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Introduction
In peripheral nerve injuries, sensory and motor 

losses are seen due to structural damage to the 

nerve.1 Damaged axons cannot be completely re-

generated after nerve injuries. Appropriate treat-

ment selection is important to increase the growth 

rate of the nerve and reconnect the nerves in the 

injured area.2 Two methods are generally preferred 

in the treatment of nerve injury. One of them is 

surgical treatment and the other is non-surgical 

treatment.3,4 Motor and sensory shifts that occur 

as a result of nerve injury significantly affect the 

daily life and functionality of patients. It does not 

guarantee recovery of functional losses in patients 

due to surgical applications. Physiotherapy and re-

habilitation is a necessary stage for the functional 

recovery of patients. Among non-pharmacologi-

cal treatments, electrical stimulation (ES) therapy 

plays an important role in the functional recovery 

of patients by not preventing regeneration and at-

rophy.5

The externally applied electric field affects the 

internal electric field of the human body. With this 

effect, ES makes an important contribution to the 

healing process of the tissue by activating the cells 

in the injured tissues.6 Application of ES has been 

shown to restore the contraction property of de-

nervated muscles whose structure has changed.7 

The therapeutic mechanism of ES promotes mus-

cle re-innervation and reduces muscle atrophy by 

increasing the expression of structural protective 

proteins.5

It has been stated in studies that applications 

with long pulse duration in ES play a role in regen-

eration by preventing the degeneration process in 

muscle tissue. The protocol for application of ES 

in denervated muscles begins with a single twitch 

and follows applications of tetanic stimulation.8,9

It has been stated that ES can increase muscle 

mass by about 1% and improve muscle function 

by about 10-15%.10 In addition, there are studies, 

at the molecular level, stating that ES improves the 

anabolic/catabolic balance and stimulates the re-

generative capacity of satellite cells.11,12

In this chapter, the physiological and biochem-

ical contributions of ES in denervated muscle in 

the pre-atrophy phase was handled.

Physiological and Biochemical 
Changes in Denervated Muscle
The denervation period is reported as a process 

that resulted in muscle atrophy but not degenera-

tion. This suggests that the muscles experienced a 

significant loss of size and strength due to the lack 

of nerve supply. Daily ES sessions lasting 30 min-

utes (min) were used to restore muscle mass and 

histological appearance in a study. The stimulation 

frequency used in the study was 20-25 Hertz (Hz), 

which induced fused contractions. Fused contrac-

tions refer to sustained muscle contractions where 

individual muscle twitches merge into a continu-

ous contraction. The study found that the 30 min 

daily stimulation protocol with a frequency of 20-
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25 Hz was effective in restoring muscle mass and 

histological appearance.13

Physiological and Biochemical 
Effects of Electrical Stimulation 
Applications
Innervation of skeletal muscles has significant ef-

fects on the maintenance of physiological tone 

and function.14,15 Traumatic injuries often result in 

losses in motor and sensory functions.16 In proxi-

mal nerve injuries; 1) neurodegeneration of axo-

tomized motor neurons, 2) the time required for 

damaged axons to regrow to reach denervated 

muscle, and 3) problems such as muscle atrophy 

due to prolonged denervation result in limited mo-

tor functional recovery and re-innervation.17-19

Motor unit remodeling, fiber repair and recov-

ery are seen through the denervation and regen-

eration cycle.20,21 During the protracted process 

of denervation, the capacity of motor neurons to 

regenerate axons is compromised.22 Since injured 

neurons need to regenerate their axons at a long 

distance, the innervation process is prolonged in 

the structures of the damaged area.23 With the pro-

longation of this process, a decrease in functional 

abilities in muscle groups that cannot be inner-

vated and consequently atrophy in the muscles is 

observed.

