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Abstract

This paper investigates the role of Surface Electromyography Biofeedback in neuromuscular re-education. It references the theo-
retical basis of biofeedback action, the physiological mechanism of the peripheral motor neuron, recruitment and modification of 
central stimulation and brain plasticity. This paper includes an analysis of the technical characteristics of surface electromyography 
as well as of the advantages and disadvantages of these applications.
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Abbreviations

SEMG BFB: Surface Electromyography Biofeedback; ATI: Aptitude-
Treatment-Interaction; SMUT: Single Motor Unit; PET: Positron 
Emission Tomography; MRI: Magnetic Resonance Imaging; f-MRI: 
Functional Magnetic Resonance Imaging

Introduction 

The SEMG BFB was made known to scientific community from 
the 1960. Historically, SEMG and Biofeedback are related to the 
discovery of electricity and tools that can detect electric currents 
in living beings. In 1600 Francesco Redi observed that a special-
ized muscle of a fish was responsible for the light emitted by it. The 
revolution started when Galvani, in 1790, associated the muscle 
contraction with electricity. In 1792, Volta agrees with Galvani’s 
findings and concludes that the electric currents observed in the 
muscle was not due to the muscle itself but due to the metals that 
came in contact with it. Many decades of research were needed 
for Galvani to prove its findings as Volta was more famous and in-
fluential. Later, Volta built a tool that produced electric currents 
which stimulated the muscle tissue. Stimulation of muscle tissue 
by electric currents has intrigued many researchers during the 19th 

Century, where it was used for research purposes. In 1800 the gal-
vanometer was invented, a tool that allowed the measurement of 
electrical waves and muscle activity. In 1890, Duchenne conducts 
the first systematic review regarding the relation between the elec-
trical potential difference and muscle activity using electrical mus-
cle stimulation. In 1912, the history of electromyography begins 
with Piper H. conducting a research on the electromyographical 
signals by using the galvanometer. In 1920, Gasser and Newcomer 
using the newly discovered oscilloscope show the signals that the 
muscles receive. As such they win the Nobel Prize of 1944 [1-3].

There have been studies that underpin the scientific basis of 
electromyography, which is now used for neurophysiological stud-
ies on motion control and movement education.

Biological feedback or biofeedback is the recording of physi-
ological events occurring in the human body which are not per-
ceived, and how the human body becomes aware of these events. 
In particular, biofeedback affects the neuromuscular system and 
the autonomic nervous system. It records physiological and non-
physiological functions by means of electronic and electromechani-
cal equipment and informs the patient and the therapist visually 
auditorily [4].
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The theoretical basis of SEMG BFB 

Biofeedback is a form of operant conditioning and is used 
for the reinforcement (or destruction) of responses that are not 
known to the patient. Operant conditioning, one of the two main 
models of associative learning, concerns the modification of active, 
responsive behaviours with the help of a stimulus, following the 
law of effect. In other words, behaviour is reinforced when it causes 
favourable changes in the environment. An example could be when 
there are slight muscular contractions in a stroke patient or periph-
eral nerve neurotisations. The contractions are recorded with an 
electronic device that transmits direct visual or auditory stimuli 
and the patient’s responses to these stimuli. If the patient wants to 
increase the frequency or strength of the responses, the feedback 
signal acts as positive reinforcement [3,5-9].

The most important theoretical models mentioned in the litera-
ture are: 

1. Physiological changes

2. Feed-forward processes

3. Cognitive changes

4. Placebo non-specific effects

5. Bandura’s self-efficacy

6. Patient education model

7. The Rosenthal interpersonal expectancy

8. Aptitude-treatment-interaction (ATI).

Physiological changes 

This model is based on the collection of information by exter-
nal sensors and the awareness of the condition of the affected 
area through visual or auditory stimuli. This awareness initiates 
a closed-loop feedback process that drives the human body to re-
spond to the external stimuli [5,7-9].

Feed-forward processes

This model relates to the process of setting a predetermined se-
quence of actions in anticipation of a particular result. It is based 

on external information that is updated and redefined by further 
information obtained from each site separately and simultaneously 
[10,11].

Cognitive changes

Cognitive changes relate to internal restructuring through sym-
bolism or imagery of the external environment and of the experi-
ences that a person has undergone. Rather than being a technique 
of psychological intervention, cognitive behavioural therapy is a 
set of techniques. 

