. During each of the resistance exercise sessions, all acute variables
(EMG, VO2, heart rate, blood pressure) were measured.

Exercise Protocols; Each exercise protocol involved performing exercise over one of three
ranges-of-motion (Figure 1). The three ranges-of-motion were; 0-50o knee flexion (shorter
muscle lengths, SL), 40-90o knee flexion (longer muscle lengths, LL) and 0-90o knee flexion
(complete range-of-motion incorporating shorter and longer muscle lengths, LX). A goniom‐
eter was attached to the knee joint centre of rotation, from which the investigator confirmed
each angle was met during exercise performance. Each exercise session required participants
to perform one set of five repetitions back squats at an absolute load of 20Kg, 40Kg and finally
60Kg. Sets were interspersed by two minutes of recovery. Following a further ten minutes rest,
each participant performed a further set of five back squats at 40%, 60% and 80% 1RM,
interspersed by two minutes of rest.

Electromyography; A pair of self-adhesive Ag-AgCl electrodes 15 mm in diameter (Neuroline
720, Ambu, Denmark), were placed on clean, shaved, and previously abraded skin, in a bipolar

Figure 1. Diagram showing the various knee-joint ranges-of-motion used in the training protocols with a view to de‐
scribe both acute and chronic training responses
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configuration with an inter-electrode distance of 20 mm. The electrodes were placed at 50% of
femur length and 50% of muscle width of the Vastus Lateralis muscle (VL). The reference
electrode (Blue sensor L, Ambu, Denmark) was placed on the lateral tibial condyle. The raw
EMG signal was amplified and bandpass filtered between 10-500 Hz (MP100, Biopac Systems
Inc., USA) with a 50Hz notch filter, and sampled at 2000 Hz. All EMG and torque signals were
displayed in real time in AcqKnowledge software (Biopac Systems Inc., USA) via a PC (iMac,
Apple Inc., USA). The root mean square (RMS) EMG activity was averaged for a 500ms period
which coincided with the plateau of peak torque of all analysed muscle contractions.

Oxygen Consumption (VO2); Gases for VO2 consumption were collected using standard Douglas
Bag techniques. Prior to the beginning of each set of exercise, a clip was placed on the nose of
the participant, the Douglas bag mouthpiece was inserted into the mouth and the valve on an
empty bag subsequently opened. After the set of exercise was completed, 30 seconds were
allowed to elapse before the valves were closed. This was to allow for any excess post-exercise
oxygen consumption during the immediate recovery period. A separate Douglas bag was used
for every set of exercise completed. Each bag was analysed using a gas analysis program
(Servomex 5200 Multiuse, Crowborough, UK) and was used to calculate the FECO2 and
FEO2 percentages. For these calculation, the data from Gas which had been evacuated for 60 s
with a flow rate of 2.1 L/min, the total gas volume which was obtained using a Harvard Dry
Gas vacuum (NB. the flow rate (2.1 L) was added to the final figure to give the VE stpd (L/
min-1)), the time period in which the Douglas bag was open (secs), load (kg) and subjects’ heart
rate were all inserted into the gas analysis programme. The VO2 (ml/kg-1/min-1) was also
recorded.

Heart rate & Blood Pressure; Heart rate and blood pressure were recorded at rest in the supine
position before the onset of exercise using a standard heart rate monitor (Polar, UK) and
electronic blood pressure monitoring device (Panasonic Diagnostec, UK). These parameters
were also measured immediately post-exercise, after every set of exercise. Rate of perceived
exertion (RPE) was also recorded following the conclusion of each individual set of exercise.

2.2. Chronic resistance exercise program study

Thirty two activity-matched participants were allocated to a training group – SL (shorter
muscle length 0-50o; 6 males, 4 females; aged 19±2.2 years, 1.76±0.15m, 75.7±13.2Kg), LL (longer
muscle length; 5 males, 6 females 40-90o; 21±3.4 years, 1.75±0.14m, 74.9±14.7Kg) or LX (Whole
range of motion, 6 males, 5 females 0-90o;19.2±2.6 years, 1.71±0.11m, 73.8±14.9Kg). Ten
participants (6 males and 4 females; 23±2.4 years, 1.76±0.09m, 77.9±13.1Kg) were assigned to
the non-training control group (Con), and continued their normal habitual activity throughout
the study period. A One-way ANOVA revealed that the population was homogeneous at
baseline for all parameters of interest (P>0.05). All groups were assessed at baseline (week 0),
post-training (week 8), after two weeks of detraining (week 10) and following a further two
weeks of detraining (week 12).

Electromyography; Preparation of EMG site, measurement and assessment of EMG were as
described in the previous section. In addition to these measurements, EMG of the biceps
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femoris was also recorded during graded maximal contractions in order to assess antagonist
muscle co-activation.

Resistance Training Program (RT); RT was carried out 3 days per week for 8 weeks and ceased
during the 4 week detraining period. RT included performing 3-4 sets of 8-12 reps (depending
on the stage of the training program) of exercises designed to overload the knee extensors
muscle group. Exercises included the barbell back squat, leg extension, leg press, Bulgarian
split squat, and forward lunge. 1RMs were assessed and recorded every two weeks to progress
the exercise loads.

Muscle size measurements; VL muscle widths were measured using B-mode ultrasonography
(AU5, Esaote Biomedica, Italy) at 25%, 50% and 75% of femur length. The ultrasound probe
was held in the transverse plane and used to locate the borders of either side of the VL muscle.
Each of these junctures was marked on the skin and the distance between them measured. In
addition, at each of the aforementioned sites, thigh girths were also measured using standard
anthropometric techniques. All data is presented as mean ± standard deviation (S.D.).

Muscle strength measurements; Throughout the training program, 1RM of the knee extensors
systematically monitored on a knee extension machine (Technogym, Bracknell, UK).

3. Results

3.1. Acute responses

Muscle Activation; As expected Vastus lateralis activation increased linearly with absolute
external load, with activation being significantly greater (P<0.05) when lifting 40Kg compared
to 20Kg, and also when lifting 60Kg compared to 40Kg (P<0.05) and 20Kg (P<0.001). When
comparing activation between ranges-of-motion as a percentage of MVC, activation of the
muscle was significantly (P<0.05) less at SL (59±6%, 63±7%) compared to LL (73±7%, 77±5) and
LX (70±7%, 75±6%) at 40Kg and 60Kg loads respectively (Figure 2A). During relative loading,
performing exercise at 60% 1RM did not increase activation compared to 40% 1RM (P>0.05),
though activation was increased at 80% 1RM compared to 60% (P<0.05), and 40% (P<0.001).
There were no significant differences in activation at 40% and 60% 1RM between the three
ranges-of-motion (P>0.05), whilst at 80% 1RM, VL activation was significantly greater during
exercise in LL and LX compared to SL (Figure 2B; P<0.05). It is notable that these effects were
similar for all two ‘long muscle’ training protocols so that there were no significant differences
between the longer muscle length ROM and the complete ROM under any loading conditions
(P>0.05).

Oxygen Consumption (VO2); There was no significant changes in VO2 between any of the
absolute loading conditions or between any ROM (P>0.05). Furthermore, in the relative loading
conditions, mean VO2 was significantly greater at 80% 1RM compared to 40% 1RM (6.4±0.9
ml/kg-1/min-1 vs. 9.93±1.3 ml/kg-1/min-1, P<0.05). VO2 was greater at 40% and 60% 1RM in LL
and LX than SL, however there were no significant differences between these ROMs. At 80%
1RM there was a significantly greater VO2 (Figure 3) in the LL ROM compared to SL (P<0.05),
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however there were no significant differences between LL and LX, or SL and LX at this loading
intensity (P>0.05).

Heart rate & Blood Pressure; There was a significantly greater (P<0.05) mean heart rate
difference between LL (139±10 beats per minute) and LX (136±11bpm) compared to SL
(118±12bpm) in both absolute and relative loading conditions, with no difference between LL
and LX (P>0.05). Mean systolic blood pressure yielded no significant differences (P>0.05)
between the three ROMs under relative loading conditions, however LX (148±8 mmHg) mean
systolic blood pressure was significantly greater than both SL (138±6 mmHg) and LL (135±8
mmHg) following loading under absolute loads (P<0.05).

3.2. Prolonged resistance training responses

Agonist (VL) Muscle Activation; Figures 4 and 5 shows absolute (i.e. raw RMS_EMG signal)
and relative (i.e. RMS_EMG normalised for values at baseline) changes in muscle activation
at baseline and post-training. At week 8, absolute maximal agonist activation did not appear
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Figure 2. Vastus Lateralis activation in SL (black bars), LL (white bars) and LX (grey bars) following varying magnitudes
of absolute and relative loading. * Significantly different to SL
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to increase significantly in chronic response to the training protocols, with no significant
difference between training groups at any knee angle (P>0.05, Figure 4). However, on further
investigation, it was found that in fact, post-training there was a significant relative increase
in activation at 50o (23±15%, P<0.05), 70o (26±15%, P<0.01) and 90o (16±13%, P<0.05) in the LX
group and at 70o (24±9%, P<0.01) and 90o (25±9%, P<0.01) in LL group. In the SL group there
was no significant change at 50o, although there were significant (P<0.05) reductions in VL
activation at both 70o (-15±6%) and 90o (-13±5%). Following detraining, muscle activation at
70o decreased at week 10, and levelled off for the remainder of the detraining period (week 12)
in both LL and LX groups with no significant changes compared to week 8. In the SL group,
activation reduced at both weeks 8, 10 and 12 compared to baseline, however despite larger
decrements in this group, there was no significant differences between all three training groups
(Figure 6, P>0.05).

Muscle widths and thigh girths; Changes in muscle widths are shown in Table 1. At week 8, VL
muscle widths had increased significantly at all three measurement locations in all training
groups compared to baseline (P<0.001). Following the first period of detraining at week 10, the
SL group had returned to baseline values at all three measurement sites (P>0.05), however both
LL and LX groups retained adaptations at this juncture relative to baseline (P<0.01). At week
12 LX group had returned to baseline levels at 25% and 50% width but still remained signifi‐
cantly hypertrophied at 75% femur length compared to baseline (P<0.05). The LL group
retained their significant gains in muscle width at all three sites for the duration of detraining
(P<0.01). There were no significant (P>0.05) mean relative changes between training groups
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Figure 3. Oxygen consumption (VO2) during relative loading in SL (black bars), LL (white bars) and LX (grey bars). *
Significantly different to 40% 1RM. # Significantly different to SL.
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post-training or following detraining at 25% and 50% femur length (SL; 12±13%, LL; 11±7%,
LX; 13±11%). However, LL and LX groups had a greater significant (P<0.05) relative increase
in muscle width at week 10 (LL; 26±13%, LX; 21±9%) compared to SL (13±8%) at 75% femur
length. This was also the case at week 12, however only LL group was significantly greater
(P<0.05) than SL group at this measurement site. Thigh girths increased following training at
week 8 in all training groups and at all sites (mean over three sites SL; 3±2%, LL; 4±3%; LX;
4±2%), however this was not significantly different to baseline values (P>0.05) with no
differences between groups. Thigh girths also did not differ significantly at weeks 10 or 12
compared to baseline or between groups.

Figure 4. Absolute Changes in VL activation at baseline (pre) and week 8 (post) training at 50o (black bars), 70o (white
bars) and 90o (grey bars) knee flexion in A) SL, B) LX and C) LL groups.
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Figure 5. Relative changes in VL activation at week 8 at three knee joint-angles in SL (black bars), LX (white bars) and
LL (grey bars). * Significantly different to baseline. # Significantly different to SL group.

Group % Femur Length
Baseline

(cm)

Week 8

(cm)

Week 10

(cm)

Week 12

(cm)

SL 25 12.7±2.3 13.9±2.0* 13.2±1.8 12.9±1.6

50 12.8±2.7 14.2±2.5** 13.6±1.9 13.3±1.9

75 9.6±2.2 11.0±1.9* 10.1±1.2 9.6±1.1

LL 25 14.0±1.3 15.3±1.6** 15.6±1.1** 15.3±0.9**

50 13.8±1.6 15.6±2.0** 15.8±1.5** 15.4±1.3**

75 9.4±1.8 11.4±1.4** 11.5±1.2** 11.1±1.3**

LX 25 12.2±2.7 14.2±1.9** 13.0±2.0** 12.4±1.8

50 12.1±2.6 14.3±2.3** 13.1±2.0** 12.3±2.0

75 8.2±2.2 10.6±1.5** 9.6±1.6** 8.8±1.2*

Table 1. Changes in Vastus Lateralis muscle width at each measurement site throughout training and detraining. *
Significantly different to baseline (P<0.05) ** Significantly different to baseline (P<0.01)
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Strength measures; 1RM in knee extension did not increase significantly compared to baseline
until week 4 of the training program (data pooled, P<0.05) with each training group making
similar increments in weight (SL; 11±4%, LL; 9±5%, LX 12±5%). There were further significant
increases at week 6 (mean of groups 16±6%, P<0.01) and week 8 (mean of groups 22±8%,
P<0.001), with no significant difference in the rate of relative increase in 1RM between groups
(P>0.05). When muscle activation was normalised against torque at week 8 (Figure 7) as a
marker for muscle efficiency, both LL and LX groups showed significantly better improved
muscle efficiency compared with SL (P<0.01) at 90o of knee flexion, however there were no
differences in muscle activation per unit torque at 50o or 70o following training (P>0.05). LL
and LX were not significantly different to each other in terms of the degree of muscle efficiency
increase.

4. Discussion

Resistance training presents a medium through which muscular function can be enhanced. In
order to devise an appropriate and effective resistance training program tailored with
functional and structural enhancement objectives, it is necessary to understand the responses
to both an acute bout of exercise, and the adaptations to exercise over a prolonged period of
training. An important aspect for muscular performance is the degree to which the muscle can

Figure 6. Absolute changes in VL activation throughout training and detraining periods at 70o knee flexion. No signifi‐
cant were detected between phases or training groups (P>0.05).
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be activated. Previous work using isometric contractions of the knee extensors, has demon‐
strated that the magnitude of maximal muscle activation is dependent on the joint-angle (and
thus muscle-length) used during exercise, even when external torque produced is maintained
at a similar level at the different joint angles [13]. This earlier study showed that activation of
the quadriceps is significantly greater at 90o knee flexion compared to both 30o and 60o, despite
isometric MVC torque being significantly less than 60o and identical to 30o. In the current study,
unlike previous research, our participants exercised dynamically over a range-of-motion that
was predominantly over shorter muscle lengths (0-50o), longer muscle lengths (40-90o) or over
both short and long muscle lengths (0-90o) during exercise using absolute and relative loading
patterns. During absolute loading, weight lifted increased in a graded manner, and was
reflected by significantly increased muscle activation between each absolute load in the
training groups. This result was a more easily predicted outcome and reflects one of the
fundamental properties of the neuromuscular system, i.e. the size principle [22], where a
greater number of motor units are recruited in order to meet the increasing demands of force
production. When exercising over longer muscle lengths (LL) and the complete ROM (LX),
muscle activation was significantly greater during absolute and relative loading compared to
shorter muscle lengths (SL). So why would a muscle exhibit greater activation whilst moving
the same external weight but at different muscle lengths? By moving through a range of muscle
lengths or joint-angles, the moment arm of the in-series elastic component (i.e. the tendon) also
changes. As the amount of force needed to lift an external load (F) is F = f × d, where f is the
internal force produced by the muscle and d is the length of the moment arm, when d is greater
f will be smaller and vice versa, and therefore when the external force produced is the same
but the moment arm (d) is smaller, the contribution from internal muscle force production
increases. An example of this experienced in daily living is the increased difficulty in rising
from a low seat position compared to a higher seated position. It has been demonstrated
previously that when the joint-angle in the knee extensors is at 90o flexion (such as the end of
LL and LX group ROM), the moment arm is considerably shorter [16] than when at 50o (the
end of SL ROM). Therefore when exercising at 90o, internally the muscle must produce a greater
amount of contractile force to overcome the external weight than that required at 50o knee
angle. Again due to the overloading principle of training response, a larger number of motor
units will have needed to be recruited to match the force demands at the longer muscle lengths,
reflected by the increase in RMS-EMG activity of the VL muscle. In support of this hypothesis,
Kubo et al. [21] trained the knee extensors isometrically at either 50o or 100o of knee flexion.
Based on their MVC and EMG recordings, they estimated that the internal force on the
quadriceps muscles was 2.3 times greater at longer muscle lengths (i.e. 100o) than at shorter
lengths. A further variable that must be considered is the influence of changing muscle lengths
on the force-length relationship of muscle (for review see [23]). In short, when one alters the
length of a muscle, the basic contractile units of individual muscle fibres, known as sarcomeres,
also change length. The ability of sarcomeres (and thus muscle) to exert force is determined
mainly by actin and myosin filaments interaction and cross-bridge formation. As sarcomere
(or muscle) lengths increase, cross-bridges number and force is increased up to an optimal
length. Beyond this length (i.e. with further lengthening), decreases cross-bridges formation
and force are seen (NB. The caveat here is lies with contractile speed, and preceding type and
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degree of muscle contraction [24]. If longer muscle lengths are less optimal for force production
and cross-bridge formation than shorter muscle lengths, then greater motor unit recruitment
will be necessary to overcome the external resistance. Therefore the two factors likely for
greater activation in LL and LX compared to SL may be due to the greater internal mechanical
stress on the muscle because of a shorter moment arm, and/ or the length of the muscle reducing
cross-bridge formation and force production per sarcomere, all other things (contraction type,
speed and history) being equal.

Figure 7. Vastus Lateralis muscle efficiency (i.e. activation per unit of torque) at week 8 at three joint-angles in SL
(black bars), LL (white bars) and LX (grey bars). * Significantly different to SL (P<0.05). N.B. there were no between
group differences at baseline.

In the current study, oxygen consumption (VO2) was shown to be significantly greater at
80%1RM compared to 40% 1RM, and also significantly greater in both the LL and LX ROMs
compared to SL ROM at 80% 1RM loading. VO2 is used in exercise physiology to provide
valuable information, such as an indicator of energy expenditure. Oxygen is ‘consumed’ by
the working muscle during oxidative phosphorylation in order to produce, maintain and/ or
replenish the energy used during the many different processes involved with muscular
contraction. Therefore if a particular form of exercise requires the use of greater volumes of
oxygen, this indicates that the system is working harder in order to meet the demands. It has
been demonstrated previously in humans that oxygen consumption increases with work
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intensity during constant isometric loading of the knee extensors [13, 14], and this is reflected
by the increased VO2 at 80% 1RM compared to 40% 1RM, where although performing the same
ROMs, participants were exerting greater force, requiring more energy to supply muscular
contraction. The relative VO2 levels are much lower than normally encountered during aerobic
exercise for example, due to the shorter duration of exercise bouts and greater contribution to
energy supply from anaerobic sources such as ATP-PCr system and glycolysis. Of more
interest in the present study was the fact that both LL and LX ROMs had significantly greater
VO2 compared to SL at 80% 1RM. Previous research using near-infrared spectroscopy has
demonstrated that during isometric exercise of the knee extensors, VL muscle VO2 is signifi‐
cantly increased at longer muscle lengths (60o and 90o) compared to shorter muscle lengths
(30o). This was even despite the fact that MVC torque relative to the maximum torque capacity
(MTC) tended to be greater (~85% of MTC) at 30o compared to both 60o and 90o (~75% MTC).
A subsequent study by Kooistra et al. [14] demonstrated that knee extensor muscle activation
and VO2 were significantly less, and time to VO2max significantly longer at the same relative
torque levels at 30o compared to 60o and 90o. An additional indication of the increased stress
at longer muscle lengths was the observation that at 80% 1RM, although covering almost half
the ROM of LX, LL group showed a trend (though not statistically significant) to consuming
greater volumes of oxygen. This suggests that the energetic cost of constantly working at longer
muscle lengths is at least just as, if not more demanding than, alternating between longer and
shorter muscle lengths even when over a relatively large ROM. With significantly higher heart
rates in both LL and LX groups (and also greater blood pressure in LX) compared to SL during
exercise, the results also suggest that the cardiovascular system was also under greater stress
at longer muscle lengths. Taken into consideration with both the aforementioned differences
between the LL and LX groups compared to SL with regards muscle activation and oxygen
consumption, it appears that performing exercise over predominantly longer muscle lengths
(or incorporating longer muscle lengths into a full ROM) present a more potent stress to both
neuromuscular and cardiovascular systems than performing exercise over mainly shorter
muscle lengths. So what factors are present that would require greater oxygen consumption
at longer muscle lengths? First of all, as mentioned previously, there are a number of processes
that occur in order for a muscle to contract and produce force. One such process has been
termed excitation-contraction coupling, where an action potential induces the release of
calcium ions (Ca2+) from the muscle membrane (sarcoplasmic reticulum) and these ions interact
with the thin filaments of a sarcomere, allowing muscle contraction to occur. Ca2+ ions are then
transported back into the sarcoplasmic reticulum for storage, allowing the muscle to relax.
These processes are ATP-dependent (i.e. energy consuming) and as energy is consumed during
activation, the amount of energy is measured as heat [25]. Therefore if greater activation of the
muscle is occurring at longer muscle lengths, the possibility exists that the energy cost of this
activation is also greater, and that this mechanism requires greater oxygen consumption to
supply the energy. In addition, potentiation is force enhancement following muscle contrac‐
tion, and is dependent on the contractile history. Place et al.[26] showed that following
fatiguing contractions in the quadriceps muscles at either shorter (35o) or longer (75o) muscle
lengths, peak twitch potentiation and doublet force were significantly greater at shorter muscle
lengths, which may also allow for a reduction in energy cost as activation may be reduced.
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Secondly, we have already discussed the likelihood that due to the internal architecture of
muscles and tendons, that the length of the moment arm will dictate that greater muscle force
will have to be produced at longer muscle lengths compared to shorter muscle lengths.
Production of the additional force through recruitment of more motor units would mean that
more of the contractile machinery would be used and be consuming energy, as muscular
contraction from cross-bridge cycling also requires ATP [27, 28]. Therefore the additional
oxygen consumption observed at longer muscle lengths may be the result of both the energetic
requirements of muscle activation and the increased energetic requirements of force produc‐
tion. This hypothesis is consistent with the fact that endurance performance is significantly
reduced with time to fatigue at longer muscle lengths compared to shorter muscle length,
regardless of of the intensities of loading and circulatory conditions [15, 26, 29]. Consistent
with an increased oxygen demand, would be an increase in heart rate which was observed
between the groups.

When exercise is performed on a regular basis, the above acute responses to a bout of exercise
will eventually result in long-term adaptations (i.e. repeated bout effect), which will allow the
body to complete the same exercise bout as before but with relatively less disturbance to
homeostasis. During the resistance training program, the three groups performed exercise over
the same range-of-motion as during the acute bouts (i.e. SL, LL and LX), with the only
differences being the degree of loading. SL and LX exercised at 80% 1RM, whereas LL exercised
at 55% 1RM, where this was to allow the length of muscle excursion (50o) and the internal
muscle forces to be as similar as possible during resistance training between SL and LL.
Following 8 weeks of resistance training, absolute changes in muscle activation did not increase
significantly at any of the angles tested (50o; shorter lengths, 70o more optimal lengths, 90o

longer lengths) during an isometric MVC. There have been conflicting reports throughout the
literature concerning the possible increase in agonist activation following resistance training,
as there have been studies published that have reported significant changes [3, 6-12], whereas
some have not [30-33]. However, comparing longitudinal changes in agonist EMG both within
and between studies can prove difficult due to methodological differences [34]. In one length-
specific resistance training study, Thepaut-Mathieu et al. [19] reported an increase in iEMG-
force relationships at the specific joint angles used during training. These findings were also
supported by Kubo et al. [21] who found that iEMG of the quadriceps (rectus femoris, vastus
lateralis and vastus medialis) increased significantly in groups that trained at either shorter or
longer muscle lengths, with no differences between the groups at any of the joint-angles tested.
In the current study there were also no significant differences in maximal activation levels
between groups and muscle lengths. However, one of the main findings from the current study
was the significant relative increases in activation at all muscle lengths in LX, at longer muscle
lengths in LL, and significant decreases in activation at longer muscle lengths in SL. This is
further evidence of the muscle length (or joint-angle) specificity phenomenon following
resistance training. Whereas a previous study [21] found that relative quadriceps iEMG
increased at all measured knee angles (40-110o) following 12 weeks of isometric resistance
training at shorter muscle lengths, our results show a decrease in activation at longer muscle
lengths occurred following training at shorter muscle lengths. Interestingly from the study of
Kubo et al. [21] was the fact that although iEMG increased within the range of ~25-45% over
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all testing angles (40-110o) following training at shorter muscle lengths, MVC only significantly
increased between 40-80o in this group. Previous work from our laboratory has shown that
MVC torque did not change significantly at longer muscle lengths following a period of
resistance training at shorter muscle lengths [35], and results from the current investigation
show that this could be in part be mediated by a reduction in maximal activation at these
lengths. Further evidence of muscle-length specificity was the fact that only LX group, who
covered an entire ROM, actually demonstrated a significant relative increase in activation at
each angle tested, and also that LL only showed significant relative increases in activation at
longer muscle lengths (lengths where the majority of training would have taken place). In order
to allow us to describe the impact of changes in activation on strength changes, we have shown
that there was significantly greater muscule efficiency (EMG per unit of torque) at longer
muscle lengths (i.e. in LL and LX) compared to SL, following the 8-week training program.
Changes in torque generating capacity are not accounted for solely, or at times at all by
increased muscle activation. Changes in muscle architecture, morphology and/ or muscle
specific tension are just a few of the many other factors that can impact a muscle’s ability to
produce force following resistance training as well as neural adaptations (for review see [34]).
However in this case, there appears to be a relationship between the increased activation of
the VL muscle and the changes in torque production following resistance training in LL and
LX at longer muscle lengths.

As indicated above, one of the other factors influencing changes in torque or force production
following resistance exercise is muscle morphology, such as size. There is a strong positive
relationship between the size of a muscle and the force it is able to exert [1]. In the current
study, all of the three training groups increased the size of the VL muscle at proximal (25%),
central (50%) and distal (75% of femur length) measurement sites at week 8. However in the
SL group, the muscle size increment was more significant centrally rather than at proximal
and distal sites of the VL, whereas both LL and LX had fairly equal distribution of size
increment along the length of the muscle. Firstly, this information suggests that the resistance
training program was effective in increasing muscle size, which is a well established charac‐
teristic of resistance training. Secondly, the results also suggest that the ROM involved during
resistance training (i.e. the muscle lengths used) may produce region specific variations in
muscle growth. Our laboratory has provided more conclusive evidence that muscle size
increments at distal regions are enhanced to a greater degree immediately following resistance
training at longer muscle lengths [35], however in the current study this was only apparent
following two weeks of detraining, although these were still present following a total of four
weeks detraining. The region specific variation in muscle size has been previously documented
throughout literature (e.g. [31]), and is probably due to the unique way in which forces are
transmitted along the length of a muscle when exercised at different lengths. Forces in muscles
are transmitted both serially and in parallel [36], and when training at longer muscle lengths,
there may be a more pronounced parallel transmission of force at distal regions of the muscle,
providing a stimulus for growth in this location. In terms of muscle growth, force production
and muscle stretch are potent stimulators of muscle protein synthesis, with a combination of
both having an additive effect [37]. In vitro experiments have shown that when muscle cells
are stretched to longer lengths, there is a marked increase in protein synthesis and growth
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factor mRNA [38]. The LL and LX groups when performing exercise at longer muscle lengths
would have experienced a larger degree of muscle stretch compared to SL, and would have
also been simultaneously producing force. In addition, because LX group worked at an
intensity of 80% 1RM, peak force generation would also have been greater in this group. This
is supported by the mean relative increase in VL muscle width being greatest in this group at
all measurement sites, although due to the variation between subjects, this was not statistically
significant. It is encouraging that despite the greater absolute force generations in LX compared
to LL, the LL group (who remained at longer muscle lengths throughout each training session,
and therefore muscle stretch would probably have persisted compared to LX group who
worked between shorter and longer muscle lengths), these two groups exhibited similar
muscle hypertrophy responses. What is more, yet another encouraging aspect of LL training
was the fact that at week 10, VL muscle widths were significantly greater in LL and LX at all
measurement sites compared to baseline, whereas the SL group had returned to baseline
values. Following a further two weeks of detraining, LX group muscle widths only remained
significantly greater than baseline values at 75% femur length, whereas LL group retained
post-training increments in muscle width at all measurement sites for the entirety of the
detraining period. Therefore not only does training at longer muscle lengths possibly confer
more beneficial adaptations following training, but it also appears to allow retention of these
adaptations for a longer period of time. This is a positive finding from the current study, in
that following any periods on illness, injury or tapering that occur to the individual, longer-
term retention of the benefits of the preceding resistance exercise will minimise the impact of
such deleterious events.