Li et al., stated that early innervation of the sen-

sory nerve prevents atrophy of denervated mus-

cle.24 Polônio et al., reported that the application 

of ES can partially protect nerve structure and fa-

cilitate regeneration in this respect.25 In the stud-

ies carried out, it has been found that ES provides 

excitability in denervated muscles and increases 

the mass development of muscle tissue when the 

stimulation frequency is slightly less than 2 Hz with 

an inter-pulse interval of 500 milliseconds (ms) or 

when it consists of 40 ms pulses delivered at 20 

Hz.8,26

Bueno et al., separated 36 rats with denervat-

ed tibialis muscles into 4 groups: the first control 

group, the last control group, the experimental de-

nervated and therapy group, and the experimental 

denervated group.27 They applied Russian ES to 9 

rats in the experimental group 3 times a week for 

45 days with a frequency of 2500 Hz with a cycle 

time of 10 min and 0.4 ms periods; 3/1 intervals, 9 s 

on and 27 s off period mode with 50% modulation 

percentage and found that ES application prevent-

ed muscle atrophy. As a result, they stated that the 

Russian Current ES does not provide recovery such 

as a healthy muscle, but it can prevent atrophy due 

to muscle denervation and reduce morphological 

and structural changes in denervated muscle. As a 

result of denervation, severe muscle atrophy and 

weakness occur with a decrease in resting mem-

brane potential, deterioration in ion balance, and 

acceleration in protein catabolism.28-30 Cavalcante 

et al., emphasized that the application of ES, when 

applied in an adequate protocol, can delay or pre-

vent muscle atrophy.31

In peripheral nerve lesions, especially in cas-

es of nerve injuries at the proximal point or delay 

in repair, rapid muscle mass loss is observed, and 

non-contractile tissues in the muscles, increase in 

permission and endomysial connective tissue, col-

lagen, fat formation, and weakening in functional 

movements are observed.32-35 In a study, two pairs 

of large electrodes, each with an area of 200 cm2, 

were attached to the anterior surface of the thighs 

in proximal and distal positions. Twitch contrac-

tions were elicited by biphasic rectangular current 

pulses of 120 ms duration and 200 milliampere 

(mA) amplitude, delivering an impulse energy of 

1.92 Joules to activate fibers along the Quadriceps 

Femoris muscles. Training was initiated with a sin-

gle twitch at 2 Hz and delivered for 15 min a day, 5 

days a week. After 4 months, because the excitabil-

ity of the muscle fibers had sufficiently improved 

to allow the use of shorter duration pulses, the 

protocol was reinforced with an additional tetanic 

pattern of 40 ms pulses delivered at 20 Hz, 2 s on, 2 

s off, for 15 min a day, 5 days a week.26

ES reduces the loss of myonuclei per muscle 

mass and protects the satellite cell pool by reg-

ulating its apoptosis.36 Bueno et al., revealed that 

ES reduces morphological changes resulting from 

denervation in histological analysis.27 Application 

of ES in the denervated muscle also plays a role in 

the improvement of the mechanical properties of 



B
ef

or
e 

A
tr

op
h

y 
P

re
se

n
ce

Co-funded by the
Erasmus+ Programme
of the European Union

217

2525
Chapter

the muscle.37 In a study, it was observed that ES ap-

plied by direct stimulation of the denervated tibia-

lis anterior muscle for 1 hour per day with a model 

consisting of rectangular bipolar constant current 

pulses with a frequency of 20 Hz, a duration of 20 

ms per phase, and an amplitude of 4 mA provided 

growth in myofibrils and contributed to structural 

recovery by providing a more coherent structure in 

the fibers.38

Katoh reported that the stress fibers in the mus-

cles thickened in the 2-hour ES application and 

that their thickness increased without an increase 

in the number of stress fibers in the 20-hour peri-

odic application, which confirms the contraction 

of the muscle.39 Staehlke et al., provided new infor-

mation on the increase of intracellular Ca2+ levels 

in cells stimulated with ES, thus contributing to 

bone tissue regeneration and cell activation.40 Ta-

maki et al., determined that when they applied ES 

to the denervated Tibialis Anterior muscle in 42 

male rats, there was a significant increase in mus-

cle mass and bone strength in the electrically stim-

ulated group.41

There are problems with vascularization in de-

nervated muscles and because of serious problems 

in the nutrition of the tissue, atrophy formations in 

the muscle structures and ulcerations on the skin 

can be seen.42 It has been determined that the ap-

plication of ES plays an important role in the acti-

vation and proliferation of fibroblasts, growth fac-

tors, and epithelial cells.43 It has been shown that 

the ES used in the field of physiotherapy and re-

habilitation increases blood flow and metabolism 

in the skin and muscles and therefore has positive 

effects on health.41-44 ES has an effective role in in-

creasing blood flow in skeletal muscle and also in-

creasing capillary density.45

The density of sodium (Na+) channels present 

in the sarcolemma differs between slow and fast 

fiber populations, greatly affecting the firing pat-

tern, which in turn contributes to their phenotypic 

characteristics. Denervation also affects the Na+ 

channel.46 After denervation, significant changes 

occur in membrane depolarization, ion current, 

permeability, and concentrations. One of them is 

an increase in intracellular Na+ concentration and 

a decrease in intracellular potassium (K+) concen-

tration in the first week after denervation.30 ES fa-

cilitates Ca2+ transport and plays an important role 

in K+ channels.47

Although it is different for each muscle after 

denervation, muscle atrophy usually begins on 

the 3rd day.48 This is because oxidative stress and 

inflammatory response after denervation occur 

within 5 to 24 hours.49,50 Inflammation plays a role 

in muscle atrophy.51 Activation of proinflammato-

ry cytokines 1 week after denervation causes mus-

cle atrophy.52 A series of immunological reactions 

come into play in muscle denervation that occurs 

after trauma. In these immunological reactions, 

various cells such as neutrophils, macrophages, 

mast cells, and lymphocytes, which are immune 

cells, take part in increasing the wound healing 

signal by removing pathogens. These immune 

cells also respond in the presence of an electrical 

field.53-56

Fibers that synthesize and release acetylcho-

line, which is also a neurotransmitter of the au-

tonomic nervous system, are called cholinergic. 

Acetylcholine binds to the nicotinic receptor in 

skeletal muscle fibers, allowing Na+ to enter the 

muscle cell and contraction of the depolarized 

muscle cell by opening voltage-sensitive Na+ chan-

nels. There must be a dynamic interaction between 

cell membrane proteins and signaling molecules 

for neurotransmitter release from motor neurons 

to the synaptic region.57,58 Thus, for muscle fibers 

to contract, they must bind to the neurotransmitter 

acetylcholine located in the plasma membrane. It 

is stated that neurons in the development process 

form synapses for biophysically and biochemically 

dynamic interactions. In the literature, it has been 

reported that the electrical activity in the form of 

ion transition contributes to neuron development 

before and after synapse formation.59-61

An Overview of Electrical 
Stimulation Methods
A nerve impulse can be initiated by an electrical 

stimulus. For this, the ES must be in sufficient inten-

sity and variable current. The plasma membrane in 
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the nerve fibers creates resistance in series in the tis-

sues, causing a potential difference during current 

flow. The surface of the membrane close to the cath-

ode becomes negative relative to the surface close to 

the anode. Increases the resting potential difference 

across the nerve’s plasma membrane near the an-

ode. The additional charges on the side closer to the 

cathode are of opposite polarity from those on the 

resting membrane and therefore reduce the poten-

tial difference. If the potential difference falls below 

the level at which the membrane becomes perme-

able to sodium ions, these ions begin to enter the 

axon and initiate a nerve impulse event.62

ES is commonly used for 10-30 min of Galvan-

ic or Faradic Current, depending on the lesion 

type.63,64 Unidirectional and rectangular beats 5 to 

10; 30 to 300 ms pulse duration per day and 4 or 

more seconds between beats used in denervated 

muscles.63,65

Güzelant et al., conducted a study on the effect 

of ES on individuals with Facial Paralysis. They de-

fined one group as a home exercise program and 

the other group as an ES group in addition to reha-

bilitation. They applied the Galvanic Current to the 

motor points of 8 muscles innervated by the Facial 

nerve. Facial nerve innervates the following mus-

cles which usually are denervated in Facial Paral-

ysis: M. Frontalis, M. Corrugator Supercilii, M. Or-

bicularis Oculi, M. Levator Labii Alaeque Nasii, M. 

Nasalis M. Levator Labii Superioris, M. Orbicularis 

Oris, M. Depressor Labii Inferioris. In the ES group 

at a current density that would produce minimal 

contraction (100 ms intermittent Galvanic current 

for motor point treatment, 3 sets of 30 repetitions 

per point) was given for ES therapy. Considering 

the findings, it was seen that the rehabilitation pro-

gram and ES patient group showed a more signifi-

cant improvement in the 6th week when compared 

before and after the treatment, while the home ex-

ercise program group did not show a significant 

difference. The authors concluded that recovery 

was faster in patients treated with the ES. ES in ad-

dition to exercise in the treatment of Facial Paraly-

sis appears to be able to minimize muscle atrophy, 

to maintain muscle strength, and to prevent tro-

phic disorders during the time required for periph-

eral nerve regeneration in denervated muscles. 

Therefore, ES therapy is an acceptable and effec-

tive method in the treatment of facial paralysis.66

In the case report of a child with shoulder dys-

tocia at birth, Jeyanthi applied ES to prevent mus-

cle atrophy and increase limb awareness (muscles 

such as the Deltoid, Supraspinatus, Biceps Brachii, 

supinator, wrist, and finger extensors). The appli-

cation procedure was applied as intermittent rect-

angular Galvanic Current with a pulse duration 

of 100 ms and 30 maximal muscle contractions in 

groups of 10 with 1 min rest. As a result, the author 

reported that the patient’s motor and functional 

activities’ score improved. Therefore, in addition to 

conventional treatment, nerve branch ES can im-

prove the motor and functional activity of the Ob-

stetric Brachial Plexus Injury patient.67

Phansopkar et al., included a 26-year-old male 

who was diagnosed with Radial Nerve Palsy as a 

result of a traffic accident in a case study. During 

the rehabilitation process, the authors applied scar 

tissue mobilization in addition to the ES with Far-

adic Current and stretching exercises under pres-

sure, with a 1 second (s) surged duration and a 3 s 

surge interval, at an intensity sufficient to produce 

visible contractions with passive movement of the 

wrist joint for 10 repetitions. They reported that 

strengthening exercises, muscle retraining, and 

ES provided significant improvements in muscle 

strength and functional independence.68

The excitability of a denervated muscle is influ-

enced by two key parameters: stimulation ampli-

tude and pulse duration. The relationship between 

these parameters is known as the strength-du-

ration curve. This curve describes how the min-

imum stimulation amplitude required to elicit 

a response from the tissue varies with different 

pulse durations. The two important points on the 

strength-duration curve are rheobase and chro-

naxie. The rheobase refers to the minimum stim-

ulation amplitude necessary to evoke a response 

from the tissue when the pulse duration is infinite-

ly long. In other words, it represents the threshold 

at which the tissue starts responding to stimulation 

when the pulse duration is very large. Rheobase is 

typically measured in units of current (mA). The 
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chronaxie is the pulse duration at which the stim-