Cognitive changes are based on three fundamental principles:

•	 Cognitive activity affects behaviour.

•	 Cognitive activity is monitored and modified.

•	 Desired behaviour may be due to cognitive changes. 

The results of research conducted by M. O’ Callaghan and B. 
Couvadelli (1998), using cognitive modification techniques, on 
patients with neurological disorders due to stroke and traumatic 
brain injury were very satisfactory for achieving kinetic and opti-
cokinetic targets. The results of a research conducted by Rosen., et 
al. in 1989 on the negative image showed that patients that had of 
their bodies were statistically significantly different after cognitive 
therapy [12,13].

Placebo non specific effects

In the 18th century, The New Medical Dictionary defined placebo 
as ‘a commonplace method or medicine’ [14]. Shapiro was the first 
to define placebo as any treatment administered for non-specific 
psychological or psychophysiological purposes. It is scientifically 
accepted that approximately 1/3 of a therapy is generally due to 
the placebo effect, and the time required by treatment to take effect 
is measured after 6 weeks [15]. Price., et al. 2007, states that the 
administration of a placebo treatment in a therapeutic context has 
different effects, depending on the context [16]. The action mecha-
nisms of a virtual therapeutic approach could be divided into psy-
chological and neurobiological mechanisms [17-19].

The clinical response to treatment, regardless of the adminis-
tered drug or placebo, involves a common pattern of changes in 
specific cortical areas [19].
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Bandura’s self-efficacy 

Bandura’s self-efficacy is people’s conviction about their ability 
to influence events in their lives. Self-efficacy is determined by four 
central pillars: cognitive processes, motivation, affective processes 
and selection [20].

Patient education model

In recent years, there has been an emphasis on patient educa-
tion and patient involvement in health decisions. It has been found 
that informing and educating patients has beneficial effects on 
their compliance, satisfaction and quality of life as well as on clini-
cal results [21-23].

The Rosenthal interpersonal expectancy

The term interpersonal expectancy relates to a person who 
acts towards another and has specific expectations, regardless of 
whether they are realistic or not. It is how we evaluate an event 
that determines our behaviour, rather than what actually happens. 
The change in the behavioural model also determines the outcome; 
hence the name ‘self-fulfilling prophecy’ [24,25]. The first and most 
famous study on this theory was carried out by Rosenthal R. and 
Jacobson L. in 1968. The theory was later confirmed in a meta-anal-
ysis performed by Rosenthal and Rubin in 1978 with 345 studies. 
The qualitative analysis of the studies found a relatively low corre-
lation between the experiments and the expectation but a statisti-
cally significant correlation between the effect of expectancy and 
the results [25].

Aptitude * Treatment Interaction

It is a cognitive learning theory. It refers to a structured model 
of education in which the trainees’ skills and the development of 
training are based on the interaction between the instructor and 
the trainees. The model describes how to create a learning environ-
ment that suits the individual learner’s competence. The skills and 
training regimen are two variables that interact with the environ-
ment and the instructor [26].

The anatomical and physiological basis of SEMG BFB

In during the 1960s, the biofeedback technique was born. Bas-
majian’s work on single motor unit training provided some of the 
impetus for research on biofeedback. Although this type of training 

entailed the use of fine-wire electrodes rather than surface elec-
trodes, it clearly demonstrated that EMG feedback could be used to 
train the neuromuscular system, based on its most basic element: 
the Single Motor Unit (SMUT) [27].

At the same time, Marinacci showed the correlation of biofeed-
back by means of electrodes that detected muscle function. The 
brain became aware of the muscle function and responded using 
reaction control. He also stated that any likely cerebral concentra-
tion functions could make up for muscle weaknesses in a short 
time [28].

Later in 1983, Wolf S. states that patient information obtained 
from SEMG BFD function:

a) Centrally, explaining how the received peripheral repeti-
tive (visual or auditory or verbal) stimuli activated the 
brain centrally, using sub-functioning pathways or opening 
new ones. It was reported that there was feedback from 
peripheral stimuli due to brain plasticity and its ability to 
make changes [29,30].

b) To override the injury and transmit information regard-
ing muscle change to a higher level than that of the injury 
through somatosensory pathways [29,30].

c) As a bypass: Bypassing the defective route, opening a new 
somatosensory pathway and producing a new motor re-
sponse in the brain stem [29,30].