5. Conclusion

Performing resistance training over predominantly longer muscle lengths compared to shorter
muscle lengths produces stepwise degrees of acute muscular, energetic and cardiovascular
responses, which then culminate to differential magnitudes of chronic training as well as
detraining adaptations. As a progression to the earlier research evidence from isometric
exercise in terms of both acute [13, 14] and chronic [21] muscle length-specific training, the
current study is the first to systematically show that dynamic exercise at longer muscle lengths
also results in greater activation and oxygen consumption. The nature of the acute responses
suggests that the muscle is more physiologically stressed at longer muscle lengths. Following
a prolonged period of resistance training (i.e. an accumulation of training bouts), we show that
long-length trained muscle exhibits relatively greater muscle activation, neuromuscular
efficiency and hypertrophy compared with its short-length trained counterpart. Similarly with
detraining, long-length training was associated with a greater retention of improvements in
muscle characteristics. It is likely that in this case also, the more beneficial size increments in
particular, were the result of greater physiological stress, a result of the combined effects of
smaller moment arm and enhanced muscle stretch. These findings have implications for
athletic, elderly, or post-operative populations to name but a few end users.
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Chapter 9

Surface Electromyography in Sports and Exercise

Hande Türker and Hasan Sözen

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56167

1. Introduction

Exercise is constantly gaining popularity. It has been widely used especially in the fields of
sports performance and rehabilitation [1].

Performance and ability tests enable the success in education of sports and exercise. Various
exercise equipments are used in test protocols that are developed for this goal. The reason to
use various kinds of exercise equipments for performance measurement is that every equip‐
ment and protocol cause different responses in human body. The cause for evolution of
different physiological responses is about the different shapes and densities of different
muscles. In this very respect, the electromyographic measurements gain great importance.

Electromyographic studies help us understand the location of the problem in the system of
movement. The problem may be localized to the peripheral nervous system or the muscle itself
and sometimes may also be at the neuromuscular juntion. This diagnostic tool is therefore very
valuable in the differential diagnosis of nerve and muscle diseases [2]. Electromyography is
also used in morphological analysis of the motor unit [3. It is important to snychronize the
systems that supply cinematic data with electromyography to determine the period when
different muscles join the muscle movement. These systems use cameras, electrogoniometers
and other registration tools with their programs in order to give us information about position,
speed and acceleration measurements. Additionaly, the study can be completed with podom‐
eter and power platform as power analysis systems and this is called the kinetic system. Surface
EMG (sEMG) is an important tool of biomechanical analysis and a very important part of this
system. [4,5]. It helps to understand the role of a muscle in a spesific movement [6,7]

Surface EMG has increasing importance in sports and occupational medicine and in ergonomic
studies [8,9]. It can also establish dynamic analysis and therefore is important in sports [10,11].
The utilization of muscles in a right and economical fashion helps improve activity and
prevents the risk of injury. The most important points to achieve healthy training are the follow



up of development and performing corrections where necessary [5,12,13]. The electromyo‐
graphical analysis can determine muscle activation and fatigue and thus helps achieve
development of performance [9].

Muscle activation is a result of the effort of muscle but the relationship between EMG activity
and effort is only qualitative [5].

Surface EMG in current sports studies also deals with determination and descriptions of the
muscle types [14,15].

2. Muscular system

Muscles are designed to exert force in order to move the body. Skeletal system and muscles
are connected to each other by tendons. Combination of muscle and bone is brought about by
the tendon intermeshing with the skeletal periosteum sheath. Tendons are the strong connec‐
tive tissue composed of three layers. And this extends the length of all the muscle and collagen
protein. Epimysium, perimysium and endomysium are the connnective tissues forming each
tendon. There are three types of muscle tissue in the body, they are smooth, cardiac and skeletal
muscles [16,17]. Specific anatomical features that affect the length of muscle fiber, muscle fiber
type and muscle compartments may differ between muscles. EMG signals may be affected by
them and therefore EMG recordings and interpretation of them must take anatomical differ‐
ences into account [18,19].

2.1. Muscle types

2.1.1. Smooth muscle

Smooth muscle is found in the digestive tract, surrounds the blood vessels, airways and
respiratory systems. Smooth muscle is innervated by the autonomic nervous system such as
cardiac muscle and therefore we do not have voluntary control over its contractions [20,17].

2.1.2. Cardiac muscle

Cardiac muscular system is located in the heart tissue and has striped appearance under light
microscopy. The same striations are also found in skeletal muscle and indicate the presence of
different proteins required for muscle contraction [21,17].

2.1.3. Skeletal muscle

Skeletal muscular system has the only muscle type that can be voluntarily contracted and
skeletal muscle has active elements forming the movement. The human body consists of more
than 600 muscles [21,17]. The functions of the muscular system are movement of blood and
food within the body, the ability to stop the body moving, to store oxygen and nutrients such
as glycogen for energy production and, through the energy production reactions, to produce
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heat to help maintain body temperature [17]. Skeletal muscle converts chemical energy to
mechanical and heat energy. Skeletal muscle uses adenosine triphosphate (ATP) as fuel during
electrical, mechanical and chemical events. This process, called action potential begins with
an electrical impulse from the brain [22,23]. This initiates a chain of biochemical reactions that
ends in the burning of adenosine triphosphate, the fuel for muscle contraction. Its use results
in the forces that move the limbs and generate heat. Electrodes attached to a muscle group
record the electrical activity accompanying contraction; the name of this recording process is
electromyography (EMG) [23].

2.2. The Motor Unit Action Potential (MUAP)

Motor units are the functional assets of the neuromuscular system. Each motor unit consists
of a single motoneuron and the muscle fibers supplied by its axonal branches [24,25]. Once a
motoneuron discharges, action potentials are generated at its neuromuscular junctions and
then propagate along all the muscle fibers, toward the tendon regions. The summation of these
potentials is termed motor unit action potentials and is responsible for the muscle contraction
[25]. MUAP is the sum of the extracellular potentials of muscle fiber action potentials of a motor
unit [3]. The waveform is determined by the natural properties of the relationship between
muscle fibers. [24,3]. The extracellularly recorded MUAP, recorded along the length of the
muscle fibers and away from the endplate region, has a triphasic waveform. The initial positive
deflection represents the action potential propagating towards the electrode. As the potential
passes in front of the electrode the main positive-negative deflection is recorded. When the
action potential propagates away from the electrode the potential returns to the baseline. Slight
repositioning of the electrode causes major changes in the electrical profile of the same motor
unit. Therefore, one motor unit can give rise to MUAPs of different morphology at different
recording sites. If the electrode is placed immediately over the endplate area, the initial positive
deflection will not be recorded and the potential will have a biphasic waveform with an initial
negative deflection [3]. All the muscle fibers of a motor unit work in unison; that is, all are
discharged nearly synchronously upon the arrival of a nerve impulse along the axon and
through its terminal branches to the motor end plates. A MUAP is recorded by a needle
electrode. The recorded motor unit action potential can be derived from action potentials of a
small number of muscle fibers, a moderate number of muscle fibers, or a great majority of
muscle fibers belonging to the motor unit [26].

2.3. Types of muscle action

Among the variety of types of muscle action are the isometric, concentric and eccentric; all
three forms occur during the actions seen in sport and exercise performance [27]. When there
is no change in muscle length during muscle activation, the action is called isometric. Isometric
action occurs when an athlete tries to leg-press a heavy load by flexing the quadriceps muscles,
but cannot move the weight-stack in spite of a maximum effort. The muscle produces force,
but it is insufficient to overcome the mass of the weight stack; hence, the overall muscle length
does not shorten. Isometric muscle action occurs when the muscle contracts without moving,
generating force while its length remains static. Isometric muscle actions are demonstrated in
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an attempt to lift an immovable object or an object that is too heavy to move. The muscle fibers
contract in an attempt to move the weight, but the muscle does not shorten in overall length
because the object is too heavy to move [28,23,29]. Concentric muscle action occurs when the
muscle force exceeds the external resistance, resulting in joint movement as the muscle
shortens. Concentric action occurs when a muscle is active and shortening; for example, during
the biceps curl the biceps shortens and exerts enough force to lift the barbell [23,29]. Eccentric
muscle action occurs when the external resistance exceeds the force supplied by the muscle,
resulting in joint movement as the muscle lengthens; for example, when lowering the barbell
the biceps exerts force to ensure the movement is controlled. This is often referred to as the
negative portion of the repetition. Even though the fibers are lengthening, they are also in a
state of contraction, permitting the weight to return to the starting position in a controlled
manner. During an eccentric action, an activated muscle is forced to elongate while producing
tension [27,23,29].

3. Electromyography

Electromyography is the electrodiagnostic study of muscles and nerves. The test includes two
components: Nerve conduction studies (NCS) and electromyogram (EMG). Nerve conduction
studies measure how well and how fast the nerves can send electrical signals [30]. NCS can be
defined as the recording of a peripheral neural impulse at some location distant from the site
where a propagating action potential is induced in a peripheral nerve [2]. Nerve conduction

Figure 1. When a skeletal muscle fiber is activated by a MUAP, a wave of electrical depolarization travels along the
surface of the fiber (drawn by Sözen H.).
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studies provide unique quantitative information about neurological function in patients with
a variety of neuromuscular disorders [31]. A nerve is stimulated at one or more sites along its
course and the electrical response of the nerve is recorded. EMG testing involves evaluation
of the electrical activity of a muscle and is one of the fundamental parts of the electrodiagnostic
medical consultation. It is both an art and a science. It requires a thorough knowledge of the
anatomy of the muscles being tested, machine settings and the neurophysiology behind the
testing [2]. Obtaining the information produced by active muscle provides information about
the activities of motor control centers [30,26]. This can be achieved invasively, by wires or
needles inserted directly into the muscles, or noninvasively, by recording electrodes placed
over the skin surface overlying the investigated muscles. The use of this latter modality is
preferable in healthy voluntary sedentary subjects and in athletes, despite its limitations and
drawbacks. To mention just a few of them, single-channel sEMG signals provide average
information on the activity of many concurrently active motor units, the reproducibility of the
results is often difficult, and standard recording procedures are still confined to few labora‐
tories, therefore limiting comparisons among results obtained by clinical researchers [26]. EMG
signal recordings used for years in bio-engineering, occupational- and sports medicine,
physiotherapy, sports biomechanics, and also eventually for trainers and coaches [19,32]. Since
the end of the 1960s there has been a development in miniaturized telemetric devices for
monitoring complex human movements remotely. Especially for kinesiological purposes, the
telemetric devices have recently been changed from two-channel registrations to eight or more-
channel systems [32]. EMG is a seductive muse because it provides easy access to physiological
processes that cause the muscle to generate force, produce movement, and accomplish the
countless functions that allow us to interact with the world around us. The current state of
surface EMG is enigmatic. It provides many important and useful applications, but it has many
limitations that must be understood, considered, and eventually removed so that the discipline
is more scientifically based and less reliant on the art of use. To its detriment, EMG is too easy
to use and consequently too easy to abuse [5]. Electromyographic recordings are performed
with intramuscular needle electrodes. However, surface electrodes are used in the study of
sports science. Most of the issues affecting this modality have already been covered. Electrodes
are almost always sited along the body of the muscle in question, with locations one-third and
two-thirds along the length being the norm, As mentioned earlier, small pre-amplifiers are
often used in order to improve signal-to-noise ratios, especially since telemetry of signals is
increasingly used in order to maintain ecologically valid movement patterns [30,33,1,34]. Once
the signal is filtered and amplified, some form of rectification of the signal is usually applied.
As with other indices, examination of the raw signal waveform is interesting but offers little
in the way of empirically analyzable data. Accordingly, and since the signal is made up of both
positive and negative potentials, signals may be rectified by either ignoring all negative signals
or reversing their polarity so that all signals are positive. Further signal conditioning may
involve totaling activity across a regular time base, resetting counters to zero in order to
provide an integrated signal. Analysis may look at amplitude or, more rarely, frequency.
Increasingly, however, signal patterns are compared across two or more conditions. Thus,
investigators may contrast “at rest” with active patterns, or use an increase from baseline
measure, or contrast signals obtained under different execution conditions such as variations
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in speed. Subsequent treatments of data are increasingly complex, with the application of
spectral analysis techniques to tease out underlying trends or collective patterns in the data.
In this way, EMG data are making a full contribution to the comparatively new approaches
within motor control, such as dynamical systems [33].

A key ingredient of strengthening protocols is training intensity, defined as the percentage of
maximal voluntary force exerted [35]. EMG is commonly used to measure the level of muscle
activation and provides a rough estimate of exercise intensity for specific muscles involved in
the movement [36,35]. EMG signal has many contributions for finding the human body muscle
functions [37]. EMG is the recording of the electrical activity of muscles, and therefore
constitutes an extension of the physical exploration and testing of the integrity of the motor
system [38].

Electromyographic analysis can provide information as to the relative amount of muscular
activity an exercise requires, as well as the optimal positioning for the exercise [39]. Electro‐
physiological techniques enable us to relatively easily obtain very valuable information about
neuromuscular activity [40]. Two techniques are usually used in clinical situations: neurogra‐
phy and needle EMG. The former allows the study of the response potential of a sensory, motor
or mixed nerve branch subjected to an electrical stimulus applied to the surface. The latter
allows the direct and precise recording of the electrical activity of the muscle being studied,
both in repose and in attempts at maximum contraction [41]. Another technique that deter‐
mines the electrical activity of muscles is surface EMG. There are advantages and different
application areas of sEMG in researches and in clinical practices [42,41]. In the study of muscle
physiology, neural control of excitable muscle fibers is explained on the basis of the action
potential mechanism. The electrical model for the motor action potential reveals how EMG
signals provide us with a quantitative, reliable, and objective means of accessing muscular
information [41,42,43]. When an alpha motoneuron cell is activated, the conduction of this
excitation travels along the motor nerve’s axon and neurotransmitters are released at the motor
endplates. An endplate potential is formed at the muscle fibers and innervates the motor unit.
Muscle fibres are composed of muscle cells that are in constant ionic equilibrium and also ionic
flux. The semi-permeable membrane of each muscle cell forms a physical barrier between
intracellular (typically negatively charged compared to external surface) and extracellular
fluids, over which an ionic equilibrium is maintained [41,42,43]. These ionic equilibriums form
a resting potential at the muscle fiber membrane (sarcolemma), typically -80 to -90mV (when
not contracted). These potential differences are maintained by physiological processes found
within the cell membrane and are called ion pumps. Ion pumps passively and actively regulate
the flow of ions within the cell membrane [41,42,43]. When muscle fibers become innervated,
the diffusion characteristics on the muscle fibre membrane are briefly modified, and Na+ flows
into muscle cell membranes resulting in depolarization. Active ion pumps in the muscle cells
immediately restore the ionic equilibrium through the repolarization process which lasts
typically 2-3ms [41,42,43]. When a certain threshold level is exceeded by the influx of Na+

resulting in a depolarization of the cellular membrane, an action potential is developed and is
characterized by a quick change from -80mV to +30mV. This monopolar electrical burst is
restored in the repolarization phase and is followed by a hyperpolarization period. Beginning
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from the motor end plates, the action potential spreads across the muscle fibers in both
directions at a propagation speed of 2-6m/s. The action potential leads to a release of calcium
ions in the intracellular fluid and produces a chemical response resulting in a shortening of
the contractile elements of muscle cells [41,42,43]. The depolarization-repolarization process
described is a monopolar action potential that travels across the surface of the muscle fiber
[41,42,43]. Electrodes in contact with this wave front present a bipolar signal to the EMG
differential amplifiers because the electrodes are measuring the difference between two points
along the direction of propagation of the wave front. EMG signals provide us with a viewing
window into the electrical signals presented by multiple muscle fibres and are in fact a
superposition of multiple action potentials [43].

3.1. Surface electromyography

Surface Electromyography is a non invasive technique for measuring muscle electrical activity
that occurs during muscle contraction and relaxation cycles. EMG is unique in revealing what
a muscle actually does at any moment during movement and postures. Moreover, it reveals
objectively the fine interplay or coordination of muscles: this is patently impossible by any
other means [40].

Surface EMG is widely used in many applications, such as:

Medical

• Orthopedic

• Surgery

• Functional Neurology

• Gait & Posture Analysis

• Urology (treatment of incontinence)

• Psychophysiology

Rehabilitation

• Post surgery/accident

• Neurological Rehabilitation

• Physical Therapy

• Physical Rehabilitation

• Active Training Therapy

Ergonomics

• Analysis of demand

• Risk Prevention
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• Ergonomics Design

• Product Certification

Sports Science

• Biomechanics

• Movement Analysis

• Athletes Strength Training

• Sports Rehabilitation

• Motion analysis [41,42,43]

Although the noninvasive nature of surface EMG makes this technique ideal for clinical use
and research, EMG data can be variable, which raises questions about the reliability of this
technique [44]. Repeatability of EMG data is established for many isometric exercises but less
is known about the reliability of this method of analysis during dynamic exercise, particularly
ballistic movements [45,46,44]. Most studies assessing EMG reliability of data in dynamic
movements have examined slow, controlled tasks, such as resistance training exercises or gait.
Therefore, evaluation of the reliability of EMG during ballistic tasks is essential to determine
the viability of this methodology for clinical and research applications [47,48-49-50,44]. Surface
EMG, sometimes called kinesiological electromyography, is the electromyographic analysis
that makes it possible to obtain an electrical signal from a muscle in a moving body [41]. It has
to be added, by way of clarification, that according to this definition its use is limited to those
actions that involve a dynamic movement. Nevertheless, it is also applicable to the study of
static actions that require a muscular effort of a postural type [41].

The visual  systems employed for motion analysis  of  cycling,  even though scientific  and
accurate,  can only indicate the apparent  movements.  It  is  often necessary to know how
the  movements  are  actually  performed against  a  resistive  load.  For  this  reason  electro‐
myographic  techniques  are  employed  in  conjunction  with  biomechanical  analyses  [51].
EMG is  generally  used to  indicate  which muscle  groups are  active  during a  given seg‐
ment of the pedal revolution.

Surface electrodes are usually attached to the muscle groups to be studied. The action poten‐
tials generated are recorded during the pedaling action, thereby allowing the researcher to
gain a more complete insight into the muscles employed and the extent of their involvement
while pedaling [22]. Within EMG, a particular specialty has been developed wherein the aim
is to use EMG for the study of muscular function and co-ordination. This area of research is
usually called kinesiological EMG [52,47]. The general aims of kinesiological EMG are to
analyze the function and co-ordination of muscles in different movements and postures, in
healthy subjects as well as in the disabled, in skilled actions as well as during training, in
humans as well as in animals, under laboratory conditions as well as during daily or vacational
activities [52]. This is usually used by a combination of EMG, kinesiological and biomechanical
measurement techniques [52,47]. Because there are over 600 skeletal muscles in the human
body and both irregular and complex involvement of the muscles may occur in neuromuscular
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diseases and in voluntary occupational or sports movements [52,21,17]. The measurement of
kinesiological EMG in sport and specific field circumstances, such as the track and/or soccer
field, the alpine ski slope, the swimming pool and the ice rink, demands a specific technological
and methodological approach, adaptable to both the field and the sport circumstances [52].
Sport movement techniques and skills, training approaches and methods, ergonomic verifi‐
cation of the human-machine interaction have, amongst others, a highly specialized muscular
activity in common. The knowledge of such muscular action in all its aspects, its evaluation
and its feedback should allow for the optimization of movement, of sports materials, of training
possibilities and, in the end, of sports performance [52]. Drawing conclusions from a review
of the EMG research of 32 sports, covering over 100 different complex skills, including
methodological approaches, is an impossible task. EMG and sports is a vast area and a
complete review is impossible, as information will be found scattered in many different
journals, including those on the sports sciences, ergonomics, biomechanics, applied physiol‐
ogy, in different congress proceedings, and so on [52].

sEMG refers to surface electromyography and measures muscle activity in microvolts. This
form of feedback allows us to determine if muscles not involved in a particular skill need to
be relaxed and those muscles involved in a skill need to fire in the right sequence and with the
right amplitude. In addition to using sEMG feedback for training purposes, the information
can also provide insight into the athlete’s strength and conditioning or the effects of an injury
rehabilitation program [53].

EMG can also be used to examine the activation characteristics of specific muscle groups.

Amplitude and power spectrum of sEMG are commonly used to quantify neuromuscular
activity and fatigue [54].

3.1.1. The limitations of sEMG

Because of the characteristics of electrodes used, sEMG enables us to study different muscles
at the same time, without any inconvenience to the individual, with the advantage that the
majority of sEMG equipment can accommodate different inputs simultaneously [55,41]. It also
allows greater reproducibility of the traces obtained in different recordings. In addition, the
recording obtained is more representative of the muscle as a whole rather than of a particular
area. Nevertheless, as already discussed, obtaining traces that provide less information
regarding the characteristics of the MUAPs is a limitation in those cases where this particular
type of examination is of specific interest [41].

Another limitation is the fact that in some dynamic actions there can be displacement and
modification of the volume of the muscle being analyzed. A change in the relative position of
the muscle in relation to the electrode means that the same spatial relationship is not main‐
tained between them, which affect the intensity of the signal that is recorded. Because of this,
the best conditions for carrying out an sEMG, depending on the use and application required,
are those that are similar to those needed for an isometric type of study [5,56,57,11].

The majority of activities in sport and occupational settings involve complex movement pat‐
terns often complicated by external forces, impacts and the equipment used during the move‐
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ment. An electromyogram is the expression of the dynamic involvement of specific muscles
within a determined range of that movement. The integrated EMG of that same pattern is the
expression of its muscular intensity. However, intensity is not always related to force [12].

Mostly sEMG is used to investigate the activity of a series of muscles. The majority of scientists
working in sports and occupational contexts measure EMG using surface electrodes [12,15].
Skeletal muscles do not always stay in the same place during complex dynamic movements
and the entire muscle belly may not be fully under the skin, but covered by parts of other bellies
or tendons and subcutaneous adipose tissue. It needs to be emphasized that the selection of
muscles for EMG measurement requires careful consideration. Some of these choices can lead
to erroneous registration, sometimes without being noticed by peer reviewers [12].

Many factors may affect the quality of EMG signals; they can be divided into physiological,
physical, and electrical types. Some factors can be controlled by the investigator [58].

3.2. Origin of the EMG signal

Muscle tissue produce electrical potentials due to action potentials. With electrodes placed on
surface or in muscle tissue, muscle action potentials can be determined. Several events must
occur before contraction of muscle fibers. Central nervous system activity initiates a depola‐
rization in the motoneuron [59,60]. The depolarization is conducted along the motoneuron to
the muscle fiber’s motor end plate. At the endplate, a chemical substance is released that
diffuses across the synaptic gap and causes a depolarization of the synaptic membrane. This
phenomenon is called muscle action potential. The depolarization of the membrane spreads
along the muscle fibers producing a depolarization wave that can be detected by recording
electrodes [60].

3.2.1. Skin preparation

Preparation of the skin is essential to avoid artifacts and receive an appropriate signal. Before
placing the electrodes on skin, it must be ensured that the skin is clean and dry. The skin must
be cleaned by using gel, cream or alcohol and then it should be dried [61,62,25]. If necessary,
shave excess body hair. Cleansing of the skin is useful to provide EMG recordings with low
noise levels. Appropriate preparation of the skin assures the removal of body hair, oils and
flaky skin layers and, consequently, reduces the impedance in the electrode-gel-skin interface.
Shaving, wetting and rubbing with alcohol, acetone or ether, are often considered for the
cleansing of the skin [25].

Proper skin preparation and electrode positioning are essential elements in acquiring EMG
measurements of high quality. Two key strategies govern electrode preparations (1) electrode
contact must be stable (2) skin impedance must be minimized. While there are no general rules
for skin preparations, the type of application and signal quality sought usually determines the
extent of the skin preparation [43]. For example, given a targeted test condition if the movement
is somewhat static or slow moving and only qualitative reading are desired, a simple alcohol
swab around the area of interest is sufficient [43]. However, if dynamic conditions present risk
of the introduction of movement artifacts like in walking, running or other planned accelerated
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movements, a thorough preparation is required. Some EMG systems have built in impedance
checking circuit that sends an imperceptible burst of current through the electrodes and
controlled measurements are correlated to a known impedance level to indicate the quality of
the electrode contacts [43].

3.2.2. Electrode material, size, montage and positioning

Surface EMG is a helpful technique for the analysis of muscle activity. However, its efficacy is
related to the correct electrode positioning, the adequate skin preparation and opportune
recording instrumentation. In addition, it is mandatory to recognize artifacts which may alter
EMG signals and choose a particular filtering procedure before any additional analysis [63].

Surface electrodes are usually made of silver/silver chloride (Ag/ AgCl), silver chloride (AgCl),
silver (Ag) or gold (Au). Electrodes made of Ag/AgCl are often preferred over the others, as
they are almost nonpolarizable electrodes, which mean that the electrode-skin impedance is a
resistance and not a capacitance [25]. Therefore, the surface potential is less sensitive to relative
movements between the electrode surface and the skin. Additionally, these electrodes provide
a highly stable interface with the skin when electrolyte solution (for example gel) is interposed
between the skin and the electrode [25]. Such a stable electrode-skin interface ensures high
signal to noise ratios (for example the amplitude of EMGs exceeds fairly the noise amplitude),
reduces the power line interference in bipolar derivations and attenuates the artifacts due to
body movements [64,25]. The electrode should be placed between a motor point and the tendon
insertion or between two motor points, and along the longitudinal midline of the muscle. The
longitudinal axis of the electrode should be aligned parallel to the length of the muscle fibers.
When an electrode is placed on the skin, the detection surface comes in contact with the
electrolytes in the skin [65]. A chemical reaction takes place which requires some time to
stabilize, typically in the order of a few seconds if the electrode is correctly designed. But, more
importantly, the chemical reaction should remain stable during the recording session and
should not change significantly if the electrical characteristics of the skin change from sweating
or humidity changes. Given the high performance and small size of modern day electronics,
it is possible to design active electrodes that satisfy the above requirements without requiring
any abrasive skin preparation and removal of hair [65].

In localizing the site of detection of the electrode on the skin, a variety of approaches has been
applied: (1) over the motor point; (2) equidistant from the motor point; (3) near the motor point;
(4) on the mid-point of the muscle belly; (5) on the visual part of the muscle belly; (6) at standard
distances of osteological reference points and (7) with no precision at all with respect to its
placement [12].

4. Analysis of a movement

EMG enables us to record muscular activity, and it is often advisable to carry out a synchron‐
ized cinematic measurement at the same time. In this way, the two types of data can be
contrasted and it is possible to establish:
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• How long the muscle is activated for, the start and end of the activation in relation to the
articular position.

• The degree of muscular activity which itself reflects the level of muscular effort. However,
this must not be confused with the level of muscular force, as the electrical signal detected
is a function of the ionic concentration in the muscle [41].

The analysis of movement usually includes cinematic and kinetic study [52,47,41]. The
cinematic study is responsible for determining the position, speed and acceleration parame‐
ters, both linear and angular. Different camera and marker systems are used for this purpose.
A kinetic study determines the internal or external forces involved [41].

4.1. Evaluating sports performance

Surface EMG is commonly used to quantify the magnitude and timing of muscle activation
during various physical tasks, that has broad application in sport science research [44]. The
fact that sEMG can analyze dynamic situations makes it of special interest in the field of sports
[11]. The improvement in the efficiency of a movement involves the correct use of the muscles,
in terms of both economies of effort and effectiveness, as well as in the prevention of injury.

Figure 2. A research of lower extremity muscle groups [66] ( Photograph shot during a study by Sozen H. et al.).
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In a training process, improvements in these parameters can be sought, follow-up carried out
and corrective measures or steps for improvement determined [5,13].

In particular, the performance of a task can be improved in terms of muscular activation and/
or in terms of muscular fatigue, based on the analysis of the frequency of the electromyographic
traces observed [9]. It has to be remembered that the EMG does not provide us with muscular
force parameters, although it is an indicator of the muscular effort made in a particular action
[67,12-57,11]. In relation to this, it is important to stress that the relationship between EMG
activity and effort is only qualitative [5]. Recently, experiments have also been carried out in
the sports area on applications for purposes such as the evaluation of the type of muscle fiber
and the characterization of muscles [15,14].

4.2. Relationships between muscular force and EMG

Muscular force is the amount of force a muscle can produce with a single maximum effort.
Enhanced muscular force can lead to improvements in the areas of performance, injury
prevention, body composition, self-image, lifetime muscle and bone health, and chronic
disease prevention [16]. There are many cases in which knowledge of the relationship between
EMG and force is desired. If the relationship between force and EMG amplitude is simply
linear, a direct regression equation yields a relatively simple technique to control prosthetic
limb function [19].

Ergonomists could assess the load on various muscles by monitoring the EMG activity. The
relationship between EMG and force also seems to depend on the nature of the muscle studied,
since some investigators have reported a linear relationship for the adductor pollicis and first
dorsal interosseous and soleus, and a nonlinear relationship for the biceps and deltoid [68].
There have been other, numerous examples of observations of nonlinear relationships between
force and EMG amplitude [69,70].

It is clear that when considering the possible shape of the EMG force relationship, one needs
to consider various features of the movement, such as the type of muscle contraction; the size
and location of the active muscles; their role as agonists, synergists, or antagonists; air
temperature [71,19] and the numerous other physiological and technical factors that affect the
electromyogram [19].

4.3. Examples of current EMG studies in sciences of sports

EMG has been a subject of laboratory research for decades. Only with recent technological
developments in electronics and computers has surface EMG emerged from the laboratory as
a subject of intense research in particularly kinesiology, rehabilitation and occupational and
sports medicine. Most of the applications of surface EMG are based on its use as a measure of
activation timing of muscle, a measure of muscle contraction profile, a measure of muscle
contraction strength, or as a measure of muscle fatigue [72]. Only a handful of research articles
using EMG techniques were published in the early 1950s. Today, over 2500 research publica‐
tions appear each year. The growth of the EMG literature and the availability of appropriate
instrumentation and techniques might suggest that our understanding of the procedures used
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to record the EMG signal and the relevant analysis methods must be complete. Yet the
interpretation of the signal remains controversial; and there are few sources available to help
the novice electromyographer understand the physiological and biophysical basis of EMG,
characteristics of the instrumentation, signal analysis techniques, and appropriate EMG
applications [19].
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Figure 3. The growth in the number of EMG related publications in sport science since 1980s (drawn by Sözen H.
based on data from Thomson ISI).