ulation amplitude required to elicit a response is 

twice the rheobase. It is a measure of the tissue’s 

time constant, indicating the time it takes for the 

tissue to respond to a stimulus. Chronaxie is typi-

cally measured in units of time (ms).69

Kern et al., in 1999 suggested that the response 

time for denervated muscle is significantly longer 

than that for innervated muscle. Specifically, they 

found that it may take about 100-1000 times longer 

for the denervated muscle to respond to stimula-

tion compared with the innervated muscle. This 

indicates a substantial decrease in the excitability 

of denervated muscle tissue.70 Additionally, the 

study by Ashley et al., in 2005 supports this notion 

by indicating that denervated muscles require lon-

ger pulse durations compared to those sufficient to 

elicit a response in innervated muscles. This find-

ing further emphasizes the altered response char-

acteristics of denervated muscle tissue.69

Kern et al., conducted a study on denervated 

muscle stimulation, and they recommended and 

used the following stimulation parameters in their 

studies and found that these parameters are effec-

tive in denervated muscles. Stimulation modula-

tions were 120-150 ms pulse duration, 300-500 ms 

pulse interval, 1-2 Hz frequency, 2:4 s on and 1–2 

s- off (implying alternating periods of stimulation 

and rest), 2 times per day for 15 min in each ses-

sion, a 3-min pause is given after 5 min of stimu-

lation to prevent muscle overstrain. Stimulation 

time can be increased up to 2 times per day for 30 

min each session. They used large anatomically 

shaped electrodes, with a size of 200 cm², made 

of silicone-graphite material. They concluded that 

ES below 25-30 ms would not be effective because 

no sufficient contraction could be produced. In 

addition, the researchers reported that the use of 

anatomically shaped large electrodes helps en-

sure better contact with the skin and increases 

the distribution of ES over a larger area, which will 

be beneficial when targeting denervated muscle 

tissue, as the lack of specific nerve pathways can 

be compensated for and the chances of activating 

a greater number of muscle fibers in the targeted 

area will be increased.70

Galvanic Stimulation
The Galvanic Current is preferred in cases where 

there is a conduction disorder in the muscles due 

to nerve damage. Since the Galvanic Current has 

a long pulse duration, the denervated muscle re-

sponds to the Galvanic Current stimulus.71 The 

interrupted Galvanic Current, which refers to a 

direct current with intermittent interruptions, can 

stimulate both innervated and denervated muscle 

fibers. However, the response of innervated muscle 

fibers to interrupted Galvanic Current is typically 

stronger than that of denervated fibers. The use of 

long and rectangular Direct Current impulses can 

help elicit a response in both innervated and de-

nervated muscle fibers.72 The response of the mus-

cle and nerve to the Galvanic Current stimulation 

in the state of partial and complete degeneration 

is normal. However, while there is no response to 

Galvanic Current in the nerve in the definitive de-

generation reaction, there is a protracted response 

in the muscle.73

The Galvanic Current stimulation increases 

blood flow to the treated area. It helps to minimize 

the formation of atrophy by enabling the muscle to 

contract similarly to the voluntary contraction and 

by providing the necessary oxygen and nutrition-

al needs of the muscle with the effect of vasodila-

tion.70,74

Protocol for Galvanic Stimulation

In a clinical context, initial muscle atrophy result-

ing from denervation can progress to degeneration 

within the second year. This suggests that as time 

passes after denervation, the muscle undergoes 

further deterioration and loss of structure and 

function.13 Studies have shown that denervated 

muscle fibers are trainable to some extent. While 

denervated muscle fibers may experience atrophy 

and reduced function initially, they can still exhibit 

some level of responsiveness and adaptability.75

Recommended Stimulation Parameters:70

Stimulation duration: 200 ms

Pulse duration: 100-500 ms (implying that the 

stimulation is turned on for a variable duration 

within this range)
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Pulse interval: 2000 ms (implying that there is a 

pause of 2 s between stimulation cycles)

Treatment frequency: Applied 3 times per week 

for 15 min each session.

Electrode size: When muscles are denervat-

ed, the loss of nerve supply means that the nor-

mal pathways for the conduction of stimuli are 

disrupted. As a result, the ES used to activate the 

denervated muscle must be applied more broad-

ly to ensure that a sufficient number of muscle fi-

bers are reached and recruited. Using larger elec-

trode sizes helps achieve selective stimulation of 

the denervated muscle tissue. Larger electrodes 

have a greater contact area with the skin, allowing 

for a broader distribution of the electrical current 

and increasing the likelihood of activating a larger 

number of muscle fibers within the targeted area. 

Surface electrodes with sizes ranging from 20 to 

50 cm² are used to achieve selective stimulation of 

paralyzed muscle tissue.70,75

Waveform: Triangular pulses are commonly 

used for ES of denervated muscle. The long rise 

time and pulse duration of triangular pulses are 

suitable for stimulating denervated muscle fibers 

because they have higher chronaxie values. Rect-

angular pulses with a duration of 30 ms or more, 

or triangular pulses with long durations of 100-500 

ms, are typically used for ES of denervated muscle 

in clinical practice. Specifically, triangular pulses 

with pulse durations of 200 ms or 500 ms are com-

monly utilized.

The cathode (negative electrode) is generally 

more effective in stimulating excitable tissue, in-

cluding denervated muscle. Therefore, the cathode 

is typically placed in proximity to the target area to 

achieve the desired stimulation. To prevent over-

stimulation of the muscle, it is essential to plan the 

ratio of pause duration to stimulus duration. By 

providing adequate pauses between stimulation 

pulses, the muscle can recover and avoid excessive 

fatigue or damage. 72,76,77

Faradic Stimulation
Faradic current has a pulse duration of 0.1-1 ms 

and a frequency of 50-100 Hz, which is a fast but 

not instantaneous type of stimulation.78 The Farad-

ic current stimulation, is commonly used for mus-

cle stimulation. However, it primarily stimulates 

muscles that are normally innervated, meaning 

muscles that still receive nerve signals from the 

central nervous system. Denervated muscle fibers, 

which lack nerve supply, do not effectively re-

spond to the Faradic current stimulation. Innervat-

ed muscles are generally more excitable than de-

nervated muscles. Innervated muscle fibers have 

intact nerve supply and functional neuromuscular 

junction, which enable the efficient transmission 

of electrical signals.72

Since the duration of the Faradic current is 0.1-

1.0 ms, the muscle in the definitive denervation 

and complete denervation reaction does not re-

spond to the Faradic current. For stimulation of the 

muscle in the partial denervation state, higher cur-

rent intensity is required compared to the healthy 

muscle and nerve.73

The Faradic current stimulates motor nerves and 

provides contraction in the muscle innervated by 

those nerves.72 After innervation in the denervated 

muscle, contraction is observed in the muscle with 

the use of the Faradic current; as a result of stimu-

lation, it increases tolerance to muscle fatigue and 

prevents atrophy.79 It also plays a role in minimizing 

atrophy by retraining muscle movement.80,81

In addition, the form of current, in which the 

peak current intensity applied to the patient is 

rhythmically increased and decreased and the rate 

of increase and decrease in peak amplitude is slow, 

is called Surged Faradic current. The main appli-

cation area of Surged Faradic current is functional 

paralysis treatment. This type of current is often re-

quired for the treatment of spasm and pain.82

Surged Faradic Stimulation
The surged type of Faradic current 1 to 2 and 2 to 

3 is used in muscle stimulation for muscle activa-

tion and retraining of muscle movement. In Surged 

Faradic current, the peak current density increases 

and decreases rhythmically. The rate of increase 

and decrease in peak amplitude is slow. Ripples 

can be produced at different times, frequencies 

and waveforms. Surge current is generally used in 

paralysis situations.82
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The surges can be adjusted as 2 to 5 s surge 

continuously or by selecting frequencies of 6 to 30 

surge/min. The rest period given for the muscle to 

return to its normal state should be at least 2 to 3 

times longer than the pulse duration. In gradual 

exercise, the ratio of the interval to the rising time 

can be changed.78

Progressive Exponential Currents	
Progressive Exponential currents are very similar 

to unidirectional sinusoidal currents. It is used for 

diagnostic purposes in stimulating the denervat-

ed muscle. When stimulating denervated muscle 

with exponentially progressive currents some is-

sues need to be considered. The impulse dura-

tion should be as short as possible while still long 

enough to effectively stimulate the muscle. This 

implies that the duration of the electrical impulse 

should be tailored to the specific needs of the in-

dividual and the desired outcomes of the stimula-

tion. The gradient refers to the rate at which the in-

tensity of the electrical current increases. It is rec-

ommended to have a steep gradient that ensures a 

progressive increase in current intensity. However, 

the gradient should also be adjusted to be gradual 

enough to avoid discomfort or adverse reactions. 