Brain plasticity 

The human brain is the most complex and unexplored organ. 
The development of imaging techniques, such as positron emission 
tomography (PET), magnetic resonance imaging (MRI) and func-
tional magnetic resonance imaging (f - MRI), was able to detect 
the changes in activity of neural structures with specific cognitive 
and motor processes in the living human brain. The characteristic 
plasticity, that neural networks must alter their functions, chemical 
profiles, and structures is an essential process for the restoration 
of damage to the CNS [31].

The approach involves an internal representation that any per-
ceptual or kinetic energy is associated with a characteristic type of 
neuronal activity in a specific set of interconnected cells, which is 
considered the cornerstone of brain science.
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Researchers have mapped functional regions that correspond to 
motor and sensory stimuli [32]. Not all parts of the body are equal-
ly represented. For example, the somatosensory representation of 
the face or the index finger is much larger than that of the bottom 
or back of the head and is related to the difference in innervation 
density from region to region. Also, those body parts used for tasks 
that require smooth and precise movements, such as the hand or 
face, occupy a proportionally larger area.

It was formerly believed that the cortical map was formed at 
birth and remained undifferentiated in later life. Over the past de-
cades, research has confirmed that the cortical map is modified ac-
cording to the stimuli received. So, a particular area can grow, as 
it happens to stringed-instrument musicians, or shrink in cases of 
inactivity [33-36].

In addition, in the initial training phase of a particular motion, 
large and diffuse areas of the brain engage in a synaptic activity. 
When this motion is mastered, the MRI results are differentiated. 
The cortical map shows smaller demarcated and specific areas 
[37].

Similarly, in cases of upper-limb amputations, the region of the 
amputated hand is now occupied by the face region, adjusting the 
response according to the stimulus [38]. Stimuli coming from the 
periphery show a different location. For example, a stimulus to the 
patient’s chin gives a sense of numbness of the fifth mutilated fin-
ger.

The research conducted by Jiang., et al. (2010) on rats recorded 
the redefinition and reconstruction of the cortical map. Specifically, 
after brachial plexus injury, the primary kinetic map is identified 
before neurotisation. There are functional changes in the mo-
tor map before innervation. The inactive cerebral areas lose their 
representation and are occupied by adjacent areas in the primary 
motor cortex. The ability of the brain to change depending on the 
stimuli justifies and promotes the need for as many external stim-
uli as possible. Furthermore, the rehabilitation programme seems 
to affect brain reconstruction significantly [39,40]. Specifically, the 
implementation of specific activities, rather than a generalised ex-
ercise programme, and the shortest time of the rehabilitation pro-
grammes start have a particularly favourable effect on rehabilita-
tion [40].

The re-education of the neuromuscular system is essentially 
presented as a hypothetical circular trip that starts from the CNS, 
giving a command to initiate the recording of the execution and re-
turn to patient adjustment. This whole part is at risk from potential 
errors that may occur at each neuromuscular junction.

Peripheral activity 

Sherrington was the first to introduce the term ‘motor unit’ in 
1925, it describes the basic unit of motor function that underlies 
all kinetic behaviour. The motor neuron (body and axon) and the 
muscle fibres innervated by the final nerve make up a motor unit. 
The number of nerve fibres innervated by a motor neuron is called 
innervation ratio. It varies from muscle to muscle and is propor-
tional to the size of the motor neuron.

The nervous system can alter the strength of muscle contraction 
in two ways:

1. Motor unit recruitment.

2. Change in the rate of firing.

Motor unit recruitment

According to the principle of size, the larger the cell body, the 
greater the conduction velocity is. As a motor unit acts, the first 
weak impulses activate the lowest threshold and, as the power or 
the demand for power increases, the motor neurons with larger 
cell bodies operate progressively.

Motor units are activated in a specific order, from the weakest 
to the strongest ones. This gradual activation has two important 
functional consequences.

First, senior centers need only to determine the size of the syn-
aptic potential to be transferred to the group of motor neurons as a 
whole and therefore do not require separate commands to trigger 
specific motor units.