Sports science studies on exercise equipment often use electromyography. A study carried out
by Sözen H. et al compared the muscle activation during the exercise on elliptical trainer,
treadmill and bike equipment which are frequently used in the fields of rehabilitation and
sport science. Determing the muscles used predominantly during the exercise on these three
equipments may contribute to the regulation of available performance tests or the tests
scheduled to be performed on these equipments. Besides, detemining in which muscle groups
the equipments are used more efficiently for rehabilitation and treatment may help treatment
be more successful. According to studies’ results; it was found out that elliptical trainer
equipment activated upper extremity muscles more when compared to treadmill and bicycle
equipment. But, in the activation of lower extremity muscles, treadmill and elliptical trainer
equipments are more advantageous compared to bike. As a result; elliptical trainer equipment
is more advantageous to activate different muscle groups compared to treadmill and bicycle
equipments. By more muscles groups’ involving in action, more cardiorespiratory output,
accordingly more energy consumption and production can be provided as a response to the
exercise on elliptical trainer [1].

The studies that use surface EMG in sciences of sports are mostly related with determination
of the mechanism of contraction and relexation of muscles while also dealing with evolution
of injuries. The data obtained from these studies can be used in the following areas:

a. the evaluation of the technical development

b. the establishment of the suitable exercise programs

c. follow up of the development of the sportsmen

d. the choice of skills [34].
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5. Conclusions

When the research in sciences of sports is thoroughly investigated, it is seen that usage of
electromyography is rapidly increasing. Research and applications of such kind unite medical
and sports sciences and thus help us understand the movement physiology of the human body.

Surface EMG, though often used for diseases of locomotion and movement disorders, may
also be a tool for evaluation of performances of sportsmen. By this way the functional capacity
of muscles which play the most active role in movement may be determined and this approach
also yields designation of exercise programs and skill analysis that play an important role in
success in various fields of sports.
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Chapter 10

Evoked EMG Makes Measurement of Muscle Tone
Possible by Analysis of the H/M Ratio

Satoru Kai and Koji Nakabayashi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55783

1. Introduction

1.1. Evoked EMG - Mechanism of evoked EMG

When we humans perform a physical activity, it is contraction of skeletal muscles that is
responsible as its driving force. Active state of a skeletal muscle during motion can be viewed
on an electromyogram (EMG). Because it is non-invasive and easy to handle, surface EMG has
been widely used in the field of rehabilitation as in therapeutic exercise, training, motion
analysis, and research.

When a peripheral nerve is subjected to percutaneous electrical stimulation, action potentials
are induced in the innervated skeletal muscle. The induced action potential is recorded by
evoked EMG, which includes the H-wave, the M-wave, and the F-wave (Fig. 1). The H-wave
is a good indicator of the strength and distribution of the stimulus input from muscle spindle
to the motor neuron pool, which lies at the site of the anterior horn of the spinal cord. The H-
wave is commonly used, therefore, in the diagnosis of peripheral neuropathy (Kaeser 1973).
The H-wave is also used to examine the state of muscle tone and spasticity, or other movement
disorders of the central nervous system.

1.1.1. H-wave (H-reflex)

The name H-wave was derived from that of Johann Hoffmann, who found the response for
the first time in 1918. Weak electrical stimulation can excite group Ia fibers from muscle spindle,
and the antidromic impulse gets conducted to the spinal cord. Afferent fibers connect, via a
synapse, with the alpha motor neuron in the spinal cord. Excitatory postsynaptic potential
(EPSP) causes the excitement of the alpha motor neuron of the anterior horn cells in the spinal
cord. The action potential that reaches from excitatory alpha motor neuron to skeletal muscle



is called H-wave or H-response. With soleus or flexor carpi radialis muscle the H-wave is
observed at rest, but in other muscles the H-wave can only be induced with mild voluntary
contraction.

M-wave: Excitement is conducted to efferent. H-wave: Excitement is conducted via the monosynaptic reflex. F-wave:
Excitement is conducted to antidromic.

Figure 1. Evoked EMG

1.1.2. M-wave (M-response)

Alpha motor neurons are activated directly by a gradual increase in the intensity of electrical
stimulation, which occurs as the activity of Ia fiber is enhanced. The action potential of the
skeletal muscle caused by this excitement is called M-wave or M-response.

1.1.3. F-wave (F-response)

If an alpha motor neuron receives a strong electrical stimulation, its antidromic impulse is
conducted to axons of all motor neurons that have received the stimulus. The impulse is to
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reach the innervated skeletal muscle after re-firing at part of the axon hillock of anterior horn
cells in the spinal cord. The action potential in question is called F-wave or F-response. The F-
wave is said to be evoked on any peripheral muscle.

1.2. Measurement of H- and M-wave

With evoked EMG, the action potential is derived from a skeletal muscle that is innervated by
electrical stimulation conducted to peripheral nerves.

In this section, we briefly introduce the measurement method of H-wave in soleus muscle in
accordance with the guidelines of clinical neurophysiology test as stipulated by International
Federation of Clinical Neurophysiology. Kaeser advocated that the measurement of H-wave
be standardized in the study of spinal reflex (Kaeser 1973). It is not always easy to apply his
method in clinical situations, but we recommend that you should examine his method carefully
because it is considered to be a correct way of recording the H-wave.

1.2.1. Postural position at measurement

Because H-wave is susceptible to the effects of posture, it is necessary to maintain the same
posture during the measurement. A change in posture gives rise to changes in the length of
muscles, which in turn bring on a change in the activity of muscle spindle receptors involved
in the H-wave. That is how postural change can cause variability in H-wave.

When you try to evoke the H-wave of soleus muscle, it is important to prevent soleus muscle,
and gastrocnemius muscle, from stretching. For the preventive purpose, you instruct the
subject to mildly flex the knee joint (about 30 degrees). And because the H-wave of soleus
muscle is inhibited by ankle dorsiflexion, the ankle joint is fixed at a mild plantar flexion
position (about 20 degrees).

1.2.2. Stimulus conditions

The optimal duration of stimulation to elicit the H-wave is 0.5 ms or 1.0 ms; the choice is due
to the difference in the strength-duration curves between axons of motor neurons and afferent
group Ia fibers. Optimal conditions to excite group Ia fibers are 1) stimulation at a low enough
intensity not to excite the axons of motor neurons, and 2) placement of the cathode of the
stimulating electrode on the nerve, with the anode placed distal from the cathode on the run
of the nerve. Because it is a reflex through a synapse, H-wave is easy to cause “habituation”.
That means that shorter stimulation intervals would tend to inhibit H-wave due to the
decreased synaptic connection in the spinal cord. It is therefore important that the interval of
stimulations be long enough, but you must also remember that the subjects would sometimes
be poised when the stimulation interval is more than 5 seconds. For removal of the inhibitive
influence of habituation, it is desirable to set the interval for stimuli at 10 seconds or more.

Clinically, it is often convenient, and optimal, to start with a rate of 1 Hz for H-wave meas‐
urement; the rate of stimulation is then decreased step by step (by 0.2-0.3 Hz) so that latency
and amplitude can be measured.
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1.2.3. Recording method (Fig. 2)

H-wave recording is often done with surface EMG. The skin surface is wiped clean before
attaching an electrode to keep electrical resistance as low as possible. To record the H-wave
from soleus muscle selectively, an electrode is firstly affixed between medial head and lateral
head of gastrocnemius, and another is attached 3-5 cm distal from the first. It is important that
electrodes be aligned along the long axis of the muscle for accurate measurement; values of
the potential vary significantly if electrodes are placed across, at right angles or otherwise, in
relation to the muscle’s long axis.

Prevention of contamination from artifacts is also a major issue. Contamination of the potential
induced by the latency of about 10 ms after the stimulus is highly likely specifically in terms
of the inception and waveform of the H-wave. To remove artifact contamination, it is important
that electrodes be securely earthed and the width and size of square wave of electrical
stimulation be closely monitored.

As for H-wave amplitude, it increases as the motor neuron pool becomes more excitable due
to weak voluntary muscle contraction, but H-wave latency hardly changes. Based on this
characteristic, those muscle groups from which H-wave is hardly recorded at rest (e.g., tibialis
anterior, extensor carpi radialis, and abductor pollicis brevis) can be induced to elicit record‐
able levels of H-wave.

Figure 2. Recording method

1.2.4. Identification of waveforms

To elicit H-reflex from soleus muscle, a low-intensity electrical stimulation is applied on tibial
nerve in the popliteal space, whereupon only those group Ia fibers with low threshold levels
become selectively excited. The waveform which appears in the 20-30 ms latency is the H-wave
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from soleus muscle. When the intensity of an electrical stimulus is gradually raised, group Ia
fibers will be excited more. At the same time, alpha motor neuron which runs from the spinal
cord to muscle fiber also becomes excited.

M-wave will appear at the 5-10 ms latency. If the stimulus intensity is raised, excitement of
group Ia fibers will be lost and excitement of alpha motor neuron will become greater. H-wave
amplitude decreases, whereas M-wave amplitude increases. H-wave is lost before M-wave
reaches the maximum amplitude; only the M-wave may remain (Fig. 1).

H-wave latency is measured at the time when the value shows the first deflection from baseline.
In the soleus H-wave, the first rising edge of the positive waveform is adopted as its latency
because it is impossible to affix the recording electrode on the motor point. And its H-wave
amplitude is defined by the difference in potential either from baseline to the top of negative
waveform, or from the top of negative waveform to the top of next positive waveform.

It is important to ensure that the same measurement method is used for H-wave and M-wave
amplitude. If these two amplitudes were measured differently, the H/M amplitude ratio would
lose its reliability in the analysis of evoked EMG study.

1.3. To evaluate the muscle tone of skeletal muscle by analysis of the H/M ratio

Under uniform stimulus conditions, the amplitude size of an H-wave is determined by the
strength of the stimulus and the excitability of the reflex arc. Thus, H-wave has been used as
an indicator of the excitability of motor neurons in the anterior horn of the spinal cord.

In clinical practice, the ratio between the maximum amplitude of H-wave (Hmax) and that of
M-wave (Mmax), or H/M ratio, is often adopted as a good index. The Hmax is taken to reflect
the number of excited alpha motor neurons in the anterior horn of the spinal cord, when the
condition is adjusted so as to maximize the input from group Ia fibers upon electrical stimu‐
lation. The Mmax, on the other hand, is thought to show the amplitude of complex muscle
action potential when all the alpha motor neurons dominating the muscle (soleus muscle here)
are excited synchronously. That is, of all the alpha motor neurons that dominate the targeted
muscle (e.g., soleus muscle), the H/M ratio shows the percentage of excited alpha motor
neurons upon electrical stimulation. In fact, correlation has been observed between the H/M
ratio and the degree of spasticity. The H/M ratio shows marked increases in the elevated
excitability of alpha motor neurons in the spinal cord, or in patients with spasticity.

Conversely, in cases of peripheral neuropathy, this H/M ratio is decreased. Because there is a
great difference between individuals in the H/M ratio, it is more useful as a therapeutic tool
in the same patient rather than as a general diagnostic tool. The H/M ratio would work when
you tried to make an objective judgment of therapeutic effects on immediate change in the
same patient, or when you tried to make a longitudinal change in a given condition also in the
same patient.

It is surmised that if you observe changes in the H-wave at the time of intervention such as
muscle contraction, vibration stimulation to the tendon, or muscle stretching, then those
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changes have in fact been brought on by the intervention, and not due to alterations in the
physical condition such as electrode attachment and the like.

2. Vibration stimuli

2.1. Responses of skeletal muscle to vibration stimulation

Vibration stimulation has been used as one of the treatment modes for conditions of muscle
tone of skeletal muscle, including spasticity. Its effects have in fact been reported. Unlike
manual therapy, vibration stimulation is an excellent treatment method because it is expected
to show a certain effect regardless of who uses it.

2.1.1. Physiological act on muscle cells

Though its detailed mechanism has not been elucidated, vibration stimulation acts directly on
the contracted muscle cells to relax them (Vukas 1978, Ljung 1972, Ljung 1975).

2.1.2. Inhibitory act on muscle contraction

When skeletal muscle during a maximum contraction receives vibration stimulation, the
muscle’s action potential on EMG, nerve activity, and muscle output are reduced (Bongiovanni
1989, Kouzaki 2000, Stephen 2003, Konishi 2009). The inhibitory effect of muscle contraction
is dependent on the conditions of vibration stimulation: the effect is greater if the frequency
of the vibration stimulation is low, or if its amplitude is large (Desmedt 1978).

In recent reports, when stroke patients with a spastic upper limb received vibration stimulation
on the limb, their upper limb function was shown to improve with a suppression of muscle
tone (Noma 2012, Caliandro 2012).

In patients who underwent ACL reconstructive surgery or those with osteoarthritis, vibration
stimulation to their quadriceps femoris muscle brought about neither an increase in neural
activity as evaluated by integrated EMG nor a decrease in muscle output as evaluated by peak
torque (Konishi 2002, Rice 2011). It is thought that this outcome was due to a failure in Ia
afferent feedback, including dysfunction of the gamma-loop.

2.1.3. Neurophysiological mechanism

Muscle spindle senses a very small change in muscle length when a skeletal muscle receives
vibration stimulation. And this information is transmitted to the fibers of group Ia or II,
eventually to reach the spinal cord. In the spinal cord, the information serves as presynaptic
inhibition through an interstitial cell and suppresses the alpha motor neuron (Gillies 1969,
Shinohara 2005).

In addition, sustained vibration stimulation will selectively excite group Ia fibers. That will
then bring about, in nerve endings, depletion of neurotransmitters and a rising threshold of
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group Ia fibers (Kouzaki 2000). It is believed that this is one of the reasons why a decrease is
observed in the excitability of motor neurons in the spinal cord.

2.1.4. Conditions for vibration stimulation

The equipment that is used to apply vibration stimulation may vary from researcher to
researcher, but the effect seems to be uniform as long as stimulation conditions are controlled
in the same way. Stimulation conditions inevitably differ according to the research objective,
but they are generally set at a frequency of 50-100 Hz and amplitude of 1-2 mm. The equipment
is contacted at 20-30N on the body or tendon of the targeted skeletal muscle.

Effects that vibration stimulation has on the body depend on the duration of stimulation. The
H/M ratio decreases immediately after the application of stimulation, and the inhibitory effect
on spasticity has been confirmed in 5 minutes of stimulation (Noma 2012). Muscle output is
reduced by a sustained stimulation of at least 20 minutes (Bongiovanni 1989, Kouzaki 2000,
Stephen 2003, Konishi 2009).

2.2. Our previous study 1

Vibration stimulation on a skeletal muscle of healthy adults is known to bring on effects such
as reflexivity contraction of an agonist muscle by muscle spindle Ia afferent nerve excitability,
and inhibition of the antagonist muscle, called “tonic vibration reflex”. Vibration stimulation
also causes inhibition of monosynaptic reflexes such as the tendon reflex and stretch reflex
while stimulation with vibration continues. These effects vary depending on stimulus
conditions.

Clarified issue 1: Anterior horn cells in the spinal cord are suppressed by vibration stimu‐
lation from its onset to about 3 minutes into stimulation.

As a result of vibration stimulation on the triceps surae of healthy adults, the H/M ratio
continues to decrease from 1 to 3 minutes after stimulus onset. After 4 minutes into stimulation,
though the ratio continues to decrease somewhat, no significant difference was found between
values at after 4 minutes and the value at 3 minutes of stimulation.

From these findings, it has been clarified that excitability of alpha motor neurons gets sup‐
pressed immediately after the intervention with vibration stimulation. Also clarified was that
the decline of the H/M ratio reaches a steady state after 3 minutes of stimulation from its onset.

Clarified issue 2: It is recommended that vibration stimulation be applied on tendon.

If vibration stimulation is to be adopted in clinical settings, it is essential that an appropriate
set of stimulus conditions should be considered for each of the clinically different cases. A site
of stimulation is certainly one of the factors for the treating therapist to take into account.

Based on the results of our study, the H/M ratio was significantly lower after the onset of
vibration stimulation on both muscle belly and the tendon (p<0.01). In addition, when stimulus
to the belly was compared with stimulus to the tendon, the H/M ratio was significantly lower
in the latter (p<0.05). In other words, to suppress muscle tone using a vibration stimulus, it is
recommended that a stimulus be applied on the tendon.
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2.3. Our previous study 2

When vibration stimulation is applied on skeletal muscle, the amount of output and muscle
activity of the stimulated skeletal muscle is decreased. This finding should help to bring on a
change in the pattern of muscle activity during action (Table 1).

It may be possible to facilitate the activity of the muscle that is important to knee joint extension,
namely vastus lateralis muscle, when vibration stimulation decreases its activity. In fact, we
have confirmed that, when vastus lateralis muscle was stimulated by vibration, the reduction
in the amount of muscle activity was observed in only vastus lateralis muscle among quadri‐
ceps femoris muscles (Table 2).

There may be a possibility of enhancing the activity of inner muscles, which were long assumed
to be unsusceptible to strengthening, provided that you can selectively suppress just those
muscles you want to suppress. It is hoped that our future studies will clarify this issue as well.

Pre-vibration Post-vibration

250.0 ± 25.4 220.5 ± 16.2

Mean±standard deviation

Table 1. Muscle force of quadriceps femoris muscle before and after vibration stimulation (%BW).

Pre-vibration Post-vibration

Rectus femoris muscle 174.5 ± 29.2 121.2 ± 52.3

Vastus medialis muscle 143.8 ± 34.2 102.1 ± 68.5

Vastus lateralis muscle 113.6 ± 49.1 95.5 ± 37.8 *

*p<0.05: pre-vibration vs post-vibration

Mean±standard deviation

Table 2. Muscle activity of quadriceps femoris muscle before and after vibration stimulation (%iEMG).

2.4. Previous studies by other authors

2.4.1. Spasticity of upper limb in stroke patients is suppressed by 5 to 10 minutes of vibration stimulation

If vibration stimulation of about 5 to 10 minutes is applied on the spastic muscle of a stroke
patient’s upper limb, the following will be observed: a decrease in the H/M ratio indicative of
the excitability level of anterior horn cells in the spinal cord; improvement of motor function
and of Modified Ashworth Scale indicative of the degree of spasticity; and improvement of
Functional Ability Scale using Wolf Motor Function Test. In some treatment cases, an imme‐
diate effect was recorded after the intervention.

The nervous system of a spastic stroke patient may be restructured and/or strengthened by
adjusting the level of CNS excitability using a vibration stimulus in combination with training
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on the nervous system. It is anticipated that further effects that vibration stimulation has on
spastic muscle in stroke patients will be revealed in the near future.

2.4.2. Muscle activity and the amount of skeletal muscle output are reduced by more than 20 minutes
of vibration stimulation

Vibration stimulation on a sustained maximum muscle contraction case can reduce the firing
frequency of the nerve cells involved in the maximum contraction, and subsequently the
muscle output will decrease. In addition, more than 20 minutes of vibration stimulation on
quadriceps femoris muscle can bring on a reduction in the peak torque and integrated EMG.

If you apply these findings clinically, it is possible to suppress the excessive and abnormal
muscle activity that occurs as a compensatory motion during action, and subsequently to let
the patient have efficient training.

However, in patients with osteoarthritis of the knee and also in patients who have undergone
ACL reconstruction and therefore need onerous training, no decrease of the peak torque and
integrated EMG occurs after the vibration stimulation. Abnormal gamma motor neurons are
believed to be involved, and the abnormality results from reduced afferent nerve activity of
the joints.

All in all, clinical application of vibration stimulation on patients with musculoskeletal
disorders awaits further trials because there remain some unsettled issues.

3. Inhibitory and facilitative effects of muscle tone in normal healthy
subjects

This section provides an overview of the effects of inhibition and facilitation by physical stimuli
on skeletal muscle of healthy subjects. We shall then consider the current state surrounding
the physical stimulus in the field.

3.1. Pressure stimulation

A decreased H/M ratio was observed by air pressure in the splint on triceps surae muscle of
the lower limb (Robichaud et al., 1992) and radiocarpal flexor muscle of the upper limb
(Agostinucci et al., 2006) both in healthy subjects.

Pressure stimulation causes a decrease in blood flow, leads to the state of lack of oxygen, and
adversely affects the site of compression of the cell, tissue, or organ. What then would be an
appropriate duration and compression strength to apply without bringing on undesirable
effects? In a study of healthy Japanese youths, the condition of 5 minutes at 50 mmHg was
recommended as appropriate (Miura et al., 2011). A pressure of up to 50 mmHg did not result
in any statistically significant differences in blood flow compared with no-addition pressure
stimuli. But at this time the excitability of soleus muscle motor neurons was inhibited in the
spinal cord.
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3.2. Whole Body Vibration (WBV)

Studies using WBV include the examination of its longitudinal and acute effects. Indices that
are adopted to verify or refute those effects are as follows: muscle activity, muscle strength,
power, height by counter jump, body balance, and mechanical competence of bones.

3.2.1. Acute effects

Neuromuscular stimulation derived from WBV is the likely source of previously observed
changes in athletic performance. The tonic vibration reflex is a response elicited from vibration
directly applied to a muscle belly or tendon. This reflex is characterized by activation of muscle
spindles primarily though Ia afferents and activation of extrafusal muscle fibers through alpha
motor neurons (Cormie et al., 2006).

Vibration has been shown to stimulate transient increases in certain hormones, such as growth
hormone and IGF-I (Cormie et al., 2006).

A study exists in which the flexibility of hamstring muscle of the lower limb was examined by
varying the frequency of vibration stimulation. It showed that there was a 10% increase in
flexibility at 20 Hz and no change at 40 Hz (Cardinale et al., 2003).

Vibration is detected not only by spindle, but also by the skin, the joint and secondary endings.
All those structures contribute to the facilitatory input to the gamma-system which in turn
affects sensitivity of the primary endings. Modulation of neuromuscular response to vibration
is then to be referred not just to spindle activation, but to all the sensory systems in the body.
Various parameters can affect the synergies in the sensory system and determine specific
responses. Vibration is thought mainly to inhibit the contraction on antagonist muscles via Ia
inhibitory neurons. However there is some evidence as well that vibrations can also produce
co-activation (Cardinale et al., 2003).

A previous study investigated the acute effects of WBV on back and abdominal muscle activity.
Muscle activity with vibration showed a low to moderate increase in trunk muscle activation
(Wirth et al., 2011).

3.2.2. Long-term effects

A 4-month WBV-loading induced a significant 8.5% mean increase in jump height of young
healthy adults. This improvement was already seen after 2 months of the vibration. Lower
limb extension strength was also enhanced by the 2-month vibration period. Intervention with
a 4-month WBV enhanced jumping power in young adults, suggesting neuromuscular
adaptation to the vibration stimulation. On the other hand, the vibration-intervention showed
no effect on dynamic or static balance of the subjects (Torvinen et al., 2002).

3.2.3. The difference between athletes and normal healthy subjects

There are many reports in which knee extensor strength and jump performance improved after
stimulation with WBV in healthy subjects. In contrast, no improvement was observed in sprint-
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trained athletes and elite female field hockey players. This means either that the effect of daily
training was greater than the stimulatory effect with WBV or that its cumulative activity and
inhibitory effects were retained in the body system. It is suggested that the stimulating effect
of WBV is probably greater in subjects that do not exercise every day.

4. Inhibitory and facilitative effects of muscle tone in patients with
pathological disorder

Section 4 presents an overview of the effects of inhibition and facilitation provided by the
physical stimulus on skeletal muscles in people with pathological disorder. We shall then
consider the existing state surrounding the equipment used in rehabilitation.

In the field of rehabilitation, people with muscle hypo-tone are induced to undergo activities
that facilitate muscle activity, and those with muscle hyper-tone are given activities that inhibit
muscle activity. In general, when standing position is sustained there will be increases in
muscle tone from that posture. Therapists often suppress the excessive muscle activity in such
cases. Muscle hypo-tone from paralysis or hemiplegia is usually treated with a facilitative
method using electrical stimulation or proprioceptive neuromuscular stimulation. At the
present time, it is not clear to what extent these physical means are effective; it needs continued
investigation. Physical therapy stands for intervention with physical means in people with
physical disturbance so that their physical disorder is alleviated. For that purpose, application
of clinical and kinesiologic EMG is one of the most effective methods.

4.1. In people with cerebrovascular accident

Cerebrovascular Accident (CVA) is a general term for diseases such as subarachnoid hemor‐
rhage, rupture of a cerebral aneurysm, and cerebral infarction. Disturbances after a CVA are
various in severities. What was the onset of a CVA like, was there early treatment, or was the
site known at the time of its onset? These are the questions that help determine how severe
CVAs turn out to be. Sequelae such as motor paralysis, sensory disturbances, and language
disorder occur in about one-third of the patients who suffered CVA.

4.1.1. Electrical stimulation

When the antagonist muscle of spastic paralysis undergoes electrical stimulation, its muscle
spasticity  is  suppressed.  This  suppression  is  brought  on  by  reciprocity  through  the  Ia
inhibition in the spinal  cord,  which in turn results  from an adjustment of  the reflective
circuit.  If  the spastic  muscle itself  is  subjected to electrical  stimulation in such a case,  a
decrease  in  muscle  tone  occurs  through  the  antagonist  inhibition.  Upon  application  of
electrical stimulation to rectus femoris muscle of the lower limb, facilitation of the flexion
of the hip joint and the extension of the knee joint occurs through suppression of the muscle
tone of hip flexor muscle and knee extensor muscle, respectively. Thus, gait itself turns out
to show improvement.
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If a muscle receives electrical stimulation, what will be the reaction of the muscle? Electrical
stimulation to a paralyzed muscle, for instance, will cause the amount of muscle activity to
increase. This is referred to as the carry over effect.

4.1.2. Pressure stimulation

Pressure stimulation on spastic muscle of people with CVA brings about an effect that is similar
to the effect it has on healthy people. Air pressure in a splint to triceps surae muscle of the
lower limb in people with spastic paralysis caused a decrease in the H/M ratio (Robichaud et
al., 1992). And the same was seen in spastic muscle of the upper limb: radiocarpal flexor muscle
in people with neurological diseases, when stimulated by air pressure in the splint, registered
a lowered H/M ratio (Agostinucci et al., 2006).

4.2. In people with spinal cord injury

Spinal cord injury (SCI) is a disorder caused by damage to the spinal nerve running through
the spinal canal. SCI often brings on motor paralysis or sensory disturbances caused by their
proprioceptive CNS diseases, leading eventually to impaired autonomic nervous system.
Hypertensive tendon reflexes are often seen in the patient.

4.2.1. Pressure stimulation

When air pressure in a splint is applied to soleus muscle of the lower limb in people with SCI,
alpha motor neuron reflex excitability is suppressed (Robichaud et al., 1992).

4.2.2. Therapeutic massage

When  people  with  SCI  were  given  massage  treatment  for  3  minutes,  there  was  a  de‐
crease in the amplitude of H-reflex when compared with what it was before the massage
(Goldberg et al., 1994).

4.2.3. Whole Body Vibration (WBV)

When WBV is applied on a person with SCI, residual effects of medication for muscle spasticity
will sometimes be recognized. And because the duration of stimulation differs among
researchers, a simple comparison is difficult (Ness et al., 2009).

There is a report in which the adopted cycle of WBV treatment consists of the following: 4
bouts of 45 seconds with one minute of seated rest between bouts, done on 3 days a week
lasting for 4 weeks.

4.3. In people with Parkinson’s disease

Parkinson’s disease (PD), often caused by depletion of dopamine in the substantia nigra of the
midbrain, is a disease that indicates a variety of movement disorders. Rigidity, tremor,
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akinesia, amimia, and pill-rolling phenomenon are the characteristic symptoms. By taking L-
dopa, people with PD can alleviate these symptoms.

4.3.1. Whole Body Vibration (WBV)

4.3.1.1. Acute effects

With WBV, scores of Unified Parkinson’s Disease Rating Scale (UPDRS) tremor and rigidity
improved compared with no intervention. There is no evidence, however, that WBV is effective
in improving knee proprioception and other clinical measures of sensorimotor performance,
such as balance and mobility (Lau et al., 2011).

4.3.1.2. Long-term effects

WBV had no significant effects, or was only slightly effective, on UPDRS motor scores (Lau
et al., 2011).

4.4. In people with multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory, demyelinating disease of the central nervous
system. The most prevalent symptoms of this disease include sensory changes, visual distur‐
bances, fatigue, and micturition disorders (Jackson et al., 2008).

4.4.1. Whole Body Vibration (WBV)

4.4.1.1. Acute effects

There is no evidence that WBV is effective in improving peak torque values for both quadriceps
and hamstring muscles (Jackson et al., 2008).

4.4.1.2. Long-term effects

Under the duration of 5 training sessions per 2-week cycle for 20 weeks, WBV did not improve
leg muscle performance or functional capacity in mildly to moderately impaired people with
MS (Broekmans et al., 2010). Also 8-week exercise is effective in improving standing balance
and timed up-and-go test (Mason et al., 2012). But there are differences in stimulation fre‐
quency and duration between the two reports. That makes it difficult to determine whether
WBV is or is not effective in the long run.