The length of the pause between stimuli should be 

at least four to five times longer than the stimulus 

duration. This recommendation aims to prevent 

muscular fatigue, allowing the muscle to recover 

between stimulation cycles. The current intensity 

should be set at a level that can produce a moder-

ately strong contraction in the muscle being stim-

ulated. It is important to achieve an appropriate 

level of contraction without causing unnecessary 

discomfort to the patient.72,83

Conclusion
As a result of this chapter, it was concluded that the 

denervated muscle can be prevented from atrophy 

with ES, that even the atrophied muscle can be re-

developed and healed, and that ES that starts in the 

early period after denervation has a positive effect 

on the prognosis.
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Introduction
Electrical stimulation (ES) is a safe and effective 

method for the treatment of denervated muscles 

and can be useful in preventing the atrophy and 

preserving the functional properties, appearance, 

and morphological features of the denervated 

muscles.1,2 Since the early 2000s, it has been shown 

that ES can accelerate peripheral nerve regenera-

tion, prevent muscle atrophy and fibrosis, increase 

strength, and promote functional recovery in de-

nervated muscle after peripheral nerve injury, in 

studies first on animals and then on humans.3-8

Morphological Changes in the 
De-Innervated Muscle
Innervation is important for maintaining the func-

tional and structural integrity of muscles. Muscles 

due to denervation cannot be stimulated by their 

own motor nerves. As a result, first, rapid and se-

vere loss of muscle mass and voluntary function 

and secondarily, increased atrophy and loss of 

sarcomeric organization occurs. Finally, the loss 

of denervated muscle mass is followed by fibrosis 

(muscle fiber degeneration, and fat and fibrous 

connective tissue replacement of muscle). Muscle 

loses its excitability, its ability to contract, stretch, 

and become irritable.9-12 Abnormalities of mus-

cle fiber composition also occur. Slow-oxidative 

muscle fibers begin to transform into fast-twitch 

muscle fiber types. The muscle’s capacity to pro-

duce power, its resistance to fatigue, and isomet-

ric contraction speed are reduced. In addition, the 

denervated muscle becomes more susceptible to 

injury.13-15 It has also been shown in some animal 

experiments that denervation facilitates apopto-

sis in the myofibrils of skeletal muscle and leads 

to morphological disruptions of the transverse tu-

bules, resulting in reduced connectivity between 

adjacent transverse tubules, with destruction in 

the membrane architecture.16-18

Denervated Muscle Stimulation
After a nervous system injury, ES of denervated 

muscle is a typical treatment approach used in 

physiotherapy and rehabilitation program to en-

hance neuromuscular recovery. Therefore, the 

primary purpose of ES of denervated muscle is 

to maintain the function of the corresponding 

nerve of the focused de-innervated muscle fiber 

until re-innervation is complete. Other purposes 

of stimulation are to prevent or delay muscle at-

rophy, to prevent loss of cortical representation 

of original movement patterns, to facilitate func-

tional recovery, and to support the development 

of neuromuscular control during the denervation 

phase. Therefore, not the motor nerves, the muscle 

fiber is activated directly by ES via superficial elec-

trodes.6,19,20 Arakawa et al., stimulated the Soleus 

muscle of 19 rats, whose sciatic nerve was resected, 

using a rectangular impulse with a duration of 0.5 

millisecond (ms) and a frequency of 2 Hertz (Hz) 

via 2 surface electrodes.7 As a result of this study, it 

was reported that ES applied for 1 hour a day for 4 
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weeks increased the expression of some genes that 

suppress denervated muscle apoptosis and dener-

vated muscle fiber atrophy could be prevented.

Modified Direct Current (Interrupted 
Galvanic Current)
The denervated muscle responds to modified di-

rect current (interrupted galvanic current). The 

direct current is a current that has a unidirec-

tional flow of electrons toward the positive pole 

(Figure 26.1). It can also be called Galvanic current 

or uninterrupted direct current.21 To stimulate the 

denervated muscle fiber, the direct current must 

be interrupted. Interruption is the most common 

modification of direct current. In interrupted di-

rect/Galvanic current, current starts and stops 

flowing at regular intervals.22

The interrupted galvanic current is produced 

in all modern clinical type electrotherapy devices. 

The modulation of the frequency, pulse duration 

and waveform of this current can be done in differ-

ent ranges on electrotherapy devices.

Therapeutic Effects
The therapeutic effects of interrupted Galvanic 

current used in denervated muscle stimulation 

can be listed as follows:9,23

•	 Creating contraction in the denervated muscle.

•	 Delaying disuse atrophy and/or reducing atro-

phy.

•	 Maintaining muscle force.

•	 Preserving the morphological and biochemical 

properties of muscles.

•	 Facilitating the early repair of damaged nerves.

•	 Supporting vascular drainage and metabolic 

activity through muscle contractions.

Figure 26.1  Direct current.

Stimulation Parameters
The effectiveness of ES on a muscle that has been 

chronically denervated depends on the stimulus 

parameters, which have a significant impact on the 

development of atrophy.24 In other words, the con-

traction response of the denervated muscle fibers 

to the stimulation depends on the intensity of the 

current, frequency of the current, duration of the 

pulse, type of the impulse (it means the waveform 

of the pulse), and pole of the selected active elec-

trode. At the same time, the selective stimulation 

of muscle fibers is required to promote functional 

recovery. Therefore, it is important to know the elec-

trostimulation parameters suitable for denervated 

muscle fibers in the treatment area. The key limit-

ing factor for the choice of stimulation parameters 

is the non-selective stimulation of pain fibers and 

nearby muscles/tissue between the stimulation site 

and the targeted muscles, which must be taken into 

account when designing an appropriate muscle 

stimulation. Moreover, the amplitude required to 

activate denervated muscle fibers functionally is 10-

100 times more than the amplitude required to ac-

tivate healthy nerve fibers. At the same time, to ob-

tain desired excitability and contraction, the pulse 

duration must be 100-1000 times longer than that in 

an innervated muscle. Consequently, it is far more 

challenging to excite a denervated muscle safely.25-29

The interrupted Galvanic currents are known as 

monophasic currents with long pulse duration.21 

Stimulation parameters of interrupted Galvanic 

currents:9

•	 The pulse duration is between 1 ms up to 300 or 

600 ms.

•	 The pulses per second is between 1 and 100 Hz.

•	 The amplitude (intensity) may suddenly (such 

as rectangular impulses) increase or decrease, 

or the rise and fall of amplitude may be gradu-

ally (such as triangular, saw-tooth or trapezoi-

dal impulses) (Figure 26.2).

After the type of the impulse is decided, the 

current intensity is increased slowly until a visible 

contraction is obtained.

Rectangular and triangular impulses are most 

commonly preferred in denervated muscle stim-
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Figure 26.3  A. The self-adhesive plate/surface electrodes, B. The carbon-rubber electrodes, C1.The steel disc electrodes covered with 
sponge pad, C2. The stainless-steel disc electrodes, D. The sponge pads for carbon electrodes, E. Velcro for fixed the carbon electrodes.

Figure 26.2  Modified direct current impulses9.

ulation. The advantage of rectangular pulses over 
others is the use of a lower intensity than that re-
quired for motor nerve stimulation during contrac-

tion. Thus, the innervated muscles in the region 
cannot be stimulated and unwanted contractions 
are eliminated.20,22 On the other hand, the advan-
tage of triangular pulses is that patients experience 
less discomfort compared to the rectangular wave-
form.25

In cases where denervation takes a long time, 
the contractile response produced by a rectangu-
lar impulse may be insufficient. In such a case, the 
muscle contraction can be achieved with a slow-
ly rising current. Stimulation with each is recom-
mended to determine which impulse type produc-
es a satisfactory contraction. It often happens when 
a slower increase in current density is required in 
case of longer denervation.23

Preparation of the Equipment Apparatus
The therapist must be familiar with the electrical 
stimulator device. Before starting the treatment, 
the therapist should ensure that the stimulator is 
working, check the other apparatus (electrode, 
main cable, and cable terminal), and feel the cur-
rent on himself or herself.23

Application Techniques
Different types of electrodes are used in the stimu-
lation. The most commonly used electrode types in 
clinical cases are as follows (Figure 26.3):
•	 The self-adhesive plate/surface electrodes.
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Figure 26.4  A. Application of monopolar technique in hypothenar muscle stimulation, B. Application of bipolar technique in hypothe-
nar muscle stimulation plantar flexor muscle group.