Second, the slow motor units are the most widely used and met-
abolically the most economical for the human body. Whether all 
muscle fibres participate or not depends on the requested move-
ment. The more increasing the need for work is, the more muscle 
fibres and motor neurons are active.
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The mechanism of changing the firing rate 

The change in the rate of motor neuron depolarization alters 
muscle strength. The potential action in a nerve or a muscle lasts 
only 1 to 3 ms while a short muscle contraction time lasts from 
10 to 100 ms. Thus, increasing the depolarization frequency allows 
the dynamic energy to accumulate and yield a stronger contraction 
[41].

Muscle re-education with Surface EMG Biofeedback depends on 
this theoretical basis for recruitment and change of firing rate, trig-
gering more muscle fibres and increasing the firing rate of motor 
neurons.

The technical characteristics of surface electromyography bio-

feedback

Every time that action potential is at a muscle fiber, a small part 
of the electric current is transmitted from muscle to skin. If many 
muscle fibers constrict simultaneously, electrical potentials added 
to the skin giving high graves. The EMG signals are the composition 
of the potential movement of the muscle fibers which are organized 
in motor units. This signal is detected by sensors placed on the skin 
or needles in muscle tissue [42].

Using surface electrodes, the direction of the electric charge 
is considered ‘blurry’ and cyclic since signals are received from 
more than one point and the average duration is about 5 ms. The 
potential of motor unit appears in the cathode electrode of the os-
cilloscope as sharp spikes often displayed as a three-phase or two-
phase. The greater the potential energy, the larger the phenome-
non of contraction. A change in muscle tension causes changes in 
the electromyographic recording (curvilinear number, width, rise 
time) [43,44].

The advantages and disadvantages of SEMG BFB

The use of surface Electromyography offers a non-invasive 
(there is no skin penetration), safe and easy recording of muscle 
energy status. Surface electrodes provide the opportunity to study 
the motor unit action potentials changes at contraction and relax-
ation and obtain important information for muscles which could 
not be obtained via naked eye. By adding SEMG recording informa-
tion to the practitioner’s fund of knowledge about the muscle func-
tion and dysfunction and suggest methods to improve treatment 
approaches.

Difficulties that may present include:

•	 Topography: The neuromuscular structure is rich and com-
plex, as it is as the entire human system and its recording 
presents practical difficulties. The topographical position 
of the muscle studied plays an important role, whether the 
specific muscle is superficial or deep, or is between the 
electrode and the muscle tissue adipose tissue exist or oth-
er muscles influencing the signals received by the sensor-
electrode. 

•	 The crosstalk: it is possible to record signals not only from 
the specific muscle examined but also from muscle that are 
anatomically very close. This phenomenon is called cross-
talk. The phenomenon is influenced by anatomical condi-
tions such as the thickness of the subcutaneous tissue and 
the detection system that is used. 

One possible approach to reduce the crosstalk phenomenon is 
to place electrodes at different points on the skin and evaluate the 
findings. Again, the literature indicates that there may be unpre-
dictable errors without assurance of perfect selectivity.  

Another possible approach in eliminating crosstalk is the appli-
cation of electrical stimulation. The signals received with simple 
contraction differ quantitatively from those obtained with electri-
cally stimulated contraction. The application of electrical stimula-
tion was first proposed by De Luca and Merletti [43,44].

Conclusively: a) crosstalk is mainly due to signals generated at 
the extinction of the potentials at the tendon regions, b) the cross-
correlation between signals remote from the active muscle and 
signals detected over the active muscle do not reflect the amount 
of crosstalk. c) crosstalk reduction by spatial or temporal filtering 
of EMG signals should be used with caution considering the non-
propagating nature of crosstalk. d) crosstalk signals contain high 
frequency components. 

Other studies indicated that the surface EMG detection with ap-
propriate electrodes size and appropriate distance between them 
reduces the crosstalk between adjacent muscles. This phenomenon 
must be taken into account where muscles are deep and where adi-
pose tissue is interposed between the muscles and the electrode. 
Research studies which evaluated movement, e.g. walking, weight-
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lifting, the crosstalk phenomenon does not affect the recording and 
it is perceived as further external noise [45,46].

Recent surveys indicate that the effect of crosstalk is negligible 
in EMG with the use of surface electrodes [47].