4.5. In people with knee osteoarthritis

4.5.1. Whole Body Vibration (WBV)

Previous research investigated WBV as an alternative strengthening regimen in the rehabili‐
tation of people with total knee arthroplasty (TKA) compared with traditional progressive
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resistance exercise (TPRE). Post-TKA subjects received physical therapy with WBV or with
TPRE for 4 weeks. There was a significant increase in knee extensor strength and improvements
in mobility both with WBV and with TPRE.

With an addition of WBV to squat training, elderly people with knee osteoarthritis (OA) were
evaluated on functional performance and self-report of disease. A total of 23 elderly subjects
participated. There was no statistically significant difference in functional performance and
self-report of disease status between groups of squat training with or without WBV.

4.6. Summary

We therapists realize after all that, at the present time, WBV effectiveness against SCI, PD, MS,
and knee OA has not been established. There are reasons for that: disease mechanisms have
not been clarified, and optimum conditions such as stimulation frequency are not definitely
set yet. And in intervention studies, one cannot completely eliminate the influence of other
factors. It is unfortunate that not enough high-level evidence-based research has been done or
published.

Though rather limited in scope, we therapists can help people with disabilities, or even people
without disabilities, by suppressing the muscle tone of a given muscle through the spinal cord
loop.

5. Health science research with EMG

In research using EMG, there are two groups of studies: clinical and kinesiologic. Kinesiologic
EMG is to record the response during motion of the body.

Clinical EMG

1. EMG as a diagnostic aid in cases in which causes of muscle weakness and muscle atrophy
are neurogenic or myogenic

2. EMG as a means to confirm the lesion site and properties of peripheral nerve injury

3. EMG as a means to confirm abnormal muscle activity

4. EMG in cases that are not classifiable as 1, 2, or 3 above

Likely target diseases are amyotrophic lateral sclerosis, polymyositis, carpal tunnel syndrome,
and Bell’s palsy.

Cases of kinesiologic EMG are as in the following:

1. EMG to check presence or absence of muscle activity

2. EMG to measure timing and duration of muscle activity

3. EMG to measure amount of muscle activity
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4. EMG as basis of biofeedback to patients

5. EMG to determine matters relative to muscle fatigue

6. EMG to measure reaction time on external stimuli

7. EMG to evaluate motor control

8. EMG to assess gait

9. EMG to evaluate motor learning

10. EMG for purposes not classifiable as 1 to 9 above.

In recent years, the study of human-machine interfaces became fairly popular. For example,
equipment is used to amplify muscle activities of a person with disabilities, which will then
be relayed to a robot so it can put them into effect for the disabled person. Or EMG is made
use of as a vital part of technique to convey information from a robot to a human subject
through the human senses. We shall introduce some of these studies.

In the field of rehabilitation, the type of equipment has been developed that controls move‐
ments of a joint by the muscle discharge in people with disabilities. The equipment sends a
command from electrodes attached to the forearm of the robot to its artificially created fingers
to control. The number of sensors attached on the disabled person increased gradually, so it
became possible to control the intensity of such delicate movements as tapping or lifting.
Numerous researches have also been done on motion control by an exoskeleton. The target
joints now include forearm, elbow joint, shoulder joint, upper limb, cervix, hip joint, knee joint
and lower limb, as well as a wide variety of fingers and hands. In upper limb research, starting
from motions of three degrees of freedom (3-DOF), it has now reached the level of 7-DOF
motions. Research on reaction time has also shown improvement; in the line of research on
hand reactions, delays of only 100 ms have been attained. Research has also been done on
robot-assisted therapy on upper limb recovery after stroke, but not much that is revolutionary
has come out of it so far. Perhaps we can expect to see this line of research grow in the future.

We consider it possible that robot-assisted therapy may eventually help an individual patient
become free from environmental and personal factors. Introduction of the so-called ICF
(International Classification of Functioning, Disability and Health) model may be something
that is revolutionary.

6. Conclusion

Verification of inhibitory effects of muscle tone by vibration stimulation as we did above,
though it is only the beginning, seems to point to further development in the future. Signifi‐
cance may be found in the fact that healthy people can be checked using simple equipment.
In the literature, a certain level of effectiveness of vibration stimulation is found in people with
disabilities; determination of the optimum stimulation conditions will certainly be researchers’
next point of interest. In studies using other physical means, it seems necessary to set conditions
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for measuring the effectiveness of the given means. Overall, studies of equipment-aided
therapies tell us that aided-therapies seem to be superior to non-aided therapies because you
can minimize the individual difference between techniques of intervention. This may be true
in day-to-day therapeutic sessions as well as in the examination of the effect of physical
therapy.
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1. Introduction

1.1. Why exercise in water has become popular?

The physical qualities of water are well established and include buoyancy, water drag force,
hydrostatic pressure and thermal conductivity [1]. The large difference in these physical
qualities, compared to land-based activities, affect the human body in both physiologic and
biomechanical aspects. An example of this is buoyancy, which acts vertically against gravity
on the immersed object thus decreasing weight of the human body. The buoyancy level is equal
to the mass of water displaced by the immersed object and is based on the accepted Archime‐
dean principle. When a human is immersed in water up to the level of pubis around 40% of
weight is accounted for, 50% at umbilical, 60% at xiphoid, and almost 80% at the level of axillary
[1, 2]. When immersed to their lower limb joint and waist in a water environment, humans can
easily move, without gravitational overload, due to the buoyancy effect.

Water drag force is composed of three types of drag; surface drag, form drag and wave drag
[3]. Surface drag is affected by viscosity of water and the surface quality of the immersed object.
For example, the roughness of the surfaces of the object might increase surface drag, however,
this depends on the speed of movement of the object as seen in the decreased drag on a golf
ball due to the dimples [3]. Form drag depends on the shape and size of the immersed object,
whilst wave drag directly opposes the object’s movement through water. Water drag force
increases proportionally by the frontal projected area and square of moving velocity [4].
Therefore, humans need to exert a much greater force to overcome water drag force when
moving in water due to a greater frontal surface area [3].

Hydrostatic pressure is related to water density and depth. Water density is about 800 times
greater than air. When at a water depth of 1 meter, hydrostatic pressure increases about



73.5mmHg [1], which is similar to normal diastolic blood pressure. Hydrostatic pressure
causes blood to shift from the lower extremities to the thoracic region [5], and also affects lung,
renal and other endocrine functions [6]. Thermal conductivity, which is about 25 times faster
than air, also affects the human circulatory system [1]. When a human is immersed in water
with a lower than thermo-neutral temperature, peripheral vasoconstriction occurs and
increases the blood shift to the thoracic region [7]. This thermoregulation effect has been used
for a range of therapeutic practices [1].

As briefly described above, the water physical qualities can be very beneficial for the human
body. In addition to those effects, exercising in a water environment is a safe environment and
may reduce the incidence of falling [8]. A wide range of people including those who have
difficulty moving on land due to obesity, a lower-limb disorder, through to those who are healthy
or want to improve their fitness may benefit from utilizing the water environment [8, 9].

1.2. Why knowledge of muscle activity during exercise in a water environment is important?

When exercising in water, the benefits of buoyancy and water resistance mainly occur be‐
cause these qualities act directly on the exercise motion. For example, weight reduction, due to
buoyancy, may contribute to the upward or downward motion, and additional loading by water
resistance would strongly affect the motion in any direction. Therefore, the instructors of water
exercise need to consider the effect of water specific qualities can play on the human body.

As a method of understanding the loading or offloading effect of water specific qualities on
human body, investigation of muscle activity is considered an important tool. This provides
information regarding the degree of muscle loading during exercise in water, and also provides
a basis to apply health and rehabilitation exercise in a water environment more effectively. It
is easily hypothesized that the muscle activity would be changed during exercise in water,
compared with the same exercise on land. However, there is a challenge in measuring muscle
activity in a water environment.

In consideration of these points, firstly, this chapter focuses on the methodology and its validity
of collecting muscle activity data in a water environment, with special mention regarding a
waterproofing method. Following this, the muscle activity modality for walking, running and
many other exercise forms in water are also featured. Walking and running exercise in water
are the most popular and basic exercise forms of water exercise [9]. This chapter focuses on
walking, running and other water exercise forms which is based on gait, for example, walking
with long step, walking with twisting, walking with kicking and so on. Finally, this chapter
provides an informative suggestion for exercise participants and instructors.

2. How to collect underwater electromyogram (EMG)?

2.1. The methodology for the collection of muscle activity in underwater environment

Measuring muscle activity by EMG method is challenging because most EMG devices are not
waterproofed. As with all electronic devices, water immersion can be dangerous. Because of
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this risk, most research has used silver-silver-chloride surface EMG electrodes as passive
surface electrodes [10, 11]. Some researchers who have investigated muscle activity using EMG
devices developed their own waterproofing methods [10, 11] of which there are two types. The
first type attached a waterproof seal onto the electrodes placed on the local muscle of interest
[10, 11], and the second wears a dry suit on the whole body created for EMG collection [10, 12].

Waterproofing the seal onto the electrodes usually involves attaching transparent film and/or
a foam pad (Foam Pad, 75A: Nihon Kohden, Tokyo, Japan) and this method has been used
successfully in previous research [10, 11]. For even better waterproofing, transparent film and/
or foam pad are attached in combination [10, 11]. This is achieved by sealing a small piece of
transparent film over the electrodes which are attached on the muscle belly to be studied. Then,
fill up the slight gap between electrodes leads and transparent film with putty. Finally, use a
large piece of transparent film to cover over the small size film and putty (Figure 1).

 A B 

A: doubled by transparent films with putty. B: covered by foam pad.

Figure 1. Waterproofing of surface electrodes. [Pictures were taken by the authors]

Even when this strict waterproofing is applied the water can sometimes immerse under the
films cause interference with the electrodes. Therefore, when using this method, the EMG
signal has to be monitored continuously throughout the experiment to ensure the data is not
affected by water intrusion. When water intrusion under the films or electrodes occurs, a high
frequency noise and/or baseline fluctuation on the wave data would be observed. If an
abnormal data reading is confirmed due to water intrusion, the electrodes attachment has to
be removed and re-applied and the experiment procedure should be started over again. In
addition to the waterproofing to the electrodes, the code of each electrode should be taped
along with body segment to avoid unexpected tension by water resistance and swinging by
exercise motion in water which may prevent or interfere with the normal motion (Figure 2).
Due to the series of extensive electrode attachments, waterproofing procedures and establish‐
ing the settings for collecting data of underwater EMG, the procedure for underwater EMG
takes considerably longer to perform compared with testing in the land environment.

A whole body dry suit has been developed for the collection of underwater EMG, specifically
for water sports activities to allow full range of motion [10, 12]. This suit consists of waterproof
material with the arm, leg and neck openings tightly sealed. Once the electrodes are attached
on the subject, the electrodes and its leads are well covered from the water due to the fully
enclosed suit. The advantages of this suit include less set up time than waterproofing and
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enable longer EMG data collection periods due to increased comfort the suit provides in the
water environment. However, the suit would disadvantage subjects who do not fit the
standard size of the suit, and this waterproof method still requires further refinement to limit
water intrusion at the openings [10, 12].

2.2. The effect of human water immersion on EMG data

The other issue for EMG recording in a water environment is whether the EMG data is affected
by water immersion, even if the electrodes are waterproofed. However the EMG data seems
to have little attenuation from water immersion if the waterproofing is completely imple‐
mented [10, 13-16]. There are numerous studies regarding the influence of water immersion
for EMG data collection using waterproofed and non-waterproofed electrodes attached on
human muscles [10, 13-16]. Rainoldi et al. [13] investigated the effect of EMG recording by
using surface electrodes attached on Biceps Brachii in conditions of dry land, in water with
waterproofed or not. The subjects conducted 50% of isometric maximal voluntary contraction
(MVC) as determined by a load cell. The results showed that there was no attenuation on EMG
recordings in averaged rectified value (ARV) and root mean square (RMS) value with water‐
proofed condition, whilst the non-waterproofed condition showed significant reduction of the
EMG data. In addition to that, the same circumstances were seen in the signal spectrum
analysis. The authors concluded that waterproofing was required for EMG recording in water
environment to avoid large signal artifacts, to ensure constant recording conditions for the
whole experimental session duration, and to avoid time consuming alternative correction
technique to remove low frequency artifacts. Pinto et al. [14] investigated the effect on surface
EMG recording of isometric MVC between on land and in water. The EMG was recorded from
Biceps Brachii, Triceps Brachii, Rectus Femoris and Biceps Femoris. The results showed that
the EMG data of each muscle was not affected by water immersion, however the force
production of the hip extension decreased significantly in water. This study also reported a
significant intra-class correlation coefficient from moderate to high (0.69-0.92) for the EMG
recording and the authors concluded that the environment did not influence the EMG data in
MVC. With respect to a reduction of EMG data without waterproofing in water environment,
Carvalho et al. [15] reported that the reduction was around 37.1-55.8% in the water condition
without waterproofing compared with the land or the water with waterproofing in both MVC
and 50% of MVC trials. Recently, Silvers et al. [16] reported the validity and reliability of EMG

Figure 2. Electrodes and its codes attachment for underwater EMG experiment. [Picture was taken by the authors]
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recording by waterproofing in water exercise suggesting future EMG studies should conduct
MVC testing in water for data normalization and confirm the post-exercise verification of EMG
recording. It can be then assumed due to the body of previous research that the collection of
EMG data during water environment is not influenced by water immersion if the electrodes
were waterproofed, however, it might be more reliable to verify post-experiment EMG
recordings and/or normalization in water MVC.

3. The characteristics of muscle activity during walking in water

3.1. Muscle activity in lower limb muscles

One of the most basic forms of exercise in water is walking gait. Walking in water provides
significant changes on your body. A number of investigations have been conducted on the
physiological aspects of water walking [17, 18, 19], and more recently, biomechanics and
kinesiology research has been published [11, 20-25]. Research into muscle activity has focused
mainly on lower limb muscles due to the fact that walking exercise in water is generally
conducted at the waist depth or deeper [8, 9, 18, 19]. Research of the lower limb muscles activity
during walking in water has been reported by the authors at subject’s self-selected slow,
moderate and fast speed in comparison to those same selected speeds for land walking [11,
20]. Subjects included nine young men and they walked along the swimming pool deck for
the land trial and in a 1.1m deep swimming pool. The EMG data was collected from Tibialis
Anterior (TA), Soleus (SOL), Medial Gastrocnemius (GAS), Rectus Femoris (RF), VastusLa‐
teralis (VL), and Long Head of Biceps Femoris (BF) on subject’s left side with 2000Hz sampling
rate. The EMG data was normalized by MVC on land in each muscle. Data processing involved
the raw EMG data being filtered using 4th-order low-pass and high-pass filters with cut-off
frequencies of 500 Hz and 10 Hz, respectively. And then, the filtered EMG data was transferred
to digital data, and the root mean square (RMS) of each phase calculated on a 100-ms window
of data (i.e. 50 ms both before and after the data point of interest), and expressed as percentages
of MVC (%MVC). This study evaluated the muscle activity in each cycle phase as to a stance
phase from a heel contact to a toe-off, and a swing phase from the toe-off to the next heel
contact. A paired Student’s-t-test was applied for a statistical comparison between two
conditions. Figure 3 and Figure 4 showed the result of the study.

As a result of the stance phase (Figure 3), significantly lower %MVC were observed during
water-walking compared to land-walking in the SOL and GAS muscles at all speeds (P < 0.05).
On the other hand, the TA and BF were significantly higher during water-walking than land-
walking at normal and fast speeds (P < 0.05). In the swing phase, RF was significantly higher
during water-walking than land-walking at all speeds, but the other muscles tended to be
lower during water-walking than land-walking at all speeds especially in the TA (slow), SOL
(moderate), VL (moderate and fast) and BF (slow and moderate) as significance (Figure 4).

Muscle activity during walking is not dramatically large if it is expressed in %MVC regardless
of the condition. Basically, TA seems to activate during stance phase to stabilize the ankle joint
against the water resistance added to whole body during water walking [21]. This may explain
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why the TA activity was significantly higher during water-walking in moderate and fast
speeds (Figure 3). There was no phase where the TA had to stabilize the ankle joint during
swing phase, resulting in lower TA activity during water-walking than land-walking. How‐
ever, Nakazawa et al. [22] concluded that the inter-subject and intra-subject variability were
higher in the TA response during water-walking. Therefore, more precise investigation of TA
during water-walking is required. The muscle activity of SOL and GAS dramatically decreased
during water-walking due to a reduction of weight bearing by buoyancy. Further investigation
of these muscles by Miyoshi et al. [23] reported a different role of SOL and GAS muscles during
water-walking. They concluded that the SOL was affected by walking speed and gravity stress,
while the GAS was affected by only walking speed. In BF, more activation is needed to generate
propulsive force against water resistance force by extending hip joint during stance phase. A
larger hip joint extension moment during water-walking throughout the stance phase than
that during land-walking was confirmed by Miyoshi et al. [24]. In the swing phase, the RF
muscle activates more during water-walking than land-walking to overcome water resistance
force for forwarding lower limb [21]. Interestingly, the %MVC of the other muscles decreased
during water-walking compared to land-walking. It is presumed that this is due to a lack of
or smaller impact force in water than that on land, reducing the need for VL and BF muscles
to prepare for shock absorption at heel contact. As described above, lower limb muscle activity
shows different modalities depending on walking style.
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Figure 3. The mean ± standard deviation (SD) of %MVC value in each lower limb muscle at each speed during stance
phase. [Modified from reference 11]
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Figure 4. The mean ± standard deviation (SD) of %MVC value in each lower limb muscle at each speed during swing
phase. [Modified from reference 11]

3.2. Muscle activity in hip and trunk muscles

There are a limited number of studies investigating hip and trunk muscle activity during
water-walking, and the EMG data around hip and trunk muscles during water and land based
walking [25, 26]. In the author’s investigation [25], the surface electrodes were attached to the
subject’s left side and the muscles studied included Adductor Longus (AL), Gluteus Maximus
(GMa), Gluteus Medius (GMe), Rectus Abdominis (RA), Obliquus Externus Abdominis (OEA),
and Erector Spinae (ES, the position of L2). The data reduction methods were also applied with
the same method as mentioned in lower limb analyzes. The EMG data collected by 2000Hz
sampling rate was normalized by MVC (%MVC) on land in each muscle with 4th-order 500Hz
low-pass and 10Hz high-pass filters, and the root mean square (RMS) on a 100-ms window of
data applied. Figure 5 and 6 showed the results of the Student-t’s-t-test.

In the stance phase (Figure 5), the OEA was significantly lower %MVC during water-walking
than that during land-walking in all speeds (P < 0.05). The RA showed significantly lower
%MVC during water-walking than land-walking only in slow speed. A significantly higher
%MVC was seen during water-walking than land-walking in the GMe and ES at fast speed.
In the swing phase, the AL and ES showed significantly higher muscle activity during water-
walking than that during land-walking at all speeds, however, all other muscles activity were
lower during water-walking than land-walking in the OEA at all speeds, the GMa and GMe
at moderate, and the GMa and RA at fast with significant level (P < 0.05), respectively.
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Figure 5. The mean ± standard deviation (SD) of %MVC value in each hip and trunk muscle at each speed during
stance phase. [Modified from reference 25]

Similar to the %MVC of lower limb muscle, the %MVC of hip and trunk muscles were also not
as large during each walking style. The highest level of the %MVC in the hip and trunk muscles
is around 20%. In addition to that, the mean differences in some muscles were very small, for
example, the RA in both phase, the GMa and GMe in the swing phase. This should be taken
into account for a more precise interpretation when applied to an actual exercise situation.
Regardless of the fact, there are many noticeable changes when walking in water, compared
with walking on land. Adductor Longus muscle appears to activate to stabilize pelvis and
thigh segment [27, 28] during swing phase and does not fluctuate by water resistance force.
Moreover, one of the important functions of AL is hip joint flexion matched to swing phase,
during which relatively larger water resistance force added to lower limb. In respect to the
stability during walking, GMe would act to increase stability of pelvis on the femur [28] against
large water resistance force especially in the fast speed. Obliquus Externus Abdominis acts in
body twisting yet the activity of OEA seems to decrease throughout walking in water com‐
pared with walking on land. Considering the results of the muscle activity, trunk twisting
during water-walking might be less than that during land-walking. However, there is no
evidence about movement in the transverse plane, and further research is needed to clarify
this. Despite the fact that ES also acts in body twisting as well as OEA, the results showed
higher activity in the ES during water-walking than that during land-walking. It is suggested
that ES is compelled to activate against increased water resistance force on trunk during
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propulsion of the body. As evidence for this, the trunk forward inclination angle is larger
during water-walking than land-walking (Figure 7), which is a counteractive reaction to deal
with increased frontal water resistance force.

LW: land‐walking, WW: water‐walking. 
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Figure 7. Trunk inclination angle during walking. [Modified from reference 25]
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Figure 6. The mean ± standard deviation (SD) of %MVC value in each hip and trunk muscle at each speed during
swing phase. [Modified from reference 25]
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Trunk muscles show different muscle activity between water and land based walking, as well
as lower limb. However, when humans walk on a treadmill apparatus, most muscle activity
decreased during water compared with land in both lower limb and trunk area [29]. In this
case, the walking speed was set as one-half to one-third of the land walking in reference to the
oxygen consumption [17]. Furthermore, muscle activity during treadmill water-walking
without water flow further decreased muscle activity than with flow set to the same speed to
the walking speed [29]. The differences between with or without treadmill may be due to the
treadmill function moving the leg backward automatically without force generation during
stance phase. Further, it would be possible that the displacement of the lower limb moves
through less distance on treadmill walking than without treadmill in swing phase since human
would be at the same position during treadmill walking. Although no previous research has
clarified the biomechanical difference between walking with and without treadmill in water,
researchers, exercise instructors and participants should pay attention to the differences of the
muscle activity modality to determine more appropriate exercise and specific prescription
according to water-walking style selected.

4. The characteristics of muscle activity during deep-water running

4.1. Muscle activity in lower limb and trunk

Deep-Water Running (DWR) is one of the unique exercise forms in water environment. Using
a floatation device around the waist (Figure 8), people move their feet as if running without
touching the bottom of the swimming pool.

Figure 8. Aqua Jogger (Excel Sports Science Inc., Japan) used for DWR exercise. [Picture was taken by the authors]

This exercise form has been widely used for aerobic training and cross training for performance
enhancement in athletes [30], and rehabilitation training [31]. Previous studies have investi‐
gated muscle activity during DWR by the authors and compared this with water-walking and
land-walking [11, 20, 25]. The results of %MVC level in lower limb muscles and hip and trunk
muscles during those exercises are presented in Figure 9, 10 and 11. The measurement
procedure, environment settings and the analysis methods were the same as the previous
investigation comparing water-walking and land-walking by the authors [11, 20, 25]. In the
DWR, the data was collected for one cycle from a maximal knee flexion to a maximal knee
extension during the backward swing phase, and from the maximal knee extension to the next
maximal knee flexion during the forward swing phase. These phases represent the stance and
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swing phase in walking exercise, respectively. One-way repeated measures analysis of
variance (ANOVA) with Tukey’s post-hoc test was applied for the statistic comparison.
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Figure 9. The mean ± SD of %MVC value in each lower limb muscle at each speed during backward swing phase.
[Modified from reference [11]

As seen in Figure 9 and 10, the characteristics of the DWR, %MVC of the SOL, GAS in the
backward swing phase,  and the  VL in  the  forward swing phase  were  dramatically  de‐
creased compared with water- and land-walking (P<0.05). This is likely a result of the non-
contact phase during DWR compared to land walking. On the other hand, %MVC of the BF
in both swing phases, and the RF in forward swing phase were much higher than land- and
sometimes water-walking (P<0.05).  The knee and hip joint  range of  motion (ROM) was
increased during DWR when comparedto both land- and water-walking (Figure 12), which
would cause the higher %MVC in the RF and BF. Similarly this increased ROM of the hip
would also result in higher %MVC of the GMa, AL and GMe during the DWR than during
water- and land-walking. Increased ROM directly indicates that thigh and knee extension
and flexion muscles receive greater water resistance force. Further, it is likely that the AL and
GMe activated to stabilize the pelvis against femur during an unstable floating situation as
in DWR [25].

Interestingly, the %MVC of the RA, OEA and ES were higher during DWR than water- and
land-walking throughout one-cycle (P<0.05, Figure 11). The authors speculated that maintain‐
ing forward inclination during DWR would increase the RA and OEA muscles activation
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(Figure 13). However, it is important not to lean forward excessively which would explain the
ES muscle activity needed to maintain forward inclination posture.

The DWR seems to use muscles of the hip and trunk more than water- and land-walking. Muscle
activity comparing running on land and DWR was studied by Masumoto et al. [32]. This study
reported the EMG data of the DWR in comparison with running on land treadmill for TA, GAS,
RF and BF muscles. Masumoto et al. [32] revealed that TA and GAS muscle activity; when
calculated as the average EMG; was clearly lower in DWR than land treadmill running for the
same rating of perceived exertion (RPE). Similarly, RF and BF muscles tended to be lower in
DWR than land treadmill running. Further investigation comparing running and DWR is
necessary for more detailed understanding of muscle activity behavior during DWR.

4.2. Muscle activity difference between two types of deep-water running

There are various styles of DWR depending on the type of floatation device and its usage.
Previous research has investigated muscle activity during DWR using aqua pole (Pole
Running: PR, Figure 14), and compared this with the DWR using an aqua belt (Belt Running:
BR, Figure 8). Subjects sat on the aqua pole with one leg either side instead of using upper
body (Figure 15). The results showed the mean ± SD value of the EMG data as %MVC during
one cycle in the TA, SOL, GAS, RF, VL, BF, AL, GMa, GMe, RA, OEA and ES muscles (Figure
16 and 17).

 

Figure 10. The mean ± SD of %MVC value in each lower limb muscle at each speed during forward swing phase. [Modified from reference 11] 
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Figure 10. The mean ± SD of %MVC value in each lower limb muscle at each speed during forward swing phase.
[Modified from reference 11]
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In summary, the muscle activity during both Belt Running and Pole Running reported similar
values. However, the SOL tended to be higher activity during Pole Running than Belt Running,
whilst the VL tented to be higher activity during Belt Running than Pole Running. The reasons
for the difference in the SOL activity is difficult to determine, however, the different activity
level in the VL which acts on knee extension motion, was considered to be due to the different

 

Figure 11. The mean ± SD of %MVC value in each hip and trunk muscle at each speed during one cycle. [Modified from reference 25] 

A: slow, B: moderate, C: fast. 

LW: land‐walking, WW: water‐walking, DWR: Deep‐Water Running 

*: significant difference (P < 0.05). 

 

Figure 12. The mean ± SD of the knee and hip joints ROM during each exercise. [Modified from reference 25] 

LW: land‐walking, WW: water‐walking, DWR: Deep‐Water Running 

A: knee joint, B: hip joint 

*: significant difference (P < 0.05) 
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Figure 11. The mean ± SD of %MVC value in each hip and trunk muscle at each speed during one cycle. [Modified
from reference 25]
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Figure 12. The mean ± SD of the knee and hip joints ROM during each exercise. [Modified from reference 25]
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knee joint ROM during exercise, where the ROM of Belt Running was greater than that of Pole
Running (Figure 18).

In hip and trunk muscles, the AL, RA and OEA muscles tended to have higher activation
during Belt Running than Pole Running. The reason for this result is that the exercise style
where subjects place aqua pole between their legs in Pole Running may require AL muscle to
be less involved in the movement as the subject legs are wider apart during Pole Running than
Belt Running. The higher muscle activity of RA and OEA muscles during Belt Running may
be due to the trunk inclination angle being larger than that used in Pole Running (Figure 19).
Thus, Pole Running is comparably a more upright position compared to Belt Running, which
may explain the slight differences of muscle activity during the two forms of exercise.
Researchers, instructors and participants can design a variety of exercise styles by simply
varying the type of floatation device used in the activity.
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Figure 14. Aqua Pole (Footmark Corp., Japan) used for DWR exercise. [Picture was taken by the authors]

 

Figure 15. Belt Running (BR) and Pole Running (PR). [Pictures were created by the authors]
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There is still a limited amount of research published on muscle activity during DWR as well
as running in water. When determining the most suitable style or type of activity in DWR for
rehabilitation and cross training, further insight into muscle activity during the running would
be a very useful regardless of running style.

5. Insight into muscle activity during various exercises in water

There are many types of exercise in the water environment and walking and running in water
are representative of the common forms. The authors reported the effect of buoyancy and water
resistance during exercise in water and categorized exercises by its movement direction [33].
The exercise category was reported as follows: forward walking and backward walking as a
horizontal movement, squat and calf raise as a vertical movement, and leg range and leg
pendulum motion as a both horizontal and vertical included movement. Nine male subjects
were involved in this study, where muscle activity of TA, SOL, GAS, RF and BF was measured.
Each exercise was conducted both in water and on land conditions at the same pace. The data
was collected at 1000Hz, and calculated integrated EMG (IEMG). Time constant was 0.03sec
that is equal to 5.3Hz high pass filter. Results showed IEMG values during each exercise were
dramatically decreased in the water condition compared with the land condition. Predomi‐
nantly the agonist muscles were active in the vertical movement and both horizontal and

 

Figure 16.  The mean ± SD of %MVC value in each lower limb muscle at each speed during Belt Running and Pole Running. [Unpublished data] 

A: slow, B: moderate, C: fast. 