•	 The carbon-rubber electrodes.

•	 The stainless-steel disc electrodes mounted on 

a pen holder.

Disc, square, or rectangular plate electrodes 

are used depending on the size of the treatment 

area, the size of which can vary from 1 square cm 

to 10 square cm. In order to avoid direct skin con-

tact with the steel disc electrode mounted on the 

pen holder or carbon-rubber electrode, the elec-

trodes should be covered with at least 1/2 cm thick 

sponge pad or cotton. The disc electrodes covered 

with sponge should always be soaked in water be-

fore use. If the carbon-rubber electrodes are used, 

after the sponge pads are wetted, electrodes should 

be placed inside.23

In general, contraction occurs more easily 

when the active electrode is the cathode (the elec-

trode is connected to the negative pole). But this is 

not always the case. The electrode that will be the 

active electrode is decided by testing each patient, 

and the pole that produces the best contraction re-

sponse in the muscle is selected as the active elec-

trode.22

Approximately 300 contractions are required for 

each muscle in one treatment session. However, in 

this case, the muscle will get tired. Therefore, for an 

effective treatment, at least 90 contractions should 

be taken during the stimulation for each muscle. 
Ninety contractions can be obtained by dividing 

into 2 or 3 sets. Short breaks are given between sets 

according to the fatigue level of the muscle. The 

intensity of the current is gradually increased until 

a good-visible contraction is achieved. After that, it 

is continued with the same current intensity. If fa-

tigue sets in quickly, the frequency of contractions 

may be decreased, and the duration of treatment 

may be increased.9 The therapy should be per-

formed in an environment with the highest level 

of privacy and good tangential lighting so that you 

can easily view the contraction of the muscles.

Monopolar technique: The passive electrode is 

placed on the origin of the muscle and fixed with 

velcro or bandage. The active electrode is moved 

over the motor point of the muscle during appli-

cation to stimulate the maximum muscle fiber.30 

In general, the plate/pad electrode is chosen as 

passive electrode. The smaller disc electrode is 

preferred as the active electrode. A minimum of 

90 contractions are obtained from each muscle 

(Figure 26.4).22

Bipolar technique: It is used to stimulate more 

than one muscle simultaneously. Stimulation is 

made by placing 2 equal-sized plate or pad elec-

trodes on the origin and insertion of the relevant 

muscle group. The anode (passive electrode) is 
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Figure 26.5  Placement of the disc electrode for transcutaneous 
facial muscle stimulation.

placed more distally, if sufficient contraction 
cannot be achieved, the electrode locations are 
changed. Each stimulation session can be de-
signed as 3 set 10-minute (min) stimulation cycles 
separated by 5-min rest intervals.6

The duration of treatment varies according to 
the technique used and the amount of contraction 
to be obtained for each muscle.

Hazards, Precautions, and Recommendations
Hazards: Skin rashes or etching may occur due to 
over-stimulation or prolonged treatment sessions.

Precautions: Shaving should be performed be-
fore treatment to minimize the skin resistance in 
the treatment area.

Recommendations: The patient is advised to 
use moisturizing lotion/cream after treatment.

3.1.6. Contraindications
In the presence of the open wound, severe skin 

rashes or acne, superficial metal implant, and if the 
patient does not want stimulation are contraindi-
cated.

Applications of Interrupted Galvanic Current in 
Some Common Clinical Conditions
Facial paralysis / Bell’s palsy

The target muscles: Facial muscles (Frontalis, Cor-
rugator Supercilii, Palpebral Part of Orbicularis 
Oculi, Levator Labii Superioris Alaeque Nasi, Leva-
tor Labii Superioris, Levator Anguli Oris, Risorius, 
Orbicularis Oris, Depressor Anguli Oris, Depressor 
Labii Inferioris, And Levator Menti) (Figure 26.5).

Parameters of current: A monophasic rectangu-

lar waveform having 100 ms of pulse duration, 300 

ms of interpulse interval, and a pulse rate of 2.5 Hz 

can be used.31

The application technique: Monopolar tech-

nique, with passive electrode of 5x5 cm square, 

carbon-rubber, and with active electrode of 1x1 cm 

stainless steel disc on pen holder.

Patient position: Supine lying in a bed.

Electrode placement: Anode (positive-passive 

electrode) placed same sided arm, a cathode (neg-

ative-active electrode) placed at motor points of 

individual muscles. Due to the small size of the as-

sociated muscle, a disc active electrode (pen elec-

trode) is being used to stimulate the motor point of 

muscles (Figure 26.5).

Note: If the bipolar technique is desired, a 7 cm2 

cathode electrode may be placed over the proximal 

portion of the ipsilateral arm and a 3 cm2 anode 

electrode may be placed over each muscle.31

Duration of treatment: Each therapy session in-

cludes 3 sets of minimum 30 contractions and can 

be applied 5 days a week. The duration of treatment 

can vary from 2 to 6 months. Treatment should be 

carried out by the same physiotherapist.31,32

Denervation of Zygomaticus Muscle

The target muscle: Zygomaticus muscle

Parameters of current: Biphasic triangular and 

rectangular waveform trains of 20 pulses each, at 

50 ms pulse duration, at 7 pulses per second, and a 

pause of 50 ms.

Patient position: Upright sitting.

Electrode placement: In order to avoid non-spe-

cific activation of other facial muscles, two 60x40 

mm oval surface self-adhesive plate electrodes are 

positioned in correlation with the target muscle as 

close as possible to the mouth corner. The cathode 

is on top and the anode is at the bottom (Figure 
26.6).25

The application technique: Bipolar technique. 

Without using a reference electrode to target the 

electrical field to the zygomaticus region, the mus-

cle is stimulated bipolarly. The amplitude is raised 

incrementally by 0.5 milliampere (mA) until a 

movement of the mouth corner that can be seen is 



E
le

ct
ri

ca
l S

ti
m

ul
at

io
n

 o
f 

D
e-

In
n

er
va

te
d

 M
us

cl
es

230

IVIV
Part

Clinical Key for Electrical Stimulation in Physiotherapy and Rehabilitation

Figure 26.8  The placement of electrodes for intrinsic muscles 
of the hand stimulation.

Figure 26.7   Electrode placement for forearm flexor muscle 
group stimulation.

noticed. This amplitude value, from which a visible 

contraction is obtained, is maintained throughout 

the treatment. At the end of each session, a tempo-

rary slight redness can be seen under the electrode 

sites.

The duration of treatment: For each muscle, 30-

60 contractions.23

Suggestion: In order to benefit from the treat-

ment at the maximum level, the parameters select-

ed in the first session and the electrode placement 

can be changed in any of the other sessions.25

Brachial Plexus Injury

•	 Sample-1

The target muscles: Long flexor muscles of the wrist 

and fingers

Parameters of current: Rectangular impulses 

with pulse durations between 100 and 300 ms or 

specific trapezoidal impulses for prolonged stimu-

lation, at 1 Hz (one pulse per second).

Patient position: Sit upright in a chair with a 

backrest, forearm in front of the trunk, treatment 

area can be supported on a table with a pillow.

Electrode placement: A plate electrode is used 

as the passive electrode (positive pole) and is 

placed on the common origin of the forearm flex-

ors in the proximal part of the forearm at the Me-

dial Epicondyle level. A metal disc electrode cov-

ered with a sponge and fixed on the pen holder is 

used as the active electrode (negative pole) and is 

placed in motor point of muscle (Figure 26.7) and 

moved up-down for the best visible contraction is 

achieved for each stimulated muscle.

The application technique: Monopolar tech-

nique.