Selection and placement of electrodes

The selection and placement of the electrodes plays an impor-
tant role for the results recorded. According to Ohm’s law, the in-
tensity of the current flowing through a conductor is proportional 
to the voltage at its ends and inversely proportional to the resis-
tance of the circuit. Therefore, in order to create more favorable 
conditions for the transmission of the electric potential specific 
procedures are required.

Proper skin preparation is required for better signal transmis-
sion from the muscle to be detected.

The information obtained describes the time interval between 
nerve pulses, the firing rate, and the characteristics of muscle syn-
chronization. The morphology of the shape of motor unit action 
gives information regarding the general condition of muscle fibres 
[48].

The placement of electrodes close to the muscle innervation 
gives lower intensity signals with delay time because the signal 
may regress [49]. In addition, placing the electrodes near the ten-
don is not recommended as mentioned. The recommended point is 
considered on the muscle mass (muscle belly) [49,50].

However, in bipolar measurements, the energy of the signal is 
generally underestimated when electrodes are placed on motor 
end-plates, or the muscle-tendon junctions.

Conclusion 

The application of SEMG Biofeedback requires the patient to 
cooperate actively. Specifically, when the grade of muscle strength 
is 1 or 2 according to the MRC (Medical Research Council) Muscle 
Power Grading, then the patient can participate in a biofeedback 
programme. The proposed treatment time is between 10 - 70 min-
utes. After the program session, muscle fatigue and inability to con-
centrate occur. The treatment time ranges from 14 to 131 days for 
at least once or twice per week. During the application of SEMG 
Biofeedback, some time is needed for adaptation (4 to 5 minutes) 

until the patient is able to realize a particular muscle twitch and 
repeat it [51,52].

 The areas related to the application of S.EMG BFB concern 
problem evaluation, pain, and muscle retraining. Specifically, Sella 
G., et al. 2003 reports that the use of SEMG Biofeedback is consid-
ered an important rehabilitation tool for patients with neuromus-
cular problems. With electromyography recording, the problem 
can be clearly defined locally, and the mechanism of the problem’s 
pathophysiology can be understood. The definition of the problem 
and the precise description of the pathophysiological mechanism 
can lead to the selection of the appropriate therapeutic framework 
and programme. The SEMG BFB has two directions, diagnosis and 
differential diagnosis, treatment programme, assisting in the resto-
ration of normal mobility and proprioception by re-recording and 
modifying existing pathological imprints [53].

Research by Pullman., et al. 2000 indicates that, although the 
surface electromyography is not a valid diagnostic tool because 
there are interfering factors (the tissues between the target muscle 
and the electrode, adjacent organs), it is considered a valid tool for 
assessing therapeutic interventional programmes. However, Geiss-
er M., et al. 2005, in a meta-analysis research, claim that surface 
electromyography has the reliability required to compare func-
tional or dysfunctional muscle contraction in case of low back pain 

[54].

In addition, SEMG Biofeedback yielded positive results in a re-
search by Ladd HW., et al. 1981 on the evaluation of peripheral 
nerve reconstruction by measuring neuromuscular activity. Con-
sidering myoelectric signals is useful in indicating the occurrence 
of peripheral sprouting and axonal re-growth, of central reorgan-
isation, as well as in indicating improved metabolic activity in a 
muscle. Myoelectric signals differentiated clearly between mus-
cles where regeneration could be assumed to be in progress and 
muscles where it was not in progress. This differentiation could be 
made prior to the occurrence of any observable muscle contraction 
[55,56].

SEMG biofeedback seems to be a useful tool for therapeutic ap-
proaches and assessment. Being aware of his or her slight muscu-
lar contractions, the patient mobilises himself or herself to make 
further contractions. The basic aims of SEMG biofeedback are to, 
increase maximum voluntary centrally mediated neuromuscular 
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activity, dissociate desired and interfering neuromuscular activity 
and improve patient control over neuromuscular activity.

The use of SEMG has several distinct yet complementary aims 
according to the objectives of the research. Among these aims, 
three clinical reasons related to the use of SEMG have been identi-
fied: enhanced knowledge of the physiopathology of the disease, 
the diagnosis of the disease and the patient’s evaluation and fol-
low-up [51,56,57].
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