BR: Belt Running, WW: Pole Running. 

*: significant difference (P < 0.05). 
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*: significant difference (P < 0.05).

Figure 16. The mean ± SD of %MVC value in each lower limb muscle at each speed during Belt Running and Pole
Running. [Unpublished data]
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vertical included movement, for example, RF in the squat, GAS in the calf raise, RF in the leg
range, and RF and BF in the leg pendulum motion (Figure 20). In contrast, the EMG values
were more increased in the water condition than the land condition in the horizontal move‐
ment especially for the thigh muscles (Figure 20). It can be said that the only horizontal
movement in water environment gives higher muscle stimulus than the same exercise on land.
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*: significant difference (P < 0.05).

Figure 17. The mean ± SD of %MVC value in each hip and trunk muscle at each speed during Belt Running and Pole
Running. [Unpublished data]

CBA  

BR: Belt Running, PR: Pole Running
A: slow, B: moderate, C: fast.
*: significant difference (P < 0.05)

Figure 18. The mean ± SD of the lower limb joint ROM during each exercise. [Unpublished data]
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Therefore, it was suggested that vertical and both horizontal and vertical included movement
in water environment are useful for rehabilitation training from injury or disability due to the
lower levels of stress in water activity than on land.

A: forward walking, B: backward walking, C: squat, D: calf raise, E: leg range, F: leg pendulum motion. [Modified from
reference 33]
*: significant difference (P < 0.05)

Figure 20. The mean ± SD of the lower limb muscle activity during water and land exercise.

Further research by the authors has investigated lower limb and trunk muscle activity in ten
kinds of water exercise [Unpublished data]. The mean EMG values of each muscle were shown
in Figure 21. The data was collected at 1000Hz, and the mean EMG values were calculated
from %MVC of RMS values with 100ms window of the data applied during one cycle of each
exercise form. The exercises performed in this study were: forward walking, backward
walking, DWR, normal running, side walking, walking with long step, walking with trunk
twisting, walking with kicking, walking with knee-up, walking with elbow-knee alternative
touching. These exercises are considered basic variations of walking exercise in water which
are often implemented in practical exercise sessions.

 

Figure 17. The mean ± SD of %MVC value in each hip and trunk muscle at each speed during Belt Running and Pole Running. [Unpublished data] 

A: slow, B: moderate, C: fast. 

BR: Belt Running, WW: Pole Running. 

*: significant difference (P < 0.05). 

 

Figure 18. The mean ± SD of the lower limb joint ROM during each exercise. [Unpublished data] 

BR: Belt Running, PR: Pole Running 

A: slow, B: moderate, C: fast. 

*: significant difference between (P < 0.05) 

 

Figure 19. The mean ± SD of the trunk inclination angle during Belt Running and Pole Running. 

BR: Belt Running, PR: Pole Running 

*: significant difference (P < 0.05) 
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Figure 19. The mean ± SD of the trunk inclination angle during Belt Running and Pole Running.
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As seen in the figure 21, normal running in water stimulated every muscle except the RA and
the OEA muscles compared to the other exercise forms. This indicates normal running
provides a high intensity activity for these muscles. The DWR was apparently an effective
exercise for the BF, AL, RA and OEA muscles, especially abdominal muscles as seen in the
comparison with water- and land-walking in the former section. The walking with kicking
exercise clearly activated the VL and RF because those muscles were the agonist muscle for
the walking with kicking motion, and this exercise stimulated abdominal muscles slightly
more when compared to the other exercises. The VL muscle activity was comparably higher
in the normal running, side walking, walking with long step, walking with trunk twisting and
walking with kicking than the other exercises which may be due to those exercises requiring
the body to be immersed deeply or require stronger extension of the knee joint during this
motion. The walking with knee up exercise could be said to be of a low intensity exercise as it
showed lesser EMG values than the others in every muscle. The walking with elbow-knee
alternative touching exercise tended to show a high muscle activity especially in the hip and
trunk muscles. It was speculated that the muscle activity for this exercise happened during
standing phase in measured muscles resulting from the attempt to stabilize against upper body
motion moving dynamically. As just described, the figure showed the features of the muscle
activity modality during several exercises in water, but further video analysis investigation
would be needed for understanding the cause of the muscle activity more precisely.

 (A) (B) 

(C) (D) 

A: shank muscles, B: thigh muscles, C: hip muscles, D: trunk muscles
F: forward walking, B: backward walking, D: DWR, R: normal running, S: side walking, L: walking with long-step, T:
walking with trunk-twisting, K: walking with kicking, U: walking with knee-up, P: walking with elbow-knee alternative
touching

Figure 21. The mean %MVC value of the lower limb, hip and trunk muscle during exercise in water. [Unpublished
data]
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6. Rehabilitation training in water for regaining normal walking, is it truly
effective?

The EMG characteristics introduced in this chapter are used in the comparison of the EMG
data such as mean value or quantity. However, it is important to evaluate the quality of EMG
signal to identify where the stimulus happened as the mean value is nothing more than the
representative mean of the data for the targeted period. The quality analysis for EMG signal
of exercise in water is a comparison of the wave forms that accompany exercise movement.
Normalization from 0 to 100% of one cycle was applied so as to compare the muscle activity
time course pattern [26, 34]. However, there was no statistical comparison made to the time
course pattern. Instead the authors compared the time course pattern of walking exercise in
water and on land by applying a cross correlation function. This correlation was then used in
discussing the similarity of muscle activity patterns between water- and land-walking, as well
as the usability of walking in water as a form of rehabilitation training. The hypothesis being
that a water environment may have the benefit of less gravity stress and greater safety in
preventing falling accidents. In addition, training of the targeted movement may be more
effective and movement function specific [35] in water than on land. Thus, further investigation
of the similarity of muscle activity between water- and land-walking would provide increased
understanding regarding the use of water activity and exercise prescription for rehabilitation.

Values are mean ± SD of the subjects
A: TA, B: GAS, C: RF, D: BF
LW: land-walking, WW: water-walking
r: cross correlation coefficient

Figure 22. The normalized time course pattern of %MVC during walking in water and on land. [Modified from refer‐
ence [36]

In the study by the authors [36], nine male subjects walked in water and on land condition at
self-selected slow, comfortable, and fast speed in water as well as comfortable speed on land.
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During each effort, the muscle activity of TA, GAS, RF and BF were collected at 2000Hz with
a time constant of 0.03sec equal to 5.3Hz high-pass filter. After the collection, the data was
filtered with low and high pass filter of 500Hz and 10Hz, respectively. Then, the data was full-
wave rectified and low-pass filtered with moving average at 5 Hz to obtain the linear envelope.
Following this, the data was normalized from heel contact (0%) to next heel contact (100%),
and expressed as %MVC. The comparison was then made between each water-walking speed
and confortable speed of the land-walking.

A normalized time course pattern and results of the cross correlation analysis are shown in
Figure 22. The cross correlation coefficients were moderate in the RF and BF (r = 0.53 - 0.70),
and were high in the TA and GAS (r = 0.83 - 0.90). This showed the muscle activity pattern of
the water-walking were similar to that of the land-walking even in the slow and fast speed.
Moreover, as seen in the figure 22, the muscle activation was higher during the water-walking
than land-walking during most part of one full stride for all muscles except the GAS. This
suggests the water-walking would be able to simulate the land-walking very closely regardless
of the speed of the water-walking, and stimulate the thigh muscles and TA sufficiently even
in the slow speed. The authors also suggest that even during slow speed, water-waking is an
effective exercise modality for muscle training in a similar way to normal walking on land.

A possible limitation can be seen when applying normalization method to time course pattern
in that the normalization process resulted in apparent cancelations in time length changes
which may alter the sequencing and timing of events especially in exercise in water due to the
buoyancy and water resistance affect on the movement duration. In addition, changing the
time length may also distort the time course pattern, where the exact timing may not be
comparable between the same timing of two wave forms (i.e. does the 50% of land-walking
truly match to the 50% of water-walking in normalized data?). This should be considered in
studying outputs from EMG modality of water-walking.

7. Conclusion

This chapter focused on muscle activity during exercises in water especially variations of gait
(walking and running) and other activities of daily living. Descriptions on how to waterproof
electrodes, placing the electrodes on the muscle of interest, and the verification of EMG
collection in the water environment was then discussed. The authors also suggest that when
the electrodes are waterproofed appropriately, EMG recording is not affected by water
immersion. Namely, we can measure muscle activity correctly even in underwater condition
without any artifact.

In summary of the reported characteristics of muscles activity during walking in water, TA and
thigh muscles and ES tended to show higher activity than land-walking with self-selected pace.
There was a lower activity than land-walking with Triceps Surae muscle, VL and abdominal
muscle. Further, most muscles tended to decrease their activity when walking on treadmill
apparatus, compared to land treadmill walking. During DWR the characteristics of muscle
activity for the thigh, hip and trunk muscles show higher activity than walking in water and/or
on land, whilst the muscle activity of Triceps Surae muscle decrease dramatically. From these
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results the authors concluded that muscle activity would probably decrease in DWR, when
compared to land treadmill running. In addition, the muscle activity modality can be changed
significantly by using different flotation devices. In the results of the comparison between water
exercise and land exercise, the muscle activity modality was affected by the physical qualities
of water (buoyancy and water resistance). For example, horizontal movement in water tended
to increase agonist muscle activity, hence vertical movement and horizontal- and vertical-
included-movement decreased agonist muscle activity. The water physical qualities would
affect the posture during exercise and result in changes to muscle activity modality. The muscle
activity characteristics in fundamental variations of water-walking vary its pattern resulting in
unique movements, and the characteristics basically conform with exercise direction. Run‐
ning in water, with feet touching the bottom of the swimming pool, generated the highest muscle
activity. Walking in water with knee up has the lowest intensity among variations of water
exercise when exercising in self-selected moderate pace.

This chapter introduced research comparing the EMG of water-walking to land-walking. The
results concluded that the shank and thigh muscle activity during water-walking was similar
to that of land-walking. Identifying the water environment can simulate land-walking in
respect to muscle activity even at slow speed. This reinforces the concept in water environment
as a legitimate and effective exercise. In addition, the water environment provides increased
safety with respect to falls. In summary, the water environment would be very beneficial
especially not only for the physically fit but also for people wishing to regain the normal motion
which may be difficult to achieve on normal land environment.
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Chapter 12

Recent Trends in EMG-Based Control Methods for
Assistive Robots
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Additional information is available at the end of the chapter
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1. Introduction

Any person would like to spend his or her entire life time as an individual without becoming
a dependant person by any means. Nonetheless, there are several instances where a human
being would fail to achieve this due to physical problems which preventing him/her from
acting as an individual. In most cases, after a stroke, brain or orthopedic trauma, brain damage
due to an accident or a cognitive disease the victim will definitely have to undergo physical
or cognitive rehabilitation in order to get him used to changed body conditions. In modern
society, a considerable percentage of population is physically weak due to aging, congenital
diseases, physical diseases and occupational hazards [1, 2]. Such people need a dexterous
assistive methodology to regain the normal activities of daily living (ADL). Not only they,
those with a missing limb (e.g. due to an amputation), should also be furnished with necessary
aids which would enable them to regain the individuality. The development of proper devices
for the purpose of rehabilitation, human power assistance and as replacements to body parts
has a long history [3, 4] which has reached a high point due to recent developments in
technology, such as robotics, biomedical signal processing, soft computing and advances in
sensors and actuators over the past few decades. With many advances, capabilities and
potential, still biological signal based control has a long way to go before reaching the realm
of professional and commercial applications [5].

Most of the studies [5-7] that considered the integration of biomedical signal processing with
robotics have achieved tremendous development in the area of assistive robotics. Assistive
robots can mainly be classified into three areas: orthoses, prostheses and other types. An
orthosis is worn as an external device to the existing body part, while a prosthesis is used as



a replacement for the lost body part [5, 8]. The meal assistive robot [9], assistive wheel chair
[10] and assistive humanoid robot [10] are some examples of the other types of assistive robots.
Both orthoses and prostheses directly interact physically and cognitively with the wearer.
Therefore, they are expected to provide physiological and mental comfort to the user, without
letting the user feel a difference while functioning/assisting correctly to perform the required
motion. However, the controlling of the robot according to human motion intention is not an
easy task [11, 12]. Therefore, in the integration of the human with a robot, the selection of a
proper control input signal to reflect the correct motion intention would be very important. So
far research is being carried out considering different biological signals such as Electromyog‐
raphy (EMG), Mechnanomyogram (MMG), Electroencephalography (EEG) Electrooculogra‐
phy (EOG) and Electrocorticogram (EcoG) [13, 14, 15] as the main input signal to the robot
controller. Among them, the EMG signal, which is the measurement of the electrical activity
of muscles at rest and during contraction, has obtained promising results in the case of
controlling robotic prostheses and orthoses by correctly interpreting the human motion
intention [16, 17]. Basically, EMG based control is a sophisticated technique concerned with
detection, processing, classification and application of EMG to control assistive robots. EMG
can be applied to control assistive robots in various manners by considering data acquisition,
feature extraction and classification [18]. Some of the available exoskeleton robots controlled
based on EMG are the orthotic exoskeleton hand [19], exoskeleton robot for tremor suppression
[20], SUEFUL-7 [6] etc. In addition, DEKA Arm [21], Saga Prosthetic Arm [22], and Manus
Hand [23] are some of the available prosthetic devices with EMG based controlling. Many
researchers from different institutions have been working on EMG based control methods over
several decades and their contribution has greatly influenced a new era of EMG based control
of assistive robots [5, 24, 25].

This chapter presents a comprehensive review of EMG based control methods of recent upper-
limb orthoses and prostheses. Initially, it explains the detection and processing of EMG and
available EMG extraction systems. Next, ways of categorization of EMG based control methods
are explained. Here EMG based control methods are categorized in detail, based on the
structure of the controller algorithm, as pattern recognition based controls and non-pattern
recognition based controls. Most of available control methodologies used with assistive robots
are pattern recognition based controls [18, 19, 24, 26, 27]. The control methods belonging to
non-pattern recognition based controls [28-30] are rare. Further, comparison of EMG based
control methods of upper-limb exoskeleton robots and upper-limb prostheses are presented
considering the features of the control method. In addition, the conclusion and future direc‐
tions of EMG based control methods of assistive robots are described.

The next section focuses on the procedure of EMG detection and processing. Section 3 describes
the categorization of EMG based control methods. The review of EMG based control methods
of upper-limb exoskeleton robots and upper-limb prostheses together with a comparison of
control methods are presented in section 4. The final section briefly outlines the conclusion
and future directions.
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2. Procedure of EMG detection

Detection of EMG signals can be done mainly in two ways, namely non-invasive and invasive
[5]. Surface EMG (sEMG) electrodes are used for the former, while intramuscular EMG (iEMG)
electrodes are used for the latter. Placement of surface EMG electrodes is comparatively easier
than intramuscular EMG electrodes. However noise and other disturbances are inherent in
surface EMG detection [5]. Intramuscular EMG electrodes are placed close to the Motor Unit
Action Potentials (MUAP), and as a result the influence of other disturbances is not dominant.
It provides a better accuracy and repeatability of the EMG signal [25]. As shown in Fig. 1, the
EMG extraction process includes several steps. The initial step is the selection of the most
significant muscle of the human body relevant to the required motion. After the muscle is
selected, the next important step is the placement of electrodes. In the case of sEMG, the
electrodes should be placed in the belly area of the muscle for maximum signal extraction.

Figure 1. EMG signal extraction process

The electrode should be placed onto the relevant muscle after cleaning the skin surface. There
are a few types of surface electrodes, some of which need a gel [31] to be applied between the
skin and the electrode and some [32] which instead use an adhesive tape to ensure proper
contact between the muscle and the electrode. Signals from several electrodes are then fed into
the input box and subsequently passed to the amplifier. The output of the amplifier can be fed
into a computer via data cards or any other data communication interface and can be recorded
or manipulated in the required way. In most EMG based control methods a raw EMG signal
is processed to extract the features of the signal. Several feature extraction methods are
available for this purpose [5]: mean absolute value, mean absolute value slope, waveform
length, zero crossings, root mean square value, etc. The features of the raw EMG signal have
to be extracted in real time to use EMG as input signals to the controller of the assistive robots.
Most robots use Root Mean Square (RMS) as the feature extraction method of raw EMG mainly
due to ease of analyzing real time information of EMG signal.

There are a number of commercially developed EMG acquisition systems available [31-34] (see
Fig. 2). They could be used for both medical and research purposes. Some of the leading EMG
acquisition system manufacturers are Nihon Kohden Co. [31], Delsys [32], BioSemi [33], and
Cambridge Electronic Design [34]. The Delsys EMG system shown in Fig. 2(a) is widely used in
research, whilst the Nihon Kohden EMG system shown in Fig. 2(b) is widely used for medical
applications. Nevertheless, there are other models in Nihon Kohden which also support for
research [31]. The BioSemi EMG system shown in Fig. 2(c) could also be used in research
applications. The next section will explain the classification of EMG based control methods
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(a)Delsys [32] (b)Nihon Kohden[31] (c)Bio Semi [33] 

Figure 2. Available EMG acquiring systems
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Figure 3. Control method classification for assistive robots
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Figure 4. EMG processing sequence in pattern recognition based control
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Figure 5. EMG processing sequence in non-pattern recognition based control

3. Categorization of EMG based control methods

Control methods of assistive robots based on EMG can be categorized mainly according to the
input information to the controller, architecture of the control algorithm, output of the
controller and other ways. Figure 3 shows the ways of categorization of EMG based control
methods. In this chapter, the EMG based control methods of assistive robots are categorized
based on the architecture of the control method. Considering the EMG signal processing
method in the architecture of the controller the EMG based control methods can be categorized
mainly as pattern recognition based and non-pattern recognition based [5, 25]. Control
methods of many assistive robots are designed with pattern recognition based control methods
and it provides an accurate control action compared to non-pattern recognition based EMG
based control [5]. However, several intermediate steps (see Fig.4) are applied with a pattern
recognition method such as data segmentation, feature extraction, and classification [5, 25].
The accuracy of pattern recognition based control is greatly improved by methods of feature
extraction and classification [5, 25]. Robots such as, SUEFUL-7 [6], NEUROExos [27], W-EXOS
[11], DEKA Arm [21], Saga Prosthetic Arm [22], Manus Hand [23] are on pattern recognition
based control. The non-pattern recognition based control method involves only a few steps
(see Fig.5).
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Figure 6. Steps of pattern recognition based EMG processing
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EMG processing in pattern recognition based control [5] and non-pattern recognition based
control are further illustrated in the next subsections.

3.1. Pattern recognition technique

The different steps coming under pattern recognition such as data acquisition, data segmen‐
tation, feature extraction and classification can be further broken down into sub areas consid‐
ering available options as shown in Fig. 6. Next subsections present further categorization of
data segmentation, feature selection and classification respectively coming under the pattern
recognition based EMG based control method.

Data segmentation: The EMG signal has two states: transient and steady. In the transient state,
the muscle goes from rest to a voluntary contraction level [5]. Constant contraction of the
muscle can be seen under the steady state. In addition the EMG signal in the transient state
shows a large deviation of error compared to the steady state level. Therefore, in many cases,
the steady state signal is used for the analysis of EMG. For the better result of data segmenta‐
tion, the selected time slot should be equal to or less than 300ms. This includes segment length
and processing time to generate the control command. In addition bias and variance of features
can be minimized by selecting adequately a large time slot and it contributes to better classi‐
fication performance [5, 12, 19]. Data segmentation is carried out with two major techniques:
overlapping segmentation [5, 25], and disjoint segmentation which uses segments with
predetermine length for feature extraction. Also processing time is a small portion of segment
length and thus processor is idle for remaining time of the segment. The new segment slides
over the current segment and has small incremental time for overlapping segmentation
technique. According to [25], overlapping segment method increases processing time and
hence better for the data segmentation [5].

Feature selection: Due to the large number of inputs and randomness of the signal, it is
impractical to feed the EMG signal directly to the classifier [6, 18]. Therefore, it is necessary to
create the feature vector, where sequence is mapped into a smaller dimension vector. Success
of any pattern recognition problem depends almost entirely on the selection and extraction of
features. According to the literature, features fall into one of three categories: time domain,
frequency domain and time scale domain [25]. Many assistive robots use time domain analysis
for feature extraction and in most cases, RMS calculation is adapted for feature extraction [6,
35]. Assistive robots based on frequency domain and time frequency domain were scarce.

Classification: Extracted features need to be classified into distinctive classes for the recogni‐
tion of the desired motion pattern [5]. Several external factors, such as fatigue, electrode
position, perspiration and posture of the limb may causes changes in the EMG pattern over
time. Therefore, this leads to large variations in the value of a particular feature. The important
feature of the classifier is the ability to identify the unique feature throughout the varying
pattern due to other influences. The speed of the classifier is an important aspect for generating
required output from the controller. Further, training of the classifier is another way to improve
the response of the control system of the assistive robot. Depending on the performance of the
subject, practice required for rehabilitation etc can be customized through a training of the
classifier and it produces the expected rehabilitation training for the patient too. According to
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the literature, several methods are used for EMG classifications. Some of them are Neural
network [5, 35], Fuzzy logic [25], Neuro-fuzzy logic [5, 25], Probabilistic approach etc.

EMG data acquisition

Invasive method: 
use of needle electrode

Non invasive method: 
use of surface electrodes

Signal conditioning

Noise rejection/filtering

Amlification

EMG data segmentation 

Disjoint segmentation

Overlapping segmentation

Non Pattern Recognition

Figure 7. Steps of non-pattern recognition based EMG processing

3.2. Non Pattern recognition technique

In the non-pattern recognition based method accuracy is not as high as the pattern recognition
based method. The two main steps coming under non-pattern recognition based method can
further be broken down into sub areas considering available options as shown in the Fig. 7.
Typically, non-pattern recognition based method includes proportional control, threshold
control etc. This is a simple structure and in most cases it uses ON/OFF control [5]. During the
review, control methods of assistive robots based on non-pattern recognition based control
were hardly found. This may be due to poor accuracy, low level of response, etc.

4. Review of EMG based control method of assistive robots

This section presents a review of EMG based control methods of upper-limb exoskeleton robots
and prostheses. For this review, several databases including IEEE explorer, Science direct and
Google scholar were used. In total, more than forty five numbers of conferences and journal
papers are included and reviewed. Further, EMG based control methods of upper-limb
exoskeleton robots and prostheses are compared considering their country of origin, input
signals, structure of the controller and special features. Table 1 shows the comparison of EMG
based control method of assistive robots.
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Reference Country of

origin

Input signal Structure of controller Special features

Hand exoskeleton

[27]

Germany EMG Uses blind source separation to

recover the original EMG signal

Developed for hand rehabilitation.

Adding force sensors will increase the

complexity of blind source separation.

increased when combined force

sensors

Neuro-fuzzy

exoskeleton robot

[18]

Japan EMG and

force signal

Multiple neuro-fuzzy controllers are

used to take the effect of posture

changes during motion

Mean absolute value (MAV) of EMG

signal used to controller. Force sensor

signals are used to control robot at low

muscle activity

Exoskeleton hand

[19]

USA EMG Uses binary, variable and reaching

control algorithms

Suitable control algorithm is needed to

provide accepted level of rehabilitation

Hand

rehabilitation

robot [24]

Italy EMG Input signals are fed to the

microcontroller via serial connection

Motor speed varies according to joint

angle variation of fingers

SUEFUL-7

Upper limb

exoskeleton [6]

Japan EMG and

force sensor

signal

Neuro-fuzzy controller with muscle

model oriented control method.

Impedance controller is applied to

change the impedance parameters

Joint torques and weights of muscle-

model matrix are changed according to

posture changes.

Proportional EMG

control upper limb

exoskeleton [27]

Italy EMG EMG based proportional controller.

Proportional control gains, Kbic and

Ktric are used to determine the

output

Exoskeleton provides extra torque

when it works at high proportional

gains. This provides better assistance

according to level of EMG activity

W-EXOS [35] Japan EMG and

force signal

EMG based fuzzy-neuro controller.

Fuzzy rules are used to determine

torque required according to motion

intention

Allows flexible and natural motion to

user according to motion intention.

Saga Arm [22] Japan EMG and

Kinematic

signal

EMG based fuzzy controller and a

kinematic based controller

Transhumeral Prosthetic Arm

developed for predefined daily

activities

Manus Hand [23] Spain EMG Based on EMG signal of three levels A command language was developed

for the 3-bit input signal of EMG

Finger Prosthesis

[46]

AUS EMG Post-processing Classification using

LIBSVM and kNN

An improved control algorithm has

being proposed

EMG based

Robotic Hand [36]

Japan EMG Based on ANN classification Together with motion capturing data,

joint angles can be calculated for

controlling purposes

DEKA arm [21] USA EMG/

pressure

signals

Uses TMR controlling with pressure

signals from the foot

Modular based controlling could be

realized

Table 1. Comparison of EMG based control method of assistive robots
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A considerable numbers of literature of EMG based control methods show the usage of
different methods for EMG processing. This may give a number of options to researchers to
conduct experiments for EMG processing in different angles. Most of EMG based assistive
robots use surface EMG electrodes for EMG signal detection and few robots use needle
electrodes [8, 13]. It was found that all methods of EMG processing belong to one of three main
categories: time domain, frequency domain and time-frequency domain [5]. Another impor‐
tant aspect of an EMG based control method is signal classification. Generally, accuracy of
EMG based control method highly depends on method of classification and which helps to
identify muscles to generate the required output from the EMG based control method [18].
Different robots use different techniques for signal classification and many of them are based
on neuro-fuzzy, fuzzy logic and neural network. All assistive robots considered for this review
used an EMG signal as its main input signal and the architecture of the controller varies from
one type to other. Some of them are based on proportional control and others use advanced
control methods such as PID control. In another way, controllers can be classified based on its
model as dynamic model [25], muscle model or other method. EMG based control methods of
upper-limb exoskeleton robots and prostheses are respectively presented and reviewed in the
next subsections. The authors make every possible effort to include all recent EMG based
control methods of assistive robots in the next section. The logic for selecting particular control
method is its key features and novelty.

4.1. EMG based control methods of upper-limb exoskeleton robots

Different approaches have been proposed by various researchers in the past in order to
estimate the muscle torque starting from EMG activation. These methods include neural
networks, neuro-fuzzy classifier, hill model etc [27]. In the next subsections, several EMG based
control methods of upper-limb exoskeleton robots are reviewed.

4.1.1. EMG based control of hand exoskeleton

The hand exoskeleton robot with EMG control has been developed by researchers from the
University of Berlin, Germany [26]. This mainly focuses to use by patients who have limited
hand mobility. Figure 8 shows the EMG control method for a hand exoskeleton with blind
source separation. The construction of the design allows controlling the motion of finger joints.
Researchers have presented the difficulties in the application of EMG algorithms. One such
drawback is the identification of the correct muscle responsible for a particular motion. In other
words, only a subset of muscles responsible for hand movement is sampled by the surface
electrodes [26]. Another difficulty is the EMG signal separation for relevant motion. This needs
a suitable process to recover the underlying original signals. Armin et. al., have proposed a
blind source separation method to recover the underlying original signals developed by a
particular motion of muscle [26]. Initially signals are filtered by a weighted low pass differ‐
ential filter. Then an inverse demixing matrix which, results from an iterative algorithm [4]
approximates the separation about 1.5dB for close proximity sensors. Subsequent to the
separation, the signals are used for control purposes. However, integration of additional
sensors and additional DoF complicates the separation and further, the position of electrodes
increases the complexity. Therefore, blind source separation has practical limitations in
working with EMG sensors with force sensors.
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4.1.2. EMG based neuro-fuzzy control method

Kiguchi et al. [18] have developed an exoskeleton robot and it is controlled based on EMG
signals. The robot is used to assist the motion of physically weak persons such as elderly,
disabled and injured [37-39]. Although EMG signals directly reflect the human motion
intention, it is difficult to control the robotic exoskeleton since the strength of EMG varies with
factors like physical and physiological conditions, placement of electrodes, shift of electrodes
and high nonlinearity of muscle activity for a certain motion. Therefore, Kiguchi et al proposed
a neuro-fuzzy controller with EMG signals which provides flexible and adaptive nonlinear
control for the exoskeleton robot in real time. The architecture of the controller is shown in the
Fig. 9. Mean absolute value (MAV) is used to extract the features of the EMG signal due to its

EMG Aquisition

Blind Source
Seperation

Blind Source
Seperation

Blind Source
Seperation

Rectification, Low pass filtering

Decomposition

Thumb
flexor/

extensor

Index finger
flexor/

extensor

Middle finger
flexor/extnsor

Right/little
finger

flexor/extensor

Threshold Threshold Threshold Threshold

Motor Control

Figure 8. Structure of the control method with blind source separation [26]
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effectiveness in real time control compared with other methods such as mean absolute value
slope, zero crossing, slope sign changes or wave form length [16, 18]. The hierarchical controller
consists mainly of three stages: input signal selection stage, posture selection region stage and
neuro-fuzzy control stage. The first stage consists of EMG based control according to the
muscle activity levels of the robot and the second stage consists of neuro-fuzzy control
according to the motion of the human and finally the controller determines desired torque
command for each joint via neuro-fuzzy controller. This helps to realize the effective motion
assistance for the robot user. In the first stage, input information to the controller is selected
in accordance with the user’s muscle activity levels. The control is carried out based on EMG,
however, when muscle activity is low, the control signal is generated by force sensors. The
second stage of the controller basically works in accordance with the user’s arm posture.
Different postures may cause different control rules and this leads to complexity of controller.
In this situation, multiple neuro-fuzzy controllers have been proposed. The desired torque
commands are finally generated by the neuro-fuzzy controller in their last stage.