The duration of treatment: At least 90 contrac-

tions in one sitting for each muscle.

•	 Sample-2

The target muscles: Intrinsic muscles of the hand

The parameters of current: It is as in the stim-

ulation of the long flexor muscles of the wrist and 

fingers.

Patient position: It is as in the stimulation of the 

forearm flexor muscle group.

Electrode placement: The passive (anode) elec-

trode is placed on the distal 1/3 of the forearm, 

where the Median and Ulnar nerves are superfi-

cial. The active (cathode) electrode is placed on the 

belly of the intrinsic muscle, one after the other, to 

give each muscle the required number of contrac-

tions (Figure 26.8).

Figure 26.6  Example of surface electrode placement for Zygo-
maticus muscle stimulation.
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Duration of treatment: At least 90 contractions 

are obtained from each rehabilitated muscle in 

one session.

The application technique: Monopolar tech-

nique.

Drop Foot

The target muscles: Dorsiflexor and evertor muscle 

groups (Tibialis Anterior, Extensor Hallucis Lon-

gus, Extensor Digitorum Longus and Brevis, Fibu-

laris Longus and Brevis) (Figure 26.9).

The parameters of the current: Rectangular 

impulses, pulse of duration 100 ms, frequency of 

pulse 1 Hz.

Patient position: Supine on a bed.

Electrode placement: The passive electrode 

(+ pole) covers the head of the Fibula at the origin 

of the dorsiflexor and evertor muscles, the area 

where the Common Peroneal nerve is superficial. 

The active electrode (- pole) is placed on the junc-

tion of the proximal 2/3 and distal 1/3 of the leg’s 

anterolateral compartment muscles, in order to 

give all the muscles, the necessary number of con-

tractions.

The application technique: Bipolar technique.

Duration of treatment: A combination of 10 min 

of stimulation and 3-5 min of rest is considered 1 

set, each session includes 2-3 consecutive sets, 

depending on the fatigue state of the muscles. The 

treatment duration ranges from approximately 30-

45 min.

Figure 26.9  Placement of the carbon-rubber electrodes for 
muscles of the anterior-lateral compartment of the leg.

Suggestion: The absence of hair in the treatment 

area will help reduce skin resistance by increasing 

the surface area of the electrodes in contact with 

the skin. If possible, the patient is asked to shave 

the area before coming for treatment.18

Alternating Current (Biphasic Current)
The direct current, also known as a monophasic 

current, generates waveforms in which each pulse 

has just one phase. Alternating current, also known 

as biphasic current, on the other hand, generates 

waveforms with 2 separate phases during each in-

dividual pulse. Biphasic alternating current has bi-

directional current flow, involving a single change 

in polarity or direction with each pulse (Figure 
26.10). A single current can either flow in one di-

rection (direct current) or in the opposite direction 

(alternating current). The direct and/or alternating 

current form can be modified as the pulsed cur-

rent form. With pulsed currents, there is usually an 

interruption in the current flow. This means that 

there are intervals between pulses where there is 

no short-term current flow.9

Therapeutic Effects
Alternating current is an effective current option 

for reducing atrophy after denervation and pre-

venting the development of atrophy in the dener-

vation phase. It has also been shown to be useful in 

maintaining denervated muscle strength.24

Stimulation Parameters
Biphasic alternating currents can be symmetrical 

or asymmetrical. In symmetrical biphasic currents, 

the phases within each pulse have the same pulse 

duration, amplitude, and waveform. The waveform 

produced by the electrotherapy source in alternat-

ing current can be rectangular, sinusoidal, or trian-

gular. Alternating currents can be used in continu-

ous or interrupted modulations during stimulation. 

The interrupted modulation of alternating current 

is generally preferred for denervated muscle stim-

ulation. After denervation, chronaxie increases be-

cause the excitability of the muscle decreases. For 

this reason, impulses with a longer pulse duration 

are needed to adequately stimulate the denervat-
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ed muscle compared with the innervated muscle. 

Therefore, the pulse duration is longer than 1 ms.33 

The current frequency used is usually below 50 Hz 

to avoid tetanic contraction (tetanic contraction 

quickly causes fatigue). Twenty-five pulses per 

second (25 Hz) may be sufficient to simultaneous-

ly stimulate slow and fast muscle fibers. With low 

current intensity in mA, the desired visible con-

traction can be achieved. Each pulse’s amplitude 

corresponds to the current’s intensity. Voltage and 

current intensity are concepts that are interchange-

able with amplitude. The voltage or intensity in-

creases as the amplitude increases. The peak of the 

highest point in a phase should not be confused 

with the overall current. Consequently, the average 

current or the amount of current flowing per unit 

of time is not very high. Increases in pulse frequen-

cy, pulse duration, or a combination of the two can 

all increase the average current.9,24 The initial state 

of the target denervated muscle is very important. 

The longer the denervation process in the muscles, 

the longer the treatment duration of the ES applied 

to obtain the desired contractile response.34 There-

fore, the sooner denervated muscle electrostimula-

tion is started, the faster the treatment progresses.

The Application of Alternating Current in Some 
Denervation Conditions
In previous years, some researchers have studied 

the effect of ES using alternating current on de-

nervation in people whose quadriceps femoris 

muscle is fully denervated for at least 6 months 

to 10 years. In these studies, some researchers 

called the stimulation of denervated muscles 

“Functional Electrical Stimulation (FES)”. Treat-

ment was performed with biphasic rectangular 

impulses with current intensity up to 250 mA, 

pulse duration of 30-150 ms, pulse frequency 

varying between 2 and 22 Hz, 5 days a week. Pulse 

duration was reduced as healing occurred. At the 

same time, the pulse frequency was increased as 

the pulse duration decreased. For example, the 

initial pulse duration above 100 ms can be short-

ened to 30-50 ms after 3 months, while the pulse 

frequency is gradually increased to 15-25 Hz to al-

low the stimulated muscles to gradually produce 

tetanic contractions. A pulse could be a single or 

a series of pulses called a pulse train. The men-

tioned treatment sessions continued for more 

than 1-2 years.14,29,34-36 To conclude, a summary of 

the related studies are as follows; when an alter-

nating current containing the above parameters 

is applied to the long-denervated muscles of peo-

ple with lower motor neuron lesion due to spinal 

cord injury, muscle atrophy can be mitigated and 

hypertrophy can be achieved in denervation.

Mokrusch et al. developed a new concept of ES 

involving short treatment time with minimum cur-

rent intensity that can preserve muscle strength in 

rabbits.24 In this study, stimulation was started on 

Figure 26.10  Biphasic alternating current in sine waveform.
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the 28th day after denervation, and treatment was 

continued once a day, every day for an average of 

16 weeks. The focus was on the denervated right 

hind leg flexor muscle group. The knee was semi 

flexed and the ankle was in a neutral position. Met-

al disc electrodes with a contact area of 8 x 12 mm 

were covered with cotton and wetted before being 

placed on the treatment area. Alternating current 

was used in the bipolar technique for stimulation. 

The current parameters were as follows: biphasic 

(pulse changes direction after 10 ms) rectangular 

impulse with pulse duration of 20 ms, current in-

tensity 20 mA, 20 ms rest time was given after 20 

ms flow. Two sessions were applied 12 hours apart 

each day. Each treatment session lasted 6 min. Ev-

ery 1 min continuous stimulation was followed by 

a 5 min break. Fatigue was low during treatment. 

The results of this study reported that the muscle 

fiber diameter of the chronically denervated mus-

cles was preserved by 72-86% due to ES, whereas 

the muscle fiber diameter of the unexcited animals 

was reduced by 40% compared to normal.

Conclusion
It has been known for many years that ES can in-

duce contraction by stimulating the muscle exter-

nally. In the last 30 years, studies have begun to 

investigate the use of electrotherapy modalities to 

strengthen the target muscle in denervation con-

ditions caused by spinal cord injuries or severe pe-

ripheral neuropathies in humans. In this context, 

ES can be considered an integral part of the de-

nervated muscle rehabilitation. Scientific research 

has shown that ES has a positive effect on the con-

tractile activity of denervated muscles, but there is 

no consensus on this issue due to the low level of 

available evidence. However, evaluating the effi-

cacy of stimulation can be somewhat complex be-

cause there are many factors that can affect func-

tional recovery following nerve injury. Although 

ES was found to promote axonal regeneration and 

functional rehabilitation after de-innervation, the 

specific mechanisms of successful stimulation and 

the stimulation parameters of effective treatment 

are unclear.37 Moreover, ES can have side effects 

even though it is effective for treating the denerva-

tion. According to Hussain et al., prolonged stimu-

lation can cause anomalies in the neuromuscular 

junction and decrease the excitability of the skel-

etal muscles.38 In addition, stimulating innervated 

skeletal muscles may impair the survival of asyn-

chronous nerves. Functional reinnervation may be 

hampered by electrostimulation if the stimulated 

nerves and muscles link asynchronously. In order 

to address the negative effects of ES and determine 

the best stimulation protocol, more studies are re-

quired.

Most previous research has focused on dener-

vation caused by peripheral nerve injuries. How-

ever, in humans, the effects of interrupted Galvan-

ic stimulation for lower motor neuron denervation 

after spinal cord injury have been recently inves-

tigated, and similar results to peripheral nerve 

injuries have been reported. According to these 

results, ES is an effective strategy for increasing 

muscle cross-sectional area, size of muscle fibers, 

and building muscle in lower motor neuron de-

nervation after spinal cord injury. In summary, a 

modified Galvanic current is a novel stimulation 

technique for denervated muscles in humans with 

spinal cord injury.29

Because of denervation, the sarcolemma of 

each target muscle fiber must be depolarized with 

appropriate stimulation parameters in order to 

achieve contraction. As a result, in the literature 

studies, the recommended parameters for dener-

vated muscle stimulation are listed below:

•	 Rectangular impulses are generally the first 

choice as the current type.

•	 The pulse duration should be greater than or 

equal to the chronaxie of denervated muscles. 

After denervation, the chronaxie period of the 

targeted muscle is prolonged. Impulses with a 

longer pulse duration are needed to adequate-

ly stimulate the denervated muscle compared 

with the innervated muscle. Therefore, an im-

pulse of at least 100 ms may be required to en-

sure the stimulation of all denervated muscle 

fibers during the first sessions of treatment.29 

Also, in the literature studies it has been report-

ed that the pulse duration of the current used 

usually up to 10-40 ms or even 200 ms.32
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•	 The pulse frequency ranges from 1 to 25 Hz. It is 

not recommended to use currents below 30 Hz 

to avoid muscle fatigue.39

•	 The current density is increased until a visible 

contraction is obtained, and then the applica-

tion is continued at this mA intensity.

•	 Monopolar technique is used for isolated mus-

cle stimulation, bipolar technique is used to 

stimulate several muscles at the same time or 

to stimulate deep muscle groups.

•	 Regardless of the technique used, it is recom-

mended to stimulate the muscles for 30-60 min 

5 days a week.

Consequently, 2 types of current are commonly 

used to stimulate denervated muscles. These cur-

rents are direct current or alternating current. Both 

currents are modulated by interrupting. The pulse 

duration for both currents is over 10 ms, and the 

first choice waveform is often the rectangular type. 

The main differences of these currents are that in 

direct current the electron flow is unidirection-

al (monophasic), while in alternating current it is 

bidirectional (biphasic). In an alternating current, 

electron flow can be visualized in sine wave form, 

and a pulse can be symmetrical or asymmetrical. 

The direct current causes chemical changes under 

the electrodes. Where there is a change in direction 

in an alternating current, no chemical change is 

expected where current passes.29

It should be noted that electrotherapy should 

be combined with exercise to increase its benefi-

cial effects on denervated muscle stimulation.

There is no standard denervated muscle proto-

col for the most common pathologies in the clinic. 

Additionally, commercially accessible devices do 

not currently have the ES properties used by de-

vices in research reporting successful outcomes. 

Therefore, there is a need for studies with a high 

level of evidence (randomized controlled stud-

ies) in the future to investigate which stimulation 

parameter is more effective than the other for de-

nervated muscle and to prescribe a standard treat-

ment protocol in the latest model electrotherapy 

devices.
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Introduction
Peripheral Nerve Injury
The peripheral nervous system consists of cranial, 

spinal, and autonomic nerves. The system con-

nects the central nervous system to the limbs and 

organs. Peripheral nerve injury (PNI) is a type of 

motor, sensory, and autonomic disorder caused by 

damage to the structure of peripheral nerves. The 

incidence of PNI caused by trauma is approximate-

ly 5%, including brachial plexus and root injuries.1

After PNI, varying degrees of damage occur in 

the peripheral nerves.2 The Seddon and Sunder-

land classification systems are widely used to de-

fine PNIs. Seddon classified PNIs as neuropraxia, 

axonotmesis, and neurotmesis. Sunderland made 

a more detailed classification and divided PNIs 

into 5 stages (Table 27.1).2

Grade I injury is the least severe injury. It is de-

fined as focal demyelination (neuropraxia) of the 

nerves with no axon loss.3 Additional axon loss (ax-

onotmesis) in grade II lesions are the only differen-

Table 27.1  Seddon and Sunderland classification systems.2

Seddon Sunderland Injury Spontaneous 
recovery

Nerve conduction study Electromyography

Neuropraxia Grade I Focal segmental 
demyelination 

Yes Partial/complete conduction 
block proximally.
Preserved conduction block 
distally even after 2 weeks

Normal morphology and 
poor MUAP recruitment.
Abnormal activity (If the 
demyelination prolonged) 

Axonotmesis Grade II Damaged axon with 
intact endoneurium 

Yes, slower than 
neuropraxia 

Partial/complete conduction 
block proximally.
Preserved conduction 
block distally until Wallerian 
denervation sets in. 

Abnormal activity 

Axonotmesis Grade III Damaged axon and 
endoneurium with 
intact perineurium

Not very 
likely, surgical 
intervention may be 
needed

Axonotmesis Grade IV Damaged axons, 
endoneurium, and 
perineurium with 
intact epineurium

Highly unlikely, 
surgical 
intervention is 
necessary 

Neurotmesis Grade V Complete nerve 
transection 
(disruption of 
myelin sheath, 
axon, endoneurium, 
perineurium and 
epineurium)

No, surgical 
intervention is 
necessary 

Complete conduction block Abnormal activity



E
le

ct
ri

ca
l S

ti
m

ul
at

io
n

 o
f 

D
e-

In
n

er
va

te
d

 M
us

cl
es

238

IVIV
Part

Clinical Key for Electrical Stimulation in Physiotherapy and Rehabilitation

tiator from grade I lesions, but both will most likely 

achieve full recovery. Injuries of the grade III-V are 
characterized by additional loss of adjacent con-
nective tissue layers from inner to outermost. The 
damage of the endoneurium in grade III injury 
disrupts the scaffold, by which axons elongate for 
regeneration and causes neuroma formation. Vari-
able outcomes were seen in the following grade III 
lesions. Neuroma formation and inhibited regen-
eration occur in grade IV injuries. Recovery is poor 
due to perineurial damage. However, the epineuri-
um remains intact in grade IV injury. Grade V inju-
ry is characterized by complete nerve transection 
and discontinuity.3

Many variables affect recovery after PNI. Surgi-
cal repair is essential for promoting regeneration in 
neuromas (grade III-IV) and complete transection 
(grade V).3

Factors that affect re-innervation are the:4

•	 Injury type,
•	 Distance of the de-innervated muscle,
•	 Age,
•	 Time elapsed after injury,
•	 General health status,
•	 Genetic factors.