This EMG based control method employed controller adaptation to realize the desired motion
assistance for any subject. Further, the controller is capable of adapt itself to physical and
physiological condition of any user of robot. However, this adaptation of the controller
imposes training prior to use the assistive robot and it may take a considerable time resulting
in a lack of motivation.

Figure 9. Architecture of neuro-fuzzy controller [18]
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4.1.3. EMG controlled orthotic exoskeleton hand

Researchers from Carnegie Mellon University, USA have developed a light weight, low profile
orthotic exoskeleton (see Fig. 10) which is controlled by using EMG signals [19]. Matsuoka et
al. further extended their research on discovering the best control methodology for EMG based
control of exoskeleton robots. Their observations are presented through conducting experi‐
ments under three control scenarios [19]. According to [19], they have conducted EMG based
control through Binary control algorithm [40], Variable control algorithm [19] and Natural
reaching algorithm [19].

The binary control algorithm provides either ‘ON’ or ‘OFF’ states to the outputs or actuators
based on EMG activity. This is a more primitive type of control method and it does not cover
any intermediate state of function. This problem is overcome when adopting a variable control
algorithm which defines the intermediate state and guarantees the smooth function of robotic
actuators via an EMG signal. The natural reaching algorithm is suitable for subjects who are
paralyzed completely in one of the arms. Authors concluded that the suitable control algorithm
is one of the important aspects for better control of the exoskeleton robot with an EMG signal.
This determines the type of object being carried by user and the type of interaction needed for
it. Therefore, identification of the control algorithm enhances the effective use of the EMG
signal for exoskeleton robot control. However, the experiments have not been carried out to
determine the effectiveness of the natural reaching algorithm.

Figure 10. Orthotic exoskeleton hand control by EMG [19]
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Figure 11. Hand exoskeleton [24]

4.1.4. EMG based controlled exoskeleton for hand rehabilitation

Giuseppina et al from Italy have worked on developing a hand exoskeleton system (see Fig.
11) which is also controlled by EMG signals [24]. This is mainly developed for hand rehabili‐
tation where people have partially lost the ability to correctly control their hand movements.
Figure 12 shows the control flow chart of the hand rehabilitation robot. During the research
they have selected the relevant muscle to capture the finger motion and EMG electrodes are
placed in order to minimize the noise due to the movements. This is one of the important factors
to be considered when placing dry electrodes on the skin. The control system of the robot
consists of microcontroller and EMG acquisition systems. Processed EMG signals are com‐
municated with the microcontroller via serial connection. Finally the microcontroller generates
the command signal required to drive the actuator and control real positions by means of
sensory inputs. Threshold is defined in order to distinguish the real electric activity of the
muscle from other interferences. According to [24], the relationship between motor speed, v(t)
and joint angle position, θ (t) is obtained as in equation (1).

v(t)=  A{1 - θ(t)} (1)

where A is defined as an opportunely chosen factor.

According to (1), they are able to control the motor speed which is proportional to the hand
opening and progressively it reaches zero when the fingers are flexing. This control method
is more suitable for advanced rehabilitation processes. At the same time it takes the effect of
natural variability of the EMG signal into account.

4.1.5. Muscle-model-oriented EMG based control of an exoskeleton robot

The SUEFUL -7 is an upper-limb exoskeleton robot mainly developed to assist motion of
physically weak individuals. In the robot EMG signals are used as the main input signal to the
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controller (see Fig. 13). In order to obtain the real time control, a muscle-model-oriented control
method has been proposed for the robot. This control method is more suitable compared to
the fuzzy-neuro control method, where it needs a higher number of fuzzy rules in case of higher
DoF. An impedance controller is applied with a muscle-model-oriented control method and
impedance parameters are then adjusted in real time as a function of upper-limb posture and
EMG activity level [6].

Operator

Interface

Recording & Proceesing

PC

Microcontroller

Actuators Sensors

Exoskeleton

Patient Electrodes

EMG

Figure 12. Control flow chart of hand rehabilitation robot [24]
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The controller of the SUEFUL-7 [6] uses EMG signals of the user as the primary input infor‐
mation. Also, forearm force, hand force and forearm torque are used as subordinate input
information for the controller [6]. This hybrid nature of the control method is a guarantee to
activate the SUEFUL-7 even with low EMG signal level. On the other hand, when EMG signals
are high, the robot is controlled mainly by the EMG signal generated by user motion. The
features of the raw EMG signal are extracted through RMS calculation. This RMS of EMG is
fed to the controller. In order to identify the 7DoF motions the EMG signals of sixteen locations
are measured with surface electrodes.

The correct joint torque is affected by the posture of the upper limb and it changes the
relationship between EMG signals and generated joint torques. Further, this posture variation
is nonlinear and stochastic [6]. Fuzzy reasoning is therefore applied to estimate the effect of
posture change. Neuro-fuzzy modifier is then applied to modify the muscle model matrix by
means of adjusting weights in order to take the effect of changes of posture of the upper limb
effectively. Online adaptation of the neuro-fuzzy modifier is important if the robot is expected
to be used for different uses. Therefore, the neuro-fuzzy modifier is trained for each user using
relevant information. The overall structure of the controller (see Fig. 13) consists of two stages.
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EMG RMS-ch16

Wrist force sensor

Forearm force sensor

Forearm torque sensor

Input
Signal

Selection

Muscle-model-oriented EMG
based Impedance control

Control
Command
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Figure 13. Structure of SUEFUL-7 controller [6]
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The first stage is the input signal selection and the second stage is muscle model oriented EMG
based impedance control. Proper input information is selected to the controller according to
muscle activity levels in the first stage. Depending on the RMS of the EMG signal, muscle
model oriented EMG based control or sensor based force control is selected under the second
stage and it is fed as a control command to the robot.

4.1.6. Use of EMG to tremor suppression control

Tremor is defined as the involuntary motion that may occur in various parts of the body, such
as the leg or arm. An essential tremor is the most common tremor disorder of the arm and it
may occur during a voluntary motion such as writing, painting, etc. If the essential tremor
occurs in the arm, the person may not be able to achieve sensitive tasks properly with certain
tools [20].

Saga University, Japan has developed an EMG based control method to suppress the tremor
of the hand [20]. The features of the EMG signals are extracted from the RMS and fed to the
controller. Sixteen EMG channels are selected to measure the muscle activity and they are used
to determine the joint torque by knowing weight value for particular EMG signal. This weight
depends on upper limb anatomy or result of experiment [20]. The essential tremor is a rhythmic
motion and its vibrational component is extracted by using a band pass filter in the controller.
Also, the user intention is extracted by using a low pass filter.

Figure 14. NEUROExos with a subject [10]
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The desired hand position is then obtained considering the summation of the above two
amplitudes. Therefore Xavrg represents the desired hand motion while suppressing the tremor.

 X avg=   X usr - X tre  (2)

Where Xavg, Xuser and Xtre are desired hand position, rhythmic motion and user intention
respectively.

Further, a muscle-model matrix modifier is defined to take the changes of hand posture and
minimize the effect of variation of EMG signal and hence torque variation. Also the amount
of tremor is not uniform to all; therefore training of the muscle-model matrix is needed prior
to use with the subject. Especially, in case of tremor, the training of the muscle-model matrix
does not become easy, because the pattern of tremor is not uniform to all.

4.1.7. EMG based proportional control method of NEUROExos

NEUROExos [27] is an upper limb assistive robot designed to be controlled by EMG signals.
The robot is shown in Fig. 14. Carrozza et al pointed the importance of understanding the
accurate torque estimate for assistive robots. They have developed an EMG based proportional
control method to estimate the required torque to operate the NEUROExos. [27]. In the control
method, Raw EMG signals were processed to obtain the linear envelope (LE) profiles which
resemble the muscle tension waveforms during dynamic changes of isometric forces [27].
These LEs were obtained on-line through full-wave rectification of band passed EMG signals
and post-filtering by means of a second-order low-pass Butterworth filter with a cut-off
frequency of 3 Hz [27].

The block diagram of EMG based proportional control method of NEUROExos is shown in
Fig. 15. As in Fig. 15, two proportional controllers, Kbic (gain for bicep) and Ktric (gain for triceps)
are set one after other starting from biceps. Both gains are initially set to zero and gradually
increased while the subject moves the arm freely. This gain is increased until the subject feels
a comfortable level of assistance. Once Kbic is set, the subject is instructed to repeat the same
procedure for Ktric too. The experimental results of proportional EMG based control method
of the NEUROExos shown in [27] are proved that the exoskeleton provides extra torque
indicating effective reduction of effort spent by the subject for movement generation [27].
Therefore, proportional control of the EMG is one appropriate method to estimate the torque
required to move the assistive robot. However, the amount of assistance given by the exo‐
skeleton depends on the subject.

The neuro-fuzzy modifier proposed by Kiguchi et al [6] can be applied with modifications for
effective training for different subjects and hence it may possible to perform a task in minimum
time.

4.1.8. EMG based fuzzy-neuro control method of W-EXOS

The W-EXOS is a 3DOF exoskeleton robot and its control method is an EMG based fuzzy-neuro
control. The control method is illustrated in Fig.16. Surface EMG signals of muscles and sensors
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Figure 15. Proportional control block diagram of NEUROExos [27].
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Figure 16. EMG-based fuzzy-neuro control method [35].
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of the exoskeleton (hand force and forearm torque) robot [35] are used as input information
to the controller. This fuzzy-neuro control method consists of a flexible fuzzy control and
adaptive neural network control which is used to obtain natural and flexible motion assist.
Fuzzy if-then rules have been constructed to determine the required torque to the motor
according to the motion intention of the human. In total, nine fuzzy-neuro controllers are used
and this allows operating the exoskeleton robot flexible with EMG signals. Depending on the
subject and nature of power-assistance, training of the fuzzy-neuro controller is performed.

The main drawback of this kind of control method is the difficulty of defining the fuzzy if-then
control rules when the controller is applied for exoskeleton robots with higher DoF. Further,
training of the controller is essential even when the physical and psychological conditions
change in the user.

4.2. EMG based control methods of upper-limb prostheses

This section reviews recent EMG based controllers of upper-limb prostheses. Controlling of a
prosthetic device using EMG signals is cumbersome task compared to controlling an exoskel‐
eton device using EMG signals, since already the person who wears the device has lost the
best site of the body to get the required EMG signals for the controlling of the prosthesis. It
makes the number of inputs for the control system to be less and obviously causes to under‐
perform a conventional control system. So far researchers [21-23] have proposed different
control methods to control prosthetic devices. In addition, the introduction of more advanced
technologies such as targeted muscle reinnervation and implantable electrodes marks new
boundaries in prosthesis controlling. The ensuing subsections review EMG based control
methods of upper-limb prostheses. The logic for selecting a particular control method is its
significance and novelty.

4.2.1. Control method of Saga university prosthetic arm

Saga University prosthetic arm is developed for the realization of 5DoF upper limb motions
for a transhumeral amputee. The hand is controlled using a combination of an EMG based
controller (EBC) and a task oriented kinematic based controller (KBC). Figure 17 shows an
experimental setup of an EMG signal based controller of a Saga prosthetic arm. In a trans‐
humeral amputee a part of the biceps and triceps are remaining. EMG signals of the amputee’s
biceps and triceps are used as the input information for the EBC to control elbow flexion/
extension and hand grasp/release. Forearm supination/pronation, wrist flexion/extension and
ulnar/radial deviation get controlled from the KBC. Motion intention of the amputee is
identified via a task classifier using shoulder and prosthesis elbow kinematics. For the scope
of this context only the EBC will be considered. EMG based fuzzy controller is the base for
EBC. It proportionally controls the torque of the elbow and hand actuator according to the
amount of the EMG signal. The activation of biceps generates the elbow flexion and the
activation of triceps generates the elbow extension. Hand grasp is realized when both triceps
and biceps are activated simultaneously. The release position of the hand is achieved when
the both muscles are not working.
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Figure 17. Experimental setup of EMG signals based Controller of Saga prosthetic arm [22]

Information from the raw EMG signals is extracted by taking the RMS value of the raw EMG
signals. The RMS is determined as,

 RMS = 1 / N∑
i=1

N
vi

2 (3)

where vi is the voltage value at i th  sampling and N is the number of samples in a segment.

The EBC is provided with four EMG RMSs. Three kinds of fuzzy linguistic variables for each
input were defined. Ten kinds of fuzzy if-then rules for elbow joint torque control and seven
kinds of if-then rules for hand torque control were prepared. In addition, details on the KBC
can be found in [22].

Even though the prosthetic arm is capable of catering to the human motion intension to a
certain degree, still some improvements can be made. Since the KBC is trained to offline Vicon
data for a given set of daily activities, the orientations of the limbs other than those trained for
cannot be achieved using the KBC. Therefore, an inertial measurement unit (IMU) can be fixed
to the stem arm of the amputee and used as an interface to read the real time kinematic data.
By using the real time kinematic data as an input to the controller it can be improved to reach
almost all the orientations of daily activities. In addition a hybrid control method - EMG
coupled with EEG - can be used to enhance the performance of the controller by obtaining
correct human motion intention.
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4.2.2. EMG based control method with targeted muscle reinnervation

Targeted muscle reinnervation (TMR) is a surgical procedure which is developed to increase
the number of psychologically appropriate control inputs available for use with a prosthetic
device [42]. A surgical procedure is used to transfer the motor neurons of the residual limb to
a remaining set of muscles. After denerverting, the target muscles motor nerves can be
reinnervated. These reinnervated muscles are capable of providing EMG to a prosthesis
controller with more accurate motion intention. For a transhumeral amputee, the goal is to
transfer the median and distal radial nerves to target muscle segments creating hand open and
close signals. For the shoulder/humeral neck disarticulated amputees all four brachial plexus
nerves are transferred to the target muscles [42]. It should be noted that for cases with left
shoulder disarticulation the interference of electrocardiogram (ECG) causes an effect to the
TMR EMG signals [42]. This could be eliminated using a second-order high pass filter with
60Hz cutoff frequency, which results in 80% elimination of the ECG signals and 20% elimina‐
tion of the EMG signals producing an improved law signal-to-noise ratio output.

Boston Digital arm [43], Otto Bock electric wrist rotator [44] and an electric terminal device
(hook or hand, depending on subject preference) are fitted to six TMR subjects, three trans‐
humeral (TH) amputees, two shoulder disarticulation (SD) amputees and one humeral neck
transhumeral amputee. After attaching the patient with the prosthetic device the patient
should be guided and continuously monitored to achieve better outcome from the TMR. Even
though the training process of the prosthetic user with TMR EMG control is much more easily
compared to the pre-TMR, EMG controlling since the TMR itself provides an initiative to the
user for training. The control algorithm of the system is comprised of proportional controlling
of velocity according to the amplitude of the EMG signal. Table 2 shows summary of infor‐
mation of TMR subjects in the experiment [42].

Even though TMR is capable of providing more sites to extract EMG signals, it is a surgical
process and involves invasive procedures, which may cause user discomfort. Therefore, TMR
should be replaced by a hybrid control mechanism developed using other signals such as EMG
of residual muscles and the EEG signals.

4.2.3. EMG based control of prosthetic finger

Rami et al [16] have proposed an improved control algorithm for a control of a prosthetic finger.
Using the developed controller different finger postures of the prosthetic hand can be con‐
trolled. The main EMG pattern recognition setup is shown in Fig. 18. The controller is mainly
developed considering the main ten motions of the hand; flexion of each finger, pinching of
thumb combined with each and every finger and clenching of the fist..

Data was collected using two EMG channels. For the feature extraction the windowing was
done using a disjoint windowing scheme, which consumes less computer resources due to its
simplicity. Various feature sets have been extracted; Waveform length, Hjoth Time Domain
(TD) Parameters, Slope Sign Changes, Number of Zero Crossings, Sample Skewness and Auto
Regressive (AR) Model parameters were selected [46]. The two feature sets from the two
channels resulted in a large one feature set. Dimensionality reduction of the feature set has
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been done using Linear Discriminant Analysis (LDA) and it provides nine features for the
collected EMG data set. Then both k-Nearest Neighbor (kNN) and Library Support Vector
Machine (LIBSVM) have been used for the classification. Use of majority voting technique has
resulted in providing smoothed classification accuracies.

Subject

identifier

Level of

amputation
Elbow flexion

Elbow

extension
Hand close Hand open Wrist rotation

SD-A Shoulder Disartic.

Musculocutaneo

us N. to P.Major,

Clav.Head

Redial N. to

P.head Major,

inf. Stemal

Median N. to

upper stemal

head

Median N. to

upper stemal

head*

Toggle between

Hand Open/Close

control using

socket-mounted

FSR

SD-B
Shoulder

Disartic.**

Musculocutaneo

us N. to P.Major,

Clav.Head

Native

remnant

triceps

Median N.to

P.Major, stemal

head and P.Minor

Distal Radial N.

to

Thoracodorsal

N (Serratus

Anterior)

Two-site control

with two socket

mounted FSRs

SD-C Shoulder Disartic.

Musculocutaneo

us N. to P.Major,

Clav.Head

Native

remnant

triceps/post.

Deltoid

Ulnar N.to

remnant P.Major

stemal head

segment

Radial N to

P.Minor

Single-site control

with one socket

mounted FSR

TH-A Trans-humeral
Native Biceps,

long head
Native Triceps

Median N. to

Biceps, short head

Distal Radial N.

to Brachialis

Single-site control

with harness linear

potentiometer

TH-B Trans-humeral
Native Biceps,

long head
Native Triceps

Median N. to

Biceps, short head

Distal Radial N.

to Brachialis

Single-site control

with harness linear

potentiometer

TH-C Trans-humeral
Native Biceps,

long head

Native

Triceps, long

and medial

head

Median N. to

Biceps, short head

Distal Radial N.

to Brachialis,

lateral head

Single-site control

with harness linear

potentiometer

*Unexpected result: subject indicates opening hand with a movement of thumb abduction, a median nerve function

**Humeral neck level amputation clinically fit as a shoulder disarticulation level amputee

Table 2. Summary of TMR subjects including level of amputation, surgical sites used as inputs and any other prosthetic
controls implements in the post-TMR prosthetic fitting [42]

4.2.4. EMG based control method of manus hand

Manus hand shown in Fig. 19 as a replacement to a lost hand for an amputee is capable of
generating 3DoF, reproducing the grasping function for the user [23]. The hand is controlled
via EMG signal of the residual muscle of the user. The simultaneous operation of the joints has
been realized. It is achieved using a differently approached pattern recognition technique [23].
In this technique, single muscle EMG signal is used to generate the grasping commands. In
order to do this a command language comprising of three EMG bits has been developed. Each
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bit has defined three digital levels. Accordingly, an input comprises of three muscle contrac‐
tions to generate three EMG levels and 27 different commands. From the practical point of
view, 18 out of 27 commands were selected for the implementation. However, no information
relevant to the pattern recognition has been published by the authors. Table 3 shows the main
commands of the 3-bit command language extracted from [45]. According to the controller
mechanism no simultaneous operation could be realized using the MANUS hand. Therefore
instead of the 3-bit command language it would be better to use a proper pattern recognition
method with a higher number of EMG inputs. This could also be coupled with an EEG or other
biological signal, in order to achieve higher effectiveness from the controller.

 Disjoint Windowing 
Overlapping Windowing TD+AR+Hjorth/LDA 

 

 

Bayesian Fusion  
 Majority Vote 

 

LIBSVM 
kNN 

Data 
Collection 

Performance 
Evaluation 

Postprocessing Classification 

Feature 
Extraction/Re

duction 

Front-end 
Processing 

Figure 18. Block diagram of experimental evaluation of the EMG-pattern recognition system [46]

Figure 19. MANUS hand [23]
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Functional command 3-bit pattern Remarks

Stop 100 Constant, pre-set, compulsory

Default position 200 Constant, pre-set, compulsory

Calibration 212 Constant, pre-set, compulsory

Rotate to right, until “Default” or until “Stop” 210 Individually adapted, recommended

“preset”

Close, gripping mode “1”, Preset 0 to 250 gr. Total

pressure, or until “Stop”

211 Individually adapted

Close, gripping mode “1”, Preset 251 to 500 gr. Total

pressure, or until “Stop”

221 Individually adapted

Close, gripping mode “1”, Preset total pressure.500gr., or

until “Stop”

222 Individually adapted

Rotate to left, until “Default” or until “Stop” 101 Individually adapted, recommended

“preset”

Close, gripping mode “2”, Preset 0 to 250 gr. Total

pressure, or until “Stop”

120 Individually adapted

Close, gripping mode “2”, Preset 251 to 500 gr. Total

pressure, or until “Stop”

121 Individually adapted

Close, gripping mode “1”, Preset total pressure.500gr., or

until “Stop”

122 Individually adapted

Close, gripping mode “3”, Preset 0 to 300 gr. Total

pressure, or until “Stop”

201 Individually adapted

Close, gripping mode “4”, Preset: arch, or until “Stop” 202 Individually adapted

Available 111

Available 112

Table 3. Summary of TMR subjects including level of amputation, surgical sites used as inputs and any other prosthetic
controls implements in the post-TMR prosthetic fitting [45]

4.2.5. EMG based ANN controller for a transhumeral prosthesis

The EMG based Artificial Neural Network (ANN) controller was developed to realize elbow
flexion/extension and forearm supination/pronation based on the artificial neural network
(ANN) techniques using EMG signals as the input. Fig. 20 shows the basic concept of the design
of the controller. EMG signals are fed into the controller from seven muscles: brachialis, biceps,
medial head of triceps, posterior deltoid, anterior deltoid, clavicular and pectoralis major. Raw
EMG signals from the muscles are amplified, alternating current coupled, low-pass filtered
and recorded. Recorded EMG signals are processed offline. They are filtered, windowed and
features extracted. Several features are extracted from 320 samples, 128ms sample time
rectangular windows with 50 percent overlap between adjacent segments which provides a
sample time of 64ms. The features, mean absolute value, waveform length, number of zero
crossing and number of slope sign changes are extracted from each window, which generate
a four-element feature set for each EMG channel. Simultaneously motion capturing data from
the Optotrak Certus motion capture system is resampled such that its sample time matched
that of the EMG data and average joint angles were extracted.
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 Raw EMG Signals 

EMG Feature 
Extraction 

Time-Domain 
Features 

Neural 
Network 
Decoder 

Predicted Joint Angles 

Figure 20. Block diagram of control strategy [36]

Figure 21. Schematic of the implantable myoelectric sensor system[8]

4.2.6. iEMG controlled prosthetic device

iEMG is capable of providing accurate EMG data to the control system. Use of implantable
myoelectric sensor (IMS) would result in nullifying the problem of multiple-component EMGs,
an inborn problem of surface EMG recording, as well as the nullifying the considerable amount
of environmental effects caused for the changes in regular sEMG signal supply. Here the IMS
receives commands and power from an external telemetry controller [8]. It drives a coil
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attached to the prosthetic socket as shown in Fig. 21. EMG data and digital information
transmit between the implants and the telemetry controller forming a magnetic link through
the coil. The data is then converted into analog form at the controller and can be used to control
the prosthetic device. When the results from iEMG are compared with sEMG for the same user,
iEMG results show a drastic improvement in providing the same motion of the natural hand.
Even though iEMG is capable of providing better signals, it is an invasive process and may
cause discomfort to the user. Therefore, a hybrid control method, EMG coupled with EEG
would result in providing a better control for the prosthetic device. Further, it will not cause
discomfort to the user.

5. Conclusion and future directions

In this chapter, recent EMG based control methods of assistive robots were comprehensively
reviewed. As assistive robots, upper-limb exoskeleton robots and upper-limb prostheses were
mainly considered here. At first, the detection and processing of the EMG was explained
discussing available EMG extraction systems. Then ways of categorization of EMG based
control methods as input information to the controller, architecture of the control algorithm,
output of the controller and other ways were discussed. EMG based control methods were
categorized based on structure of the control algorithm as pattern recognition based control
and non-pattern recognition based control. Even though assistive robots with pattern recog‐
nition based control can be commonly found, control methods that belong to non-pattern
recognition based control are hardly found. Recent EMG based control methods of upper-limb
exoskeleton robots and prostheses were reviewed separately. In the review recent EMG based
control methods of upper-limb exoskeleton robots and upper-limb prostheses were compared
considering their features.

In addition to EMG signals, EEG, EOG and MMG signals also represent the human motion
intention and these can be used as input signals to the controller of the assistive robots.
Accordingly, in the future a hybrid control algorithm can be developed with a combination of
two or more biological signals as inputs to the controller. Assistive robots are expected to
function and appear as their biological counterparts. That is, an exoskeleton should ideally act
as a second skin for the human and a prosthetic device the same as the natural limb. Accord‐
ingly, control methods of devices should be improved in the future.

Actuator technology also plays an important role of control methods of exoskeleton robot and
prostheses. Actuators drive a robot interacting with human according to control inputs.
Linearity, stability, correspondence between human motion and actuator actions are important
terms for successful function of actuators and hence the control system too. New actuator
technologies can be successfully used with exoskeleton robots and prostheses to improve its
function.

In future developments, the aspect of control systems of the assistive robot can be extended to
take the effect of microclimate conditions present around the user and take suitable control
efforts to provide comfort to the user. Since exoskeleton robots and prostheses closely interact
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with the human, safety conditions should be guaranteed at a maximum level. Although some
safety features are connected with mechanical design through stoppers and emergency
shutdown systems in an electrical system, proper software locks can be implemented in the
control system of the robot to improve the safety features. Further, intelligent safety methods
can be introduced to the assistive robot with the help of a feedback system of its control method.
One of the human biological signals generated by eye ball movement called electrooculogram
(EOG) can be used to generate the feedback signal to the controller. Therefore, when a person
feels any unsatisfactory motion of the robot, a particular eye ball movement can be traced and
used as a feedback signal and further it can be used to switch off the function of the robot.
Since this type of safety method is directly connected with human function it gives maximum
protection to the user.

The performance of the control methods is not only based on the controller; it may vary on
selection of different components in the control loop. This includes selection of final control
elements or actuators, instrumentation for feedback signal, disturbance rejection (inside
control loop or outside to the loop), input signals etc. Therefore selection of actuators and
sensors play an important role in exoskeleton and prosthesis control systems. In case of sensors,
Micro-Electro-Mechanical System (MEMS) inertial sensors are very suitable to detect the
changes in velocity, orientation and location of above assistive robots. This technology has
made miniaturized sensors and provides low power consumption, low cost, low size and
weight which can be used to enhance the function of control method of assistive robots.
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Chapter 13

Simulator of a Myoelectrically Controlled
Prosthetic Hand with Graphical Display
of Upper Limb and Hand Posture

Gonzalo A. García, Ryuhei Okuno and
Kenzo Akazawa

Additional information is available at the end of the chapter
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1. Introduction

Three  types  of  prosthetic  hand  are  currently  available:  cosmetic,  body-powered,  and
myoelectric (Laschi et al., 2000). Cosmetic prostheses are passive, and designed to look like
the  natural  hand,  with  solely  an  aesthetic  purpose.  Body-powered  prostheses  are  pow‐
ered  and  controlled  by  body  movements,  generally  of  the  shoulder  or  of  the  back.
Myoelectric  hands  are  electrically  powered and controlled  by  electromyographic  (EMG)
signals; i.e.,  small electric potentials produced by contracting muscles. Myoelectric hands
are  typically  controlled  in  switched  or  simple  proportional  mode,  according  to  the
amplitude of  the  EMG signals  (Stein  and Walley,  1983;  Näder,  1990;  Sears  and Shaper‐
man, 1991; Bergman et al., 1992; Kyberd and Chappell, 1994). The switched control is the
simplest one, as it consists of only two states: on or off. Although much progress has been
made in myoelectric hands, their motor functions are still not comparable with those of a
natural  hand,  partly  because  they  have  been  designed  to  provide  only  the  most  basic
functions of a natural hand, such as grasping and holding.

Akazawa’s Lab has developed a myoelectric prosthetic hand (Osaka Hand) that simulates
fundamental dynamic properties of the neuromuscular control system of the human hand,
mainly the viscoelastic properties of muscles, which depend on their stiffness (Akazawa et
al., 1987). This hand can be used by an amputee subject with almost the same subconscious
control that he/she had prior amputation (Okuno et al., 1999).

The current design of the Osaka Hand requires the user to be fitted for and to wear a hand-
made fiberglass or thermoplastic socket into which the stump is comfortably and tightly



inserted. The Osaka Hand is attached to the other tip of the socket via a screw. This socket
is expensive to produce and requires weeks to manufacture after measurements are taken
(Sears, 1991).

An additional initial problem is that shortly after an amputation atrophy of the remnant
muscles occurs, and their EMG signal becomes very weak. As that EMG signals are used to
control the prosthesis, users wanting to wear the Osaka Hand (or any other myoelectric hand)
must undergo a training phase in which their remnant muscles are strengthened and at the
same time they re-learn how to perform fine, detailed muscles contractions, which are needed
for a precise control of the prosthetic hand.

In order to solve the two problems mentioned above, we developed a graphic simulator system
for the Osaka Hand that eliminates the need of a socket for attachment of that prosthetic hand
to the stump and it is also used for physical training of myoelectric patients.

A number of works on prosthesis simulators have been already described, each of them fitting
the specific requirements of a given prosthesis. Yamada et al. (1983) employed six different bi-
dimensional (2D), fix images appearing on the screen depending on the frequency and
amplitude pattern of three EMG signals in order to evaluate their proposed control method
for a theoretical prosthetic hand. Daley et al. (1990) developed a simple 2D graphical simulator
for operator performance comparison when using different myoelectric control strategies.
Abul-Haj and Hogan (1987) performed an emulation with a combination of software and
hardware for elbow-prosthesis prototypes evaluation. Perlin et al. (1989) developed a simula‐
tion program for their Utah/MIT 16-joint, four-finger Dextrous Hand.

Several works describe simulators operated by shoulder movement; Zahedi and Farahani
(1995),  for example,  used a graphical  simulator for a fuzzy EMG classifier;  Durfee et  al.
(1991) created a 2D graphic simulator to evaluate command channels trough which control
an  upper  limb  neural  prosthesis;  and  Zafar  and  Van  Doren  (2000)  employed  a  video-
based simulator for a shoulder-activated neuroprosthesis for spinal cord injured persons.
Lin and Huang (1997) made a computer simulation of a robotic hand to test its potential
use as a prosthesis.

There are already some commercially available systems such as MyoBoy –from OTTO BOCK
HealthCare GmbH (Duderstadt, Germany)- that is a software tool used for the evaluation,
selection, training, and documentation of myoelectric patients. MOTION CONTROL Inc.
(Utah, USA) has developed an EMG tester and trainer (Myolab II) that is used to locate intact
muscle activity and to help patients in strengthening and relaxation tasks.

However, all the abovementioned simulators can be used only with prosthetic hands with a
switched or single proportional mode, not for those with a more complex control mode as the
one of the Osaka Hand.

The goal of the present work was to develop an upper limb and hand graphic simulator system
that solves the abovementioned problems, allowing amputee subjects to try virtually the
myoelectric hand without needing the socket, and to perform the physical training required
prior to use the real one. This simulator allows us also to easily identify the optimal electrode
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location for the EMG signals acquisition in each individual. In addition, the simulator allows
physicians and related staff to recognize how easily the hand can be controlled and its
advantages over other kinds of prosthesis.

The simulator that we have developed consists of a data acquisition system, a mathematical
model that simulated the behavior of the Osaka Hand (including its model of the human
neuromuscular control system dynamics), and a graphics display device.

2. Materials and methods

2.1. Structure of the Osaka Hand

A general overview of the system is shown in Figure 1. An exceptional feature of the Osaka
Hand is that the user can control voluntarily the angle of its fingers and the stiffness of the grip
(the resistance that the fingers oppose to change their angle) by the EMGs of flexor and extensor
muscles of the wrist (see details in Akazawa et al., 1987).

To obtain such a control, the Osaka Hand mimics the properties of both muscle viscoelastic‐
ity  and  the  gain  of  the  stretch  reflex  (both  varying  linearly  with  muscle  activity).  The
dynamics of this neuromuscular control system were determined by analyzing the tension
responses of finger muscle to mechanical stretch (Akazawa et al., 1999). The dynamics are
quite complex, due to the non-linearity and time delay of the stretch reflex; however, we
used a simple model representing the dynamics as a first approximation. Once that model
was introduced in the prosthetic hand, it was proved that a sound-limbed subject and an
amputee subject were able to accurately control finger angle and stiffness of the prosthet‐
ic hand (Okuno et al., 1999).

As shown in Figure 1, for each subject a pair of surface electrodes were put on the flexor carpi
radialis (wrist flexor muscle) and another pair on their extensor carpi radialis brevi (wrist extensor
muscle) to measure their EMG signal. The measured signal was amplified in differential mode,
full-wave rectified, and then smoothed with a low-pass filter to obtain its envelope, the
amplitude of which is approximately proportional to the force exerted by the muscle
(Basmajian and Deluca, 1985). Therefore, the resultant signal corresponded to the isometric
contractile force (torque) of each muscle: Af  being the torque of the flexor muscle, and Ae the
torque of the extensor muscle.

From those two calculated torques, the desired finger angle Θ̃H  of the end effector (the target
angle the user wants to achieve) was calculated as

( ) { ( ) ( ) ( )} / ( )H H e f xs P s A s A s G sQ = + -% (1)

where PH  is the grip force exerted by the fingers of the Osaka Hand, and was measured by strain
gauges (KYOWA DENGYO Co., Ltd. (Yokohama, Japan), model KFG-1N) attached to its thumb,
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index, and middle fingers. Gx(s)is the transfer function that represents the dynamics of human
neuromuscular control system (Akazawa et al., 1987; Okuno et al., 1999), and is given by:

2
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1
( )

1x
s

G s K
s

t
t

+
=

+
(2)

where the time constants were calculated to be τ1 =0.12s and τ2 =0.25s, and the gain K
corresponds to the stiffness of the prosthesis fingers, which is not constant, but time-varying
as:

( ) 0 ( ) ( ) ,f eK t K a A t A té ù= + +ë û (3)

in proportion to the contraction level of the extensor-flexor muscles pair. The user can regulate
the stiffness of the hand fingers angle by varying the level of contraction of each of those
muscles. The stiffness at resting state K0 is 0.1 Nm/rad, and the coefficient a is 0.98 rad-1. A
software program implementing this model was introduced in the microprocessor that
controls the end effector.

The position control system (see Figure 1) consists of a DC motor (MINIMOTOR SA, Cro‐
glio, Switzerland, type 2233), its servo controller (Figure 1(c2)), and a one degree-of-freedom
end effector with three fingers (Figure 1(c3)). Index and middle fingers are bound between
them and are endorsed with an open-close movement with respect to the thumb. This move‐
ment is produced by the DC motor, the servo controller of which works to nullify the differ‐
ence between the commanded angle Θ̃H  and the actual motor rotational angle Θ̂H  as
measured by an optical encoder.

Figure 1. Block diagram of the Osaka Hand. The model of the human neuromuscular control system dynamics (labeled
as c1) takes the processed EMG signals Ae and Af  from the subject’s forearm and calculates the target angle Θ̃ H ; the
servo controller (c2) works to nullify the difference between Θ̃ H  and the actual motor rotational angle Θ̂ H . The end
effector (c3) has one opening-closing degree-of-freedom ΘH .
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2.2. Composition and operation of the simulator

Figure 2 shows the components of the simulator system, which can be divided into three main
sub-systems: data acquisition (EMG and video), processing, and display. Ten light emitter
diode (LED) markers and two pairs of surface electrodes are attached to the subject’s upper
limb as shown in Figure 2(a) and 2(b). Those LEDs and electrodes provide the inputs for the
processing sub-system, which is implemented in the graphic workstation (Figure 2(c)).

Figure 2. Overview of the simulator components. The graphic workstation (GW) receives the 3D location of the LED
markers (a) attached to the subject’s arm and the processed EMG signals from two surface electrodes placed on the
subject’s forearm (b). From these data, the GW calculates and displays (c and d) the finger angle and the arm posture.
Inset: detail of LED markers attachment.

Figure 3 shows the block diagram of the simulator, illustrating how the processing system
(Figure 3(c)) determines the position of the upper limb from the three-dimensional (3D)
location of the markers on the shoulder, elbow, and wrist detected with an OPTOTRAKTM 3D
camera (NORTHERN DIGITAL Inc., Ontario, Canada) (Figures 2(a) and 3(a)). The processing
system determines the desired finger angle from the processed surface EMGs of both wrist
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flexor and extensor muscles of the subject (Figures 2(b) and 3(b)). The virtual upper limb and
hand are ultimately presented on the 3D graphic workstation (display system, Figure 3(d)).

Figure 3. Simulator block diagram. With the 3D markers position obtained from the Optotrak 3D camera (block a), the
processing system (c) calculates subject’s arm posture and wrist rotational angle. From the processed EMG signals Ae

and Af  (b), the model of the human neuromuscular control system dynamics (c1) calculates a first approximation of
the desired angle Θ̃ HS . The dynamics of the servo control system (c2) can be regarded as the identity, Θ̃ HS = Θ̂ HS . Non‐
linear characteristics of the relationship between Θ̂ HS  and ΘHS  are inserted in block c3. The virtual arm and prosthetic
hand are displayed in the display system (d).

2.2.1. Data acquisition system

The OPTOTRAK 3D camera (Figure 2(a) and Figure 3(a)) detects the position of the LED
markers attached to the user's shoulder, elbow, and wrist. The marker on the shoulder is
attached to the point where the movement of the acromion of the scapula is smallest during the
motion of the arm. The marker on the elbow is fixed in the external palate of the humeral. The
arm posture is calculated from those LEDs locations.

To measure the rotational angle of the wrist during an external pronation of the arm, eight
LEDs are placed on the external side of a bracelet-like device attached to the wrist (shown in
the inset of Figure 2).

The EMG signals of wrist muscles are picked up with surface electrodes (Figure 2(b) and Figure
3(b)). These signals are then amplified (gain 58.8 dB, CMRR 110 dB) to the range ±5 V, full-
wave rectified, smoothed with a second order low-pass filter (cut-off frequency 2.7 Hz), and
then sampled at a frequency of 25 Hz, 12 bits per sample (resolution of ±2.4 mV, less than 0.01%
of the maximum value) with an OPTOTRAK Data Acquisition Unit (NORTHERN DIGITAL
Inc., Ontario, Canada).
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2.2.2. Processing system

The location of the LEDs and the processed EMG signals are collected by a graphics worksta‐
tion (GW, SILICON GRAPHICS, Inc., California, USA) that holds the processing system
software (Figure 2(c) and Figure 3(c)).

The angle that the user wants to achieve with the prosthesis fingers (the target angle) is given
by Eqs. (2) and (3) using the current value of user’s EMG signals Ae and Af . Those equations
are calculated in the real Osaka Hand by a Z-transform that gives in discrete time their solution,
originally expressed in the frequency domain (see Figure 3(c1)). In the case of the processing
system of the simulator, the sampling frequency is not high enough to allow using that
transform. Therefore, we used the Runge-Kutta-Gill approximation method for differential
equations in order to implement the transfer function Gx(s) (Eqs. (2) and (3)).

Dynamics of the DC motor servo system of the actual prosthetic hand were calculated in terms
of the relationship between target angle Θ̃H  and rotational angle Θ̂H  of the motor shaft (see
Figure 1). In the steady case, we assumed Θ̂H = Θ̃H , with zero time delay (Figure 3(c2)).

In order to model the relationship between Θ̂H  and final finger angle ΘH  of the real Osaka
Hand (see Figure 1), we performed the following measurements by attaching two LEDs to the
prosthesis chassis and one on each fingertip as shown in Figure 4. The hand finger angle ΘH

was defined as the angle formed between the vectors M1M3
→

 and M1M4
→

, i.e., the angle between
the fingertips with respect to the chassis. The operation range of this angle is from 0o to 110o.
The relationship between Θ̂H  and final finger angle ΘH  (see Figure 1) was modeled with a
piecewise approximation calculated by a least squares method. The error was always below
8% with an average of 1.7%, standard deviation (s.d.) 1.36. We roughly divided the operation
range into three areas, as shown in Figure 3(c3).

Figure 4. Finger angle ΘH  is defined as the angle formed between the vectors M1M3
→

 and M1M4
→

. M1 to M4 are LED
markers attached to the prosthetic hand.
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2.2.3. Display system

The tasks depicted in Figure 3(c1) to (c4) were implemented in a program that used OpenGL
graphical library to represent the virtual arm and prosthetic hand by the wire-frame drawing
shown in Figure 3(d). The refresh rate was 25 frames/s, which was sufficient to give the
impression of smooth motion. In addition, the GW displayed the processed EMG signals used
as input. During the experiments, supplementary information was displayed to guide the
subject to achieve the proposed goal.

2.3. Common experimental set-up

To test the performance, validity, and controllability of the simulated hand, several experi‐
ments were carried out with three male, able-bodied subjects aged 22, 24, and 32; and a 43-
years-old male who had both hands amputated 18 years earlier after a traffic accident. All of
them gave their informed consent.

The amputee subject uses a body-powered hook at the end of the right upper limb and a body-
powered hand at the end of the left upper limb. He had worn a myoelectric prosthetic hand
on the right upper-limb until four years before the experiment. Since then, he has not been
actively using his forearms muscles; for this reason, he suffered from muscular atrophy (very
weak muscles) in both forearms. Consequently, his EMG signals corresponding to the maximal
voluntary contraction (MVC) had a value of less than 20% of the average MVC of the three
non-amputee subjects (0.65V/3.51V). In addition, he exhibited a slightly higher level of
involuntary co-contraction (simultaneous contraction of antagonist muscles) in his wrist flexor
and extensor muscles.

All subjects performed the same protocol composed of four sessions. One session consisted of
two different tasks: angle and position control. Subjects repeated these tasks from three to five
times in each session.

The subject sat barefoot in a chair, with one foot on a steel sheet on the floor in front of the
chair and with sleeves rolled up to expose the forearm. The steel sheet was used as reference
voltage for the EMG processing unit. The subject was instructed to sit in a relaxed position in
a chair, with the forearm and the arm forming an angle of about 15o. The forearm of the right-
hand was cleaned with SkinPure skin abrasion gel (NIHON KOHDEN Corp., Tokyo, Japan)
and ethanol. A pair of bipolar, surface electrodes (Ag-AgCl, 1 cm in diameter; NIHON
KOHDEN Corp., Tokyo, Japan. Type NS-111U) was attached, with a centre-to-centre distance
of about 2 cm, following the muscle fiber direction of the wrist flexor muscle (flexor carpi
radialis), and another pair was positioned on the wrist extensor muscle (extensor carpi radialis
brevi). Gelaid electrode paste (NIHON KOHDEN Corp., Tokyo, Japan) was placed in the
contact area between the skin and the electrodes to ensure good electric conductivity between
them. The subject was then given a brief explanation of how the system functions.

Before starting the experiments, the subject was instructed to exert for 1 second his maximal
contraction of each target muscle from which the EMG signals were taken. The simulator
calculated the MVC amplitude value for each muscle as the average around its EMG peak (the
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maximum detected value). The EMG signals of each subject were normalized to the range of
0-1 by their respective MVC values.

To familiarize the subject with the equipment and functioning of the simulator, the subject was
firstly instructed to freely move the virtual hand contracting his forearm muscles. When he
felt comfortable with the system, the different sessions of experiments were performed. In
order to avoid fatigue, a rest was scheduled between tasks, and the subject was not asked to
keep any of the postures for more than a few seconds (Basmajian and Deluca, 1985; Kampas,
2001).

After the experiments, a short questionnaire was given to the amputee volunteer to gather
feedback on the Osaka Hand and on its simulator. Some questions were based on the surveys
described by Sears and Shaperman (1998) as well as Atkins et al. (1996). This gathered infor‐
mation allowed us to plan the direction of our future research.

3. Experiments and results

Two types of experiments were carried out; the ones of the first block (3.1) were oriented to
check whether the behavior of the simulator corresponded to the behavior of the Osaka Hand.
The experiments of the second block (3.2) checked the controllability of the simulator.

3.1. Behavior of the simulator system

3.1.1. Validation of the input-output relationship

EMG signals were acquired from one subject as explained in the previous section and given
as input to the simulator and, simultaneously, to the Osaka Hand. In this way, we were able to
compare their respective output, which is the angle of the fingers, when both were given the
same input.

Figure 5 shows the result of one of these experiments, carried out with a non-amputee subject
freely moving the simulated hand. Figure 5(a) shows the inputs of the system: processed EMG
signals of the wrist extensor muscle (dashed line) and those of the wrist flexor muscle (solid
line). Figure 5(b) shows a comparison between the finger angle of the Osaka Hand (thick line)
and the one given by the simulator (thin line). The average of the error (difference between the
angle given by the simulated hand and that of the real Osaka Hand) was 0.85o (s.d. 0.39), with
a maximum of 3.54o, which we consider acceptable for our purpose.

3.1.2. Variable stiffness

As one of the main features of the Osaka Hand is that the subject can control its stiffness by
antagonist muscles co-contraction, we performed another experiment to corroborate that the
stiffness of the virtual hand fingers can be controlled in that same way.

To simulate different levels of co-contraction, we fed the simulator with different levels of Ae

and Af  under the condition (Ae = Af ) (see Figure 3(b) and (c1)). We sinusoidally modulated the
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applied grip force PHS  (see Figure 3(c4)) at a frequency of 0.2 Hz and a range between -0.08 V

and 0.08 V, which corresponds to the actual output amplitude of the strain gauges. Figure 6
shows that as Ae + Af  increased –that is, as the level of co-contraction increased-, in response

to the same perturbation PHS , the finger angle displacement decreased; that is, the stiffness

increased. When there was no co-contraction (Ae + Af  = 0V), the perturbation caused the total

opening of the hand (110o is its maximal aperture), but when the level of co-contraction was
maximum (Ae + Af  = 10V), the perturbation had nearly no effect on the angle of the hand

fingers. Therefore, the simulator behaves like the Osaka Hand also in stiffness.

Figure 5. Comparison between simulator and actual Osaka Hand finger angles. (a) Same inputs given to both the sim‐
ulator and the prosthetic hand. (b) Simulator output (thin line) and prosthesis actual finger angle (thick line).
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3.1.3. Effect of force feedback

We carried out a preliminary experiment to study the simulator behavior when a subject
grasped a virtual object (a sphere). The mechanical dynamics of the object were modeled in a
simple fashion as a spring (Figure 3(c4)). The exerted force PHS  was calculated then as

PHS = Ks ⋅ (ΘHS −ΘHS 0) (4)

where Ks is the spring constant; ΘHS 0 is the finger angle when the contact with the object occurs,
and ΘHS  is the current angle. The inputs Ae and Af  to the simulator were given as sinusoidal
waves. Figure 7(a) compares the fingers angle when grasping the sphere: continuous line curve
corresponds to the experiment carried out without PHS  feedback; and the dashed line curve
when PHS  was calculated as explained above.

The first contact fingers-sphere occurred at t =9.5s (marked in the graph as A), when the fingers
angle was around 43o. The maximal grasping force occurs when the fingers angle without PHS

was 3o. Therefore, there is a difference of approximately 40o in ΘHS providing or not PHS

feedback, practically the third part of the whole simulated fingers angle range (110 o).

Figure 6. Stiffness (resistance to perturbations) control experiment. In response to the same simulated perturbation,
an increase of co-contraction level decreases the amplitude of the perturbation effect (increase of the stiffness).

Simulator of a Myoelectrically Controlled Prosthetic Hand with Graphical Display of Upper Limb and Hand Posture
http://dx.doi.org/10.5772/55503

279



Figure 7(b) shows the value of the calculated PHS . When it reaches its maximal value, approx‐
imately 25 mV (roughly one third of its maximum), the difference between the fingers target
angle with and without pressure feedback is nearly 10o. Therefore, as it happens with the real
prosthetic hand (Okuno et al., 1999), PHS  gives self-control to the hand over the exerted force
when grasping objects, producing a smoother grasping motion.

Figure 7. Soften effect (a) obtained when a simulated pressure feedback PHS (b) was given to the simulator.

3.2. Control experiments

3.2.1. Finger angle control

We ran a control experiment to determine how accurately the subjects could control the finger
angle of the simulator hand. The effects of using the simulator were also investigated by
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comparing the performance of the subjects before and after two trails. In this finger angle
control task, the subject was asked to achieve a series of eight different angles (from 0o to 110o)
showed on the screen of the GW.

Figure 8 shows the typical results obtained, where the target angle to achieve was 55o (thick
horizontal line). Figures 8(a) and 8(c) (left column) show the results of the first trial of two
different subjects; (a) a sound-limbed subject and (c) the amputee subject. Both subjects needed
more than 4 s to be able to keep the angle within the acceptable range, and were able to maintain
it there for only less than 2 s (period between points A and B).

Figure 8(b) shows the results obtained by the sound-limbed subject after several trials for a
period of about 40 min, and Figure 8(d) for the amputee subject after a similar period. In this
case, both achieved the angle in just approximately 1 s (point A), and held it until they were
asked to relax the muscles (point B).

Figure 8. Effect of training on position control (step response). The target angle was 55o, marked by a thick horizontal
line. We defined the acceptable error range as ±2o (dashed horizontal lines). (a) shows the result of the first session by
the sound-limbed subject ((c), amputee subject). (b) shows his result after training ((d), amputee subject).
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To measure how accurately the subjects performed the task, we calculated the mean square
error ε made while trying to keep a constant target angle Θtarget  as

ε =
1
N ∑n=1

N
(ΘHS n −Θtarget)2 (5)

where ΘHS n  is the hand simulator finger angle in the sample n, and N is the number of
samples between the points A and B. We defined ±2o as the acceptable range of error (dashed
horizontal lines in Figure 8).

The average of the error ε was 1.19o (s.d. 0.67) for the three non-amputee subjects and 1.78o

(s.d. 0.54o) for the amputee subject.

3.2.2. Grasping control

An additional control experiment was carried out to examine whether the subjects were able
to grasp a virtual object using the simulator hand. In this grasping control task, six spheres
with different diameters (from 2 mm to 10 cm) were depicted one at a time on a fix position
on the simulator screen. The subject was instructed to grasp them with the virtual hand. To
give some feedback to the subjects about the virtual force exerted over the sphere, a second
index finger was drawn (with a very faint color) in the position the simulated index finger
would have been if there was not a solid object in its way.

The results of this experiment were very similar to the ones shown in Figure 8. In this case, we
defined the error as the distance between the index fingertip and the surface of the sphere. The
average error while subjects tried to hold onto the sphere in the last two trails of each subject
was 1.32 mm (s.d. 0.47). For the amputee subject, the average error was 1.77 mm (s.d. 0.63). In
conclusion, subjects were able to grasp the object, and to do it in a smooth, natural way. These
results prove that the simulator developed in this work is a valid tool for rehabilitation.

4. Conclusion

In this study, we have introduced a simulator of our biomimetic, myoelectric prosthetic hand
(Osaka Hand), which is operated by the subject’s EMG signals, and displays in 3D a virtual arm
and a prosthetic hand.

We have demonstrated that the simulator output agrees sufficiently for practical use with the
finger angle of the prosthetic hand when both are given the same input.

Usefulness of the simulator has been shown in the experiments of controlling angle and
stiffness of the hand. After a short period of training, subjects were able to control quite
accurately the simulated hand. The precision achieved by an amputee subject was nearly as
good as the precision obtained by the three non-amputee subjects, even though the amputee
had not actively used his forearm muscles for four years.
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This kind of powered myoelectric prostheses is not yet widely known. For example, in Japan
only 350 units have been sold in the last 30 years (report of the Ministry of Health, Labour and
Welfare of Japan). Our simulator could be accessible to physicians and related staff and be
used to offer the opportunity to a wider group of amputees to try a myoelectrically controlled
prosthesis.

The simulator can also be used for EMG signal processing and modeling. For example, when
new features are added to the Osaka Hand, such as a new control program, the simulator can
help in the design and testing phases, since it is easier and less expensive to make modifications
in the model than in the actual prosthesis.

This simulator could be easily adapted to any myoelectric prosthesis, by performing just a few
simple modifications on its software.
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1. Introduction

Chronic inflammatory disorders of the female urinary tract are common and often impact
negatively on the quality of life of the affected individual. The management of these disorders,
which encompass infectious and non-infectious conditions presenting with pain, is evolving
as a result of current research. These changes are reflected in recent changes in the commonly
used management guidelines.

Pelvic floor biofeedback with electromyography is used as a primary or adjuvant treatment
for these disorders. In this chapter we present the experience gathered in our unit with this
treatment modality.

1.1. Definitions

The Association for Applied Psychophysiology and Biofeedback, Inc. (http://www.aapb.org)
defines biofeedback as: “the process of gaining greater awareness of many physiological
functions primarily using instruments that provide information on those same systems, with
a goal of being able to manipulate them at will.” In their website it is further stated that:
“Biofeedback is a process that enables an individual to learn how to change physiological
activity for the purposes of improving health and performance”. Precise instruments measure
physiological activity such as brainwaves, heart function, breathing, muscle activity, and skin



temperature. These instruments rapidly and accurately "feed back" information to the user.
The presentation of this information —often in conjunction with changes in thinking, emotions,
and behavior— supports desired physiological changes. Over time, these changes can endure
without continued use of an instrument.

Also, biofeedback techniques have been defined as the use of instrumentation to help a person
to instantly and better perceive the information of a specific physiological process which is
under the control of the nervous system control but that is not correctly perceived (Miller
1974). Many physiological responses which are purely anatomical can be modified under
voluntary control. The mechanisms for many of these responses include the relaxation of
smooth or striated muscles or both (Repariz and Salinas 1995).

Programs for bladder re-education in women with bladder instability have opened new
therapeutic perspectives for the various micturition dysfunctions (Frewen 1972 ; Cardozo,
Abrams et al. 1978; Jarvis and Millar 1981; Cardozo and Stanton 1984)

Bladder sphincter re-education using surface electrodes was described for adults and children
in 1979 and has since been widely applied (Maizels, King et al. 1979; Wear, Wear et al. 1979).

Electronic instrumentation allows the translation of normal or abnormal physiological
processes (often unconscious) to visual or auditory signals. The method involves the manip‐
ulation of unconscious or involuntary events modifying these signals. Thus the technique is
at the same time behavioural therapy and a learning process which aims at creating awareness
of an unconscious function that is incorrectly performed, and to correct it. Biofeedback has
allowed going from subjectivity to objectivity.

Individuals know little about their perineal region, and therefore control its functions (bladder,
anorectal and sexual functions) poorly. Biofeedback permits a progressive and active aware‐
ness of these functions, creating a “ring” or “communication cycle” between patient and
computer. The instructor serves as a guide in this Learning process.

Biofeedback with electromyography (BFB-EMG) was approved by the Food and Drug
Administration in the USA in 1991. It has been effectively used since 1992 without secondary
effects or complications (Perry 1994).

For biofeedback to be successful, it is important to have a single instructor conducting the
sessions with a given patient. The following are also important for success: 1) A friendly
attitude of the instructor; 2) A receptive and confident patient with sufficient cognitive ability;
3) Effective teaching technique 4) Patient’s willingness to reproduce at home what was learned
during the sessions; 5) A relaxed working atmosphere free of interruptions; 6) Patient friendly
equipment 7) Adequate length and frequency of the sessions 8) A system of rewards to
encourage the patient, 9) Confidence in success of the treatment.

The conditions listed below can benefit from biofeedback with EMG:

• Cauda equina syndrome with neurogenic bladder.

• Anal sphincter spasm.

• Atonic bladder.
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• Extrinsic urethral sphincter’s deficiency.

• Urethral instability.

• Muscle atrophy or weakness due to disuse.

• Fecal incontinence.

• Specific and non-specific acute urinary retention.

• Incomplete bladder emptying.

• Urgency urinary incontinence..

• Female stress urinary incontinence.

• Female and male mixed urinary incontinence.

• Urinary incontinence without voiding desire.

• Post-micturition dribling.

• Nocturnal enuresis.

• Continuous leakage and urinary frequency.

1.1.1. Existing protocols for perineal electromyography

Many protocols have been used to treat pelvic floor dysfunction. No single protocol is
applicable to all patients given individual variations. We favour a personalized approach or
“therapist guided method” in which one therapist carries out the entire treatment (Lorenzo
Gómez, Silva Abuín et al. 2008).

Variations in described protocols include frequency and duration of the sessions. For example:
Three 20-minutes sessions per week over a seven-week period (Amaro, Gameiro et al. 2006);
twice weekly for 8 weeks (Voorham-van, Pelger et al. 2006); stimulator is activated on demand
only by a sudden increase in intra-abdominal pressure (Nissenkorn, Shalev et al. 2004); 30
minutes per session, twice a week for 6 weeks ; 12 weeks training (Di-Gangi-Herms, Veit et al.
2006);and six weeks, two training sessions per week (Seo, Yoon et al. 2004).

1.1.2. Scientific evidence supporting the use of biofeedback with electromyography (BFB-EMG)

The main component of the pelvic floor musculature is the levator ani. The contraction of the
levator compresses the urethra and helps continence (DeLancey 1990). The aim of pelvic floor
re-education is to improve muscle function, which can significantly reduce stress incontinence.
Success rates vary between 21 and 84%, but the subjective improvement is always greater than
the objective results.

Several studies have demonstrated the efficacy of BFB-EMG for the treatment of pelvic floor
dysfunction in women with stress urinary incontinence (Burgio, C et al. 1986; Aukee, Immonen
et al. 2002).
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In the elderly, pelvic exercises with biofeedback in the office is more effective than pelvic floor
exercises alone (Burns, Pranikoff et al. 1990).

The first study using rehabilitation assisted with pelvic floor muscles EMG for the treatment
of vulvovaginal pain was published in 1995 by Glazer et al. These authors reported a cure rate
greater than 50% with an average subjective improvement of 83%. Only changes in the
electromyographic signal at rest preceded improvement of pain. These findings confirmed that
the efficacy of the treatment depended on muscle stabilization (Glazer, Rodke et al. 1995).

1.2. Chronic inflammatory disorders of the lower urinary tract in females

In the following section we shall discuss common conditions, both infectious and non-
infectious that can benefit from biofeedback.

1.2.1. Recurrent urinary tract infections

Urinary tract infections (UTIs) are the second most common infections in humans (Foxman
2002). A UTI is the presence of microorganisms in the urine (not due to contamination) which
can invade the urinary tract or adjacent structures. It is well established the route of infection
is ascending in most cases of infections with enteric bacteria which explains why UTIs are more
common in females. The development of a UTI is determined by the balance between bacterial
virulence, size of the inoculum, local defence mechanisms and anatomical or functional
alterations of the urinary tract (Andreu, Cacho et al. 2011).

It is estimated that the prevalence of UTIs in sexually active young women is 0.5-0.7 episodes
per year. One fourth of these will recur. Eighteen out 10000 of these women will develop
pyelonephritis and 7% will require hospitalization (Andreu, Cacho et al. 2011). This is despite
the fact that most young women with UTI have normal urinary tracts (Hooton 2001). The
development of infection is determined by the balance between bacterial virulence, size of the
inoculum, local defence mechanisms and anatomical or functional alterations of the urinary
tract.

Recurrent UTIs are defined as 3 or more culture-documented infections in 1 year or 2 or more
in 6 months in women without structural or functional abnormalities. (Grabe, Bjerklund-
Johansen et al. 2011).

Risk factors that predispose to UTIs abnormalities of the urinary tract (such as urinary
incontinence or obstruction), sexual behaviour, use of contraceptives, postmenopausal
hormonal deficiency, asymptomatic bacteriuria and past urinary tract surgery (Grabe,
Bjerklund-Johansen et al. 2011). Risk factors for recurrent UTIs in postmenopausal institution‐
alised women include atrophic vaginitis, incontinence, cystocele and post-voiding residual
urine and a history of UTI before menopause (Nicolle 1997). Collagen diseases represent
another extra-urogenital risk factor.

Systemic diseases, mainly diabetes mellitus and chronic renal failure are also important risk
factors (Sharifi, Geckler et al. 1996). Women with diabetes mellitus are prone to UTIs. UTI in
both diabetic men and women is more likely to progress to pyelonephritis. Patients with type
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1 diabetes and UTIs can develop renal damage with time. This is more likely in the presence
of proteinuria and peripheral neuropathy. Risk factors for renal damage in women with type
2 diabetes mellitus and recurrent UTIs include old age, proteinuria and low body mass index
(Geerlings, Stolk et al. 2000 ). In addition, autonomic neuropathy may cause bladder dysfunc‐
tion(Korzeniowski 1991).

In the presence of risk factors, bacterial strains of low virulence can cause UTIs. These risk
factors predispose to recurrence but do not affect outcome.

Prevention of recurrent UTIs should avoid the use antibiotics given the alarming rise in
antibiotic resistance observed worldwide (Fihn 2003; Grabe, Bjerklund-Johansen et al.
2011).Antibiotic prophylaxis should only be used after counselling and behaviour modifica‐
tion has been attempted (Grabe, Bjerklund-Johansen et al. 2011). Other measures to prevent
recurrences include immune active prophylaxis (Lorenzo-Gómez, MF et al. 2013), probiotics
and cranberry juice.

1.2.2. Non-infectious chronic cystitis — Painful bladder syndrome

Over the years much of the focus for chronic pelvic pain has been on peripheral-end-organ
mechanisms, such as inflammatory or infective conditions (Engeler, Baranowski et al. 2012).

A peripheral stimulus such as infection may initiate the beginning of chronic pelvic pain, and
the illness may become self-perpetuating as a result of modulation of the central nervous
system, independent of the original cause (Engeler, Baranowski et al. 2012).

Chronic pelvic pain mechanisms may involve on-going acute pain mechanisms, such as those
associated with inflammation or infection, which may involve somatic or visceral tissues
(Linley, Rose et al.). Nevertheless in most cases, inflammation or infection is not present (van
de Merwe, Nordling et al. 2008). However, conditions that produce recurrent trauma, infection
or inflammation may result in chronic pelvic pain in a small proportion of cases (van de Merwe,
Nordling et al. 2008). Therefore such factors should be ruled out early.

Central sensitisation is responsible for a decrease in threshold and increase in response
duration and magnitude of dorsal horn neurons. For instance, with central sensitisation,
stimuli that are normally below the threshold may result in a sensation of fullness and a need
to void (Nazif, Teichman et al. 2007) and other non-painful stimuli may be interpreted as pain
and noxious stimuli may be magnified with an increased perception of pain. Also, somatic
tissue hyperaesthesia is associated with recurrent bladder infection.

The increased perception of stimuli in the viscera is known as visceral hyperalgesia, and the
underlying mechanisms are thought to be responsible, among, others for bladder pain
syndrome and dysmenorrhoea.

Chronic bladder pain may be associated with the presence of Hunner’s ulcers and glomeru‐
lation on cystoscopy, whereas other bladder pain conditions may have normal cystoscopic
findings. Recent reports about prevalence of bladder pain syndrome show higher figures than
earlier ones, ranging from 0.06% to 30% (Parsons and Tatsis 2004).
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The conditions associated with the painful bladder include interstitial cystitis, bladder pain
syndrome or BPS. The European Urological Association (EUA), the International Society for
the study of BPS (ESSIC), the International Association for the Study of Pain (IASP) and several
other groups now prefer the term bladder pain syndrome (BPS). Terms that end in “itis” in
particular should be avoided unless infection and/or inflammation is proven and considered
to be the cause of the pain (Abrams, Baranowski et al. 2006). Chronic pelvic pain may be
subdivided into conditions with well-defined classical pathology, such as infection, and those
with no obvious pathology.

BPS is the occurrence of persistent or recurrent pain perceived in the urinary bladder region,
accompanied by at least one other symptom, such as pain worsening with bladder filling and
day-time and/or night-time urinary frequency. There is no proven infection or other obvious
local pathology. BPS is believed to represent a heterogeneous spectrum of disorders. There
may be specific types of inflammation as a feature in subsets of patients (Engeler, Baranowski
et al. 2012).

Pelvic floor muscle pain syndrome is the occurrence of persistent or recurrent episodic pelvic
floor pain. It is often associated with symptoms suggestive of lower urinary tract dysfunction
(Engeler, Baranowski et al. 2012).

BPS should be diagnosed on the basis of pain, pressure or discomfort associated with the
urinary bladder, accompanied by at least one other symptom, such as daytime and/or night-
time increased urinary frequency, the exclusion of confounding diseases as the cause of
symptoms, and if indicated, cystoscopy with hydrodistension and biopsy (van de Merwe,
Nordling et al. 2008). Hunner’s lesion and inflammation is referred to as BPS type 3. Current
thought implicates an initial unidentified insult to the bladder, triggering inflammatory,
endocrine and neural phenomena (Warren, Wesselmann et al.).

No infection aetiology has been implicated since BPS patients and controls have equal UTI
frequency (Nickel, Shoskes et al. ; Warren, Brown et al. 2008). Of interest however is the fact
that UTI and urgency are significantly more frequent during childhood and adolescence in
patients who later develop BPS in adulthood (Peters, Killinger et al. 2009).

Cystoscopic and biopsy findings in both ulcer and non-ulcer BPS are consistent with defects
in the urothelial glycosaminoglycan (GAG) layer. Urinary uronate, and sulphated GAG levels
are increased in patients with severe BPS (Lokeshwar, Selzer et al. 2005).

The  physiopathologic  relationship  between  interstitial  cystitis  and  rheumatic,  autoim‐
mune,  and  chronic  inflammatory  diseases  has  been  investigated.  (Lorenzo  Gomez  and
Gomez Castro 2004).

Biological markers have been explored as an attractive idea to support or, even better, to
confirm the clinical diagnosis and prognosis (Lokeshwar, Selzer et al. 2005).

The therapeutic modalities currently available for BPS include the following:

Medical management: Analgesics, corticosteroids, anti-allergic medications, Amitriptyline,
Pentosan polysulphate sodium.Immunosuppressants such as Azathioprine, Cyclosporin A,
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Methotrexate, Gabapentin, Pregabalin, Suplatast tosilate (IPD-1151T), Quercetin. Antibiotics
have a limited role in the treatment of BPS. Cimetidine, prostaglandins, L-Arginine, anticho‐
linergic drugs have also been used (Engeler, Baranowski et al. 2012).

Intravesical therapy: Local anaesthetic (lidocaine), Pentosan polysulphate sodium, intravesical
heparin, hyaluronic acid (hyaluronan, chondroitin sulphate, dimethyl sulphoxide (DMSO),
bacillus Calmette Guérin (BCG) and vanilloids which disrupt sensory neurons such as
Resiniferatoxin (Engeler, Baranowski et al. 2012).

Interventional management: Bladder distension with or without electromotive drug adminis‐
tration, transurethral resection (TUR) coagulation and laser, Botulinum toxin A (BTX-A),
Hyperbaric oxygen (HBO), neuromodulation (Engeler, Baranowski et al. 2012).

Non-pharmacological: Behavioural bladder training techniques (Parsons and Koprowski 1991),
physiotherapy (Karper 2004), electrical stimulation (de-Oliveira-Bernardes and Bahamondes
2005). Physiotherapy with pelvic floor biofeedback (Borrego-Jiménez, Lorenzo-Gómez et al.
2009 Jan).

Surgical: When all efforts fail to relieve disabling symptoms, surgical removal of the diseased
bladder is the ultimate option (Loch and Stein 2004).

1.2.2.1. Urethral pain syndrome

Urethral pain syndrome is the occurrence of chronic or recurrent episodic pain perceived in
the urethra, in the absence of proven infection or other obvious local pathology (Parsons
2011). There pathogenesis of urethral pain syndrome is unknown but it may part of the
spectrum of BPS. Some have postulated that neuropathic hypersensitivity can develop
following urinary a UTI (Kaur and Arunkalaivanan 2007). The same authors suggested that
behavioural therapy including biofeedback and bladder training can be helpful (Kaur and
Arunkalaivanan 2007).

1.2.2.2. Other causes of chronic pelvic pain

Pelvic organ prolapse is often an asymptomatic condition, unless it is so marked that it causes
back strain, vaginal pain and skin excoriation (Roovers, van der Vaart et al. 2004).

In the past few years, non-absorbable mesh has been used in the pelvic organ prolapse surgery.
Although they may have a role in supporting the vagina, they are also associated with several
complications including bladder, bowel and vaginal trauma (Niro, Philippe et al. 2010).A
subset of these patients may develop chronic pain because mesh insertion causes nerve and
muscle irritation (Daniels, Gray et al. 2009).

Most patients can be treated by surgical removal of the mesh (Margulies, Lewicky-Gaupp
et al. 2008). If appropriate, multidisciplinary pain management strategies can be applied.
Another  cause  of  pain  is  previous  surgery  for  incontinence  with  transoburator  tapes.
Chronic  perineal  pain  at  12  months  after  surgery  was  reported  by  21  trials  and  meta-
analysis  of  these  data  showed  strong  evidence  of  a  higher  rate  in  women  undergoing
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transobturator insertion (7%) compared to retropubic insertion (3%)(Barber, Kleeman et al.
2008; Lorenzo-Gómez, B et al. 2013).

Vulvovaginal pain can developed after bacterial vaginal infections or bacterial vaginosis.
Infections change the vaginal ecosystem. Oestrogen deficiency in peri- and post-menopausal
women can also lead to vulvar tissue atrophy and a subsequent irritation. Contact with
irritanting agents such as soaps, detergents and topical preparations as well as vulvar trauma
associated with accidents or surgery can lead to vulvar irritation and the development of
vulvovaginal pain (White, Jantos et al. 1997 Mar).

1.3. Urinary incontinence

Urinary incontinence is an extremely common complaint worldwide. It causes a great deal of
distress and embarrassment, as well as significant costs, to both individuals and societies
(Lucas, Bosch et al. 2012). The standardization committee of the International Continence
Society (ICS) has defined the female urinary incontinence as the involuntary urine loss,
objectively demonstrable, which represents a social or hygienic problem (Abrahams, Blaivas
et al. 1988).

At least one out of four women in Europe suffers from a disorder associate with incontinence
which often has been present for several years before consultation (Thomas, Plymat et al.
1980). In geriatric hospitals, the incidence of urinary incontinence I in women is 43% and as
high as n 91% in psychogeriatric patients.

Patients with ‘complicated incontinence’ are those with co-morbidities, a history of previous
pelvic  surgery,  past  surgery for  incontinence,  radiotherapy and associated genitourinary
prolapse (Lucas, Bosch et al. 2012). Urinary incontinence is more common in women with
UTIs  and is  also  more likely  in  the  first  few days following an acute  infection (Moore,
Jackson et al. 2008).

In women with incontinence, diagnosis of a UTI by positive leucocytes or nitrites using urine
test strips had low sensitivity but high specificity (Semeniuk and Church 1999; Buchsbaum,
Albushies et al. 2004).

Incontinent women with symptoms of lower urinary tract or pelvic floor dysfunction and
pelvic organ prolapse have a higher risk of of incomplete bladder emptying (elevated post
void residual urine volume) compared to asymptomatic patients. Therefore it is suggested that
the presence of post void residual should be ruled out in this patients (Fowler, Panicker et al.
2009).

In the elderly incontinence can be caused or worsened by underlying diseases including
diabetes (Lee, Cigolle et al. 2009). A higher prevalence of incontinence was associated with
higher age and body mass index (Sarma, Kanaya et al. 2009). A recent meta-analysis showed
that systemic oestrogen therapy for post-menopausal women was associated with the devel‐
opment and worsening of urinary incontience (Cody, Richardson et al. 2009). Obesity appears
to confer a four-fold increased risk of UI (Chen, Gatmaitan et al. 2009).
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1.3.1. Physical therapies for the urinary incontinence

The treatment of lower urinary tract’s disorders with pelvic floor exercises with or without
biofeedback represents a risk-free option which can be applied in a great number of women.
The correct function of the female pelvic floor depends on the position and mobility of the
urethra and the urethrovesical junction. Pelvic floor muscle training increases urethral closure
pressure and stabilises the urethra, preventing downward movement during moments of
increased physical activity. There is evidence that increasing pelvic floor strength may help to
inhibit bladder contraction in patients with an overactive bladder. This training may be
augmented with biofeedback (Bidmead 2002).

The evidence published in the guidelines regarding urinary incontinence suggests that UTI
treatment does not correct the UI. It is unclear if improving the incontinence helps decrease
recurrence rate of UTI.

Valid methods to  evaluate  the  morphologic  and electromyographic  abnormalities  of  the
levator  ani  muscle  are  necessary in  order  to  better  select  women or  the  treatment  with
pelvic floor training and biofeedback (Bo, Larsen et al. 1988; Espuña-Pons 2002).

The most recently published systematic review in 2010 found that medication was less effective
than behavioural therapy in a comparative effectiveness trial (81% vs. 69% reduction in UI
episodes) (Goode, Burgio et al. 2010), therefore pelvic floor physiotherapy must always be the
first line of treatment for stress incontinence and overactive bladder. Drugs must be prescribed
if pelvic floor physiotherapy fails (Bidmead 2002).

1.3.1.1. RTUI after surgical correction of UI or pelvic organs prolapses

In 1995 the tension-free transvaginal tape (TVT) was introduced to treat UI (Ulmsten and Petros
1995). In 2001 another technique, the suburethral transobturator tape (TOT), was introduced
(Delorme 2001). The main advantages were that the tape lays at a more anatomic position than
in TVT, the needle does not cross the retropubic space, no abdominal incisions are made, there
is a lower risk of vesical or intestinal injury and no cystoscopy is required (Sola Dalenz, Pardo
Schanz et al. 2006; Delorme and Hermieu 2010).

The simplicity of these techniques and their reproducibility has dramatically increased their
use, by both Urologists and Gynaecologists (Castiñeiras-Fernández 2005).

When surgical treatment is indicated, the TOT procedure is the procedure of choice, absent
contraindications. This recommendation is supported by the establishment of TVT as a
worldwide validated and proven procedure for the surgical correction of urinary stress
incontinence.

2. Our experience with the treatment of bladder pain syndrome

In the following sections we describe the experience with biofeedback and electromyography
obtained at our academic unit.
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2.1. Method and tools used

We conducted a retrospective study of  548 women diagnosed with inflammatory,  infec‐
tious and non-infectious disorders of the lower urinary tract treated between March 2003
and May 2012.

Patients were divided into 2 groups according to whether or not they had UTIs. Each group
received conventional treatment and were further divided into 2 subgroups, one receiving
biofeedback with electromyography and the other not.

Group A consisted of 270 patients with repeated urinary tract infections managed with
prophylactic Sulfamethoxazole/Trimethoprim 40/200mg/day for a period of 6 months versus
sublingual bacterial vaccine Uromune® for a period of 3 months.

Subgroup A1 (n=112) no biofeedback.

Subgroup A2 (n=158) treatment was supplemented with biofeedback and electromyography.

Group B consisted of 278 patients with non-infectious chronic inflammatory diseases of the
inferior urinary tract who were managed with Perphenazine 2mg/ Amitriptyline 25 mg orally
daily and intravesical Hyaluronic acid weekly for 4 weeks.

Subgroup B1 (n= 99) received no biofeedback.

Subgroup B2 (N=179) treatment was supplemented with biofeedback and electromyography.

Age, secondary diagnoses, concomitant treatments, medical and surgical background,
response to treatment, answers to the King’s Health Questionnaire (Kelleher, Cardozo et al.
1997 Dec) and SF-36 QoL Questionnaire Spanish Version (Vilagut, Ferrer et al. 2005 Mar-Apr)
were recorded. The interpretation of results of the questionaires was as follows:for of Kings
Health questionnaire the range varied between 25 points (normal status, healthy) to 97 points
(critical illness perception). For the SF-36 questionnaire the range varied from 149 points
(normal status, healthy) to 36 points (critical illness perception).

For subgroups A2 and B2, the program of biofeedback with electromyography (BFB-EMG)
consisted of 20 sessions of therapy. Two surface electrodes were placed on the perineum over
the pelvic floor musculature and a neutral or ground electrode was placed on the inner aspect
of the thigh.

In the first 3 sessions the electrodes were placed near anal external sphincter. In the subsequent
sessions the electrodes were placed closer and closer to the urethra. We considered the correct
position of the electrodes very important (Figure 1).

The contractions lasted 3-5 seconds followed by a relaxation period of 8-10 seconds Patients
were trained to manage the signal in the screen by using the appropriate perineal muscles. The
goal was to bring the two perineal electrodes closer together. The weekly session lasted 20
minutes.

Sessions took place at the urodynamics office with Medicina y MercadoTM equipment. The
patient lay supine, with light flexion of the hips and protection of the lumbar lordosis in order
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to avoid fatigue (figure 2). In this position the patient could see the screen of the biofeedback
equipment (figures 3 and 4). The electrodes used were paediatric pre-gelled electrodes. After
explaining the anatomy and physiology of the pelvic floor, the patient was instructed to
contract the perineal musculature during 3-5 seconds and relaxing to relax it during 6-8
seconds. Each signal was recorded continuously with a polygraph the power, muscle tone and
the duration were recorded in the perineal electromyography (figures 2-4).

Figure 2. BFB session.

Figure 1. Position of electrodes for BFB-EMG session.
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Figure 3. Screens showing several scenes for BFB-EMG.

Figure 4. Screens showing several scenes for BFB-EMG.

Figure 5 shows fragments of the graphics obtained from the EMG activity registry at a
biofeedback session.

Statistical analysis was as follows: Results from the answers in Kings´Health and SF-36 QoL
questionnaires yielded qualitative and quantitative variables which were analysed by
NCSS-2000TM statistic program. Descriptive and inferential studies included analysis of cross
tabulation, Fisher exact test, Chi-square, Student’s t-test, Pearson correlation test. p<0.05 was
accepted as statistically significant.
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2.2. Results

There were no difference in the age (p=0.2615), medical history of diabetes (p=2365), arterial
hypertension (p=0.1629), smoking, alcohol and caffeine consumption (p=0.8317), obesity
(p=0.6732), occupation (p=0.4319) and marital status (p=0.0729) between the four groups.
Median age were Group A

Table 1 shows the prevalence of urinary incontinence (UI) grade 1, 2 and 3, cystocele>2,
cystocele>2+rectocele, colpocele, cystocele>2+UI, rectocele in the 4 groups:

Pelvic floor condition Subgroup A1

(n= 112)

Subgroup A2

(n= 158)

Subgroup B1

(n= 99)

Subgroup B2

(n= 179)

Incontinence grade 1 4 6 10 6

Incontinence grade 2 11 8 2 3

Incontinence grade 3 8 13 1 2

Cystocele"/>2 11 20 11 10

Rectocele and cystocele 9 15 1 2

Colpocele 7 11 3 15

Cystocele and Incontinence 8 10 3 12

Rectocele 6 5 1 5

SIGNIFICANCE p=0.4507 p=0.7886

Table 1. Pelvic floor conditions in the inferior urinary tract chronic inflammations (Incontinence grade 1:
uncontrollable urine leakage, dripping (< 50 cc); grade 2: uncontrollable leakage of moderate urine quantities (50-120
cc); grade 3: uncontrollable leakage of big urine quantities (> 200 cc).

Figure 5. EMG registry at BFB session.
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The results of the questionaires before and after treatment are shown in the figures below.

Graphic 1. King´s Health Test before and after treatment.

Graphic 2. Histogram showing Group B1 King´s score after treatment.
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Graphic 3. Histogram showing Group B2 King´s score after treatment.

In the King´s Health Questionnaire, Group B2 shows better results compared with Group B1
(p<0.0003). Group A2 shows better results than group A1 (p<0.0042). Group B2 shows the best
results. We found similar findings in the SF-36 questionnaire.

3. Discussion

Pelvic floor dysfunction can lead to urinary incontinence and to other lower urinary tract
symptoms (LUTS). A neuromuscular disorder has been found in women with incontinence or
traumatic delivery, with a good response to the functional treatment of the pelvic floor
(Gunnarsson, Ahlmann et al. 1999).

In our unit, we decided to combine the BFB-EMG program for patients with LUTS who were
refractory to conventional treatments. We have not found any adverse effects caused by the
treatment, but we have recorded surprisingly good results with the quality of life tests test we
systematically performed.

Regarding the patient allocation between antibiotic treatment and immunological modulators
(bacterial vaccines), there was an homogeneous distribution of treated recurrent UTIs between
both groups, but patients treated with bacterial vaccine showed a better response than those
treated with suppressive antibiotic protocol (p<0.001).

Pelvic floor exercises are an essential part of the bladder-sphincter re-education. Pelvic floor’s
functional treatment with or without BFB has been used to treat stress urinary incontinence
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with an efficacy ranging between 17 and 84% (Cammu, van Nylen et al. 1991 Oct; Workman,
Cassisi et al. 1993 Jan; Lorenzo-Gómez, Silva-Abuín et al. 2008).

We wish to emphasize the benefit that the BFB-EMG gives to patients with chronic lower
urinary tracts disorders, whether of an infectious nature or not. Several explanations can be
offered. There is a demonstrated benefit in the collagen type changes that the pelvic floor’s
muscles after BFB-EMG, which increases the contractile capability of the levator ani and
strengthen the type I (slow contraction, high resistance) and type II fibres (quick contraction,
quick fatigue) (Arlandis-Guzmán and Martínez-Agulló 2002). In addition the detrusor activity
is inhibited by the voluntary perineal contraction (activating the Mahony’s reflex #3 or
perineal-detrusor reflex (Mahony, Laferte et al. 1977 Jan) in a more natural and physiological
manner than with other more aggressive therapeutic methods.

Until now, UTI and chronic cystitis have not been included within the specific pathologies of
the pelvic floor. However, we find that in clinical practise patients have frequent concomitant
UTI.

In this study, we investigated the relationship between UTI and incontinence. Scientists agree
that UTI facilitates the development of incontinence. Recurrent UTI is defined as at least three
episodes of uncomplicated infection documented by culture in a 12-month period in women
with no structural/functional abnormalities(Naber 1999). This assertion is maybe challenged
since many women diagnosed with recurrent UTI have urethral hyper-motility, stress or
urgency incontinence, voiding urgency or subclinical cystocele.

BFB-EMG has shown to be of benefit for women with painful bladder using the same protocol
(Borrego Jiménez, Lorenzo Gómez et al. 2007), but also in women with vaginism, pelvic floor
myalgia and other similar conditions. (Arlandis-Guzmán and Martínez-Agulló 2002).

There is little information about the importance of the anatomy of the pelvic floor in patients
with incontinence. It has been postulated that the irritative voiding symptoms in patients with
incontinence can be aggravated by a higher tonicity of the pelvic floor muscles (Griebling and
Takle 1999). BFB-EMG program can be an useful adjuvant to the treatment of patients with
incontinence (Borrego Jiménez, Lorenzo Gómez et al. 2007). On the other hand, neuromodu‐
lation is still finding its role in pelvic pain management. There has been growing evidence in
small case series or pilot studies but more detailed research is required (Fariello and Whit‐
more). Published papers show an important role of BFB for impotence, premature ejaculation,
perineal pains and vaginism treatment. For these reasons, a consensus was reached in our
Pelvic Floor Unit in order to use BFB-EMG as an adjuvant treatment in patients with chronic
inflammatory diseases, both infectious and non-infectious, of the lower urinary tract. Results
have been satisfactory.

These findings are in agreement with the experts’ opinion contained in the European Associ‐
ation of Urology’s guidelines, relating to the design of individual therapeutic protocols for
each patient (Grabe, Bjerklund-Johansen et al. 2012).

Biofeedback-EMG is an essential element in the functional treatment of the pelvic floor,
providing information about other hidden muscular functions. It has been shown that giving
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only verbal or written instructions, fewer than half of the patients could correctly and effec‐
tively contract their pelvic floor muscles and in 25% of the case the symptoms worsened.
(Theofrastous, Wyman et al. 2002; Gray and David 2005 Jul-Aug) likely due to the strengthen
of the antagonist muscles (Llorca-Miravet 1990).

The somatic and the vegetative (with the sympathetic and the parasympathetic components)
nervous system are implicated in the micturition cycle. There is an inhibition-excitation balance
at any time in this system, the so called “balancing” principle by Schimdt, which explains the
hypo-contractile detrusor of women with urethral hyper-activity. In the conscious component
of the voiding cycle, the periurethral muscles can influence this balance, re-establishing the
correct voiding cycle, and this is the principle for the conservative techniques in voiding re-
education (González-Chamorro and Lledó 2001).

Biofeedback can be helpful in the treatment of pelvic floor pain in the process of recognising
the muscles’ action. EMG is one of the most used input methods for biofeedback (Romanzi,
Polaneczky et al. 1999). A study in patients with chronic pelvic pain syndrome participating
in a pelvic floor BFB re-education program reported a correlation between the decline in EMG
values and symptoms relief (Cornel, van Haarst et al. 2005).

In a study among patients with levator ani syndrome, biofeedback was found to be the most
effective therapy. Other modalities used were electrostimulation and massage. Adequate relief
was reported by 87% in the biofeedback group, 45% for electrostimulation, and 22% for
massage (Chiarioni, Nardo et al.).

Treating the pelvic floor muscles is recommended as the first line of treatment in patients with
chronic pelvic pain syndrome. In patients with an overactive pelvic floor, BFB is recommended
as adjuvant therapy to muscle exercises (Engeler, Baranowski et al. 2012).None of the present
existing treatments have effect on any BPS subtypes or phenotypes. Bladder training may be
effective in patients with predominant urinary symptoms and little pain.

Multimodal behavioural, physical and psychological techniques should always be considered
alongside pharmacological or invasive treatments. Manual and physical therapy should be
considered as a first approach (Engeler, Baranowski et al. 2012).

Investigations on chronic spams of the pelvic floor muscles in patients with chronic pelvic pain
syndrome revealed that all patients had significant voiding symptoms (urgency, frequency,
incontinence due to final dripping) and ureteral hypersensitivity concomitant to chronic pain
at the perineal area. Up to the 44.3% of patients had previous voiding problems in childhood
(enuresis, constipation and retarded urination habit learning) (Bo, Larsen et al. 1988).

Verbal or written instructions for patients using practise equipment at home can be less
effective because patients cannot exactly remember the training given at the office or they can
have problems following the treatment protocol (Aukee, Immonen et al. 2002).

The main limitations shown by the BFB-EMG are that minimum muscular activity intensity is
needed in order to register and visualize any activity at the BFB screen. It is an active technique
that requires motivation and a minimum intellectual level that is not suitable for patients with
mental problems or retarded. High-quality, reliable and valid equipment is necessary to avoid
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interference present in machines of lesser quality. The instructor is a integral part of the method
and must evaluate and study how to reach the patient and to devise the therapeutic protocol.

From our experience, the following lower urinary tract inflammatory disorders are eligible for
combined treatment including BFB-EMG:

• Infectious:

• Repeated urinary tract infections: more than 3 per year or more than two every 6 months in
women without risk factors.

• Repeated urinary tract infections in women with urinary incontinence.

• Urinary tract infections in patients previously treated of urinary incontinence or pelvic floor
prolapse.

• Non-infectious: bladder pain syndrome or interstitial cystitis, non-infectious chronic cystitis
(follicular, eosinophilic), chronic pain after surgical treatment of urinary incontinence or
pelvic floor prolapse.

4. Conclusions

BFB-EMG is a basic and essential technique for the perineal-sphinteric re-education. EMG-
guided BFB gives faster and more reliable information, it allows the development of awareness
and a faster learning of the perineal work, both contracting and relaxing.

A BFB-EMG therapeutic protocol is very useful as a coadjuvant treatment for chronic inflam‐
matory pathologies of the lower urinary tract, both infectious and non-infectious.
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