Complete or partial loss of motor functions 
(loss of voluntary and reflex contraction of the 
muscle and progressive muscle atrophy), loss 
of sensory functions (muscle spindle atrophies, 
Meissner, Pacinian and Merkel atrophy, some oth-
er receptors are lost), autonomic loss, and cortex 
plasticity are seen after PNI.1,5

De-innervated muscle fibers are biochemical-
ly, mechanically, and electrically different from 
healthy muscle. Morphological and physiological 
changes seen in de-innervated muscles are the:4

•	 Muscle atrophy,
•	 Venous stasis and edema,
•	 Acetylcholine (ACh) hypersensitivity,
•	 Loss of muscle weight,
•	 Loss of sarcoplasm,
•	 Decreased resting potential of fibers and in-

creased transmembrane resistance,
•	 Increased connective tissue and fibrosis,
•	 Fibrillation and fasciculation potential,

•	 Increased chronaxie.

As can be seen, many problems appear after 

PNI. Conservative treatment, surgical procedures, 

or both are applied to reduce the unfavorable ef-

fects of de-innervation, support re-innervation, 

and nerve regeneration. Physiotherapy and re-

habilitation play an essential role in PNI. Physio-

therapy can protect and maintain motor, sensory, 

autonomic, and cortical functions during re-inner-

vation. The treatment program should be individ-

ualized according to the patient’s assessment. The 

main goals of physiotherapy and rehabilitation are 

to:6

•	 Give education to the patient and family,

•	 Protect the de-innervated muscle and prevent 

repetitive injury,

•	 Maintain the relationship between the cortex 

and peripheral organs,

•	 Enhance the sensory inputs,

•	 Control the venous stasis and edema,

•	 Maintain the joint range of motion,

•	 Maintain muscle strength,

•	 Minimize secondary complications,

•	 Limit the pain.

Physiotherapy and rehabilitation approaches 

for PNI are the:3,6

•	 Sensory re-education, skin protection,

•	 Therapeutic massage, joint and nerve mobiliza-

tion,

•	 Orthotic approaches,

•	 Electrical stimulation (ES),

•	 Stretching, strengthening, and range of motion 

exercises,

•	 EMG-Biofeedback,

•	 Activities of daily living training.

Neuropraxia (Sunderland I)
Nerve conduction block occurs due to mechani-

cal trauma, prolonged compression, or traction. 

Sports injuries, bone fractures, ligament and ten-

don injuries, dental work, or surgeries can cause 

neuropraxia. Bell’s Palsy, Gullian-Barre Syndrome, 

and Carpal Tunnel Syndrome are the examples of 

neuropraxia. The lesion is localized in the myelin 

sheath. The axon continuity is preserved. Wallerian 

degeneration does not occur in the nerve. Fibril-
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lation and de-innervation changes are not ob-

served in the muscles. There is conduction above 

and below the lesion. The complete or partial loss 

of motor function and paralysis becomes. Sensory 

loss may also be seen. Schwann cells provide re-

myelination. Recovery takes 3-4 months. But some 

people, especially older adults, may take longer to 

heal.3,5

Patient Evaluation
Before the clinical decision-making for the phys-

iotherapy and rehabilitation program and ES, a 

detailed patient assessment is essential. Physio-

therapists do sensory and electrodiagnostic func-

tionality tests and evaluate muscle strength, range 

of motion, anthropometric properties, posture, 

viscoelastic (tone, elasticity, thixotropy) properties 

of the muscles, pain, and autonomic functions in 

patients with PNI.6

If the duration of re-innervation prolongs and 

the de-innervation continues, detailed evaluation 

techniques such as ultrasound and magnetic reso-

nance imaging are required. Thus, the response of 

the muscle to the physiotherapy and rehabilitation 

program can be predicted.7-9

Electrical Stimulation for 
Neuropraxia
The Aim and Effects of Electrical 
Stimulation in Neuropraxia
The ES was initially conducted and propagated by 

Reid.5 The ES was broadly used on many patients 

with PNI after the World Wars. The ES prevents 

atrophy and keeps the muscle as healthy as pos-

sible until re-innervation. The denervated muscle 

is neither voluntary nor reflexively active because 

it has atrophied and weakened. However, with an 

appropriate ES protocol, contraction of the de-in-

nervated muscle can be achieved and prevent the 

decrement associated with de-innervation.10,11

The aims of the ES in neuropraxia are to:4,5,12,13

•	 Keep the muscle active while waiting for regen-

eration,

•	 Delay atrophy,

•	 Activate the muscle spindles and maintain sen-

sory input,

•	 Improve blood flow.

Many studies have shown that skeletal muscle 

ES is effective for motor function.14,15 Muscle stem 

cells, such as satellite cells, are responsible for the 

growth and repair of skeletal muscle. Myogenic 

precursor cells (MPCs) activate muscle stem cells 

and promote muscle regeneration. De Filippo et al. 

revealed that ES could increase the fusion of adult 

stem cells with the existing myofibers by increasing 

cytoplasmic free calcium (Ca+2) concentration and 

the gene expression of skeletal muscle-specific fac-

tors.16 The regenerative capacity of skeletal muscle 

was affected by MPC proliferation. The researchers 

found that ES tended to reduce the superoxide dis-

mutase activity. Thus, ES promoted muscle regen-

eration by decreasing the oxidative status in the 

satellite cells of healthy older adults.

Increased glucose consumption and reduced 

acetyl carnitine bundles observed after ES indicat-

ed that ES could enhance the changes in glycolytic 

and fatty acid metabolic processes.17 Because ES 

increased the transport of glucose transporter type 

4 (GLUT-4) to the plasma membrane. Muscle con-

tractions activate adenosine monophosphate-ac-

tivated protein kinase (AMPK), which increases 

glucose uptake.18 Thus, ES may trigger the phos-

phorylation of AMPK, increasing GLUT-4 protein 

levels. Studies found that ES released adenosine 

triphosphate (ATP) and increased GLUT-4 trans-

mission.19,20 Although ES increases the consump-

tion of ATP, like exercise, it does not increase oxi-

dative stress in muscle. However, the relationship 

between inflammation and ES is still unclear. Lam-

bernd et al. found that ES decreased some protein 

levels, implying an anti-inflammatory effect.21 

Time may be the major influential factor. Manci-

nelli et al. demonstrated that oxidative stress and 

inflammation began immediately after PNI and 

ended after three days.22 Therefore, the application 

of ES may be optimal 3 days after PNI.

Studies that investigated the effects of muscle 

ES on nerve regeneration are controversial. Some 

authors stated that ES was effective,23,24 others ar-
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gued that it had a detrimental effect on nerve re-

generation.25 Might ES be harmful for remyelin-

ation in neuropraxia? Segmental demyelination 

occurs in neuropraxia. The remyelination is rapid 

in neuropraxia. Most people with neuropraxia 

recover fully. Thus, ES during the period of re-in-

nervation has no negative impact on remyelin-

ation.23

Because the treatment duration is so long, skin 

irritation and contact eczema can be seen with ES. 

If these side effects occur, the physiotherapist gives 

a break to the treatment. Contraindications for ES 

of denervated muscle are the same as for NMES.13

Electrical Stimulation Protocol for 
Neuropraxia
The Faradic Excitability Test shows nerve excit-

ability and neuropraxia. The Faradic current is an 

alternating biphasic current with a short pulse du-

ration. So, it cannot be effective in complete de-in-

nervation. However, in the case of neuropraxia, the 

nerve gives a contraction response to the Faradic 

current because there is no degeneration in the 

nerve. ES with low-frequency alternating current 

has higher conductivity than the Direct current. 

Therefore, alternating currents can stimulate deep 

muscles of the limbs and trunk.26

Alternating currents are comfortable for the pa-

tients and can elicit greater muscle torque. Tanaka 

et al. suggested that ES using alternating current 

has the potential to become an effective therapeu-

tic intervention to prevent deep muscle atrophy.27 

The frequency and pulse duration of the ES should 

be determined according to the fiber type distribu-

tion of the muscle. If it is a slow-twitch muscle, a 

frequency below 40 Hertz (Hz) should be applied. 

If it is a fast-twitch muscle 50-70 Hz should be cho-

sen. In neuropraxia, there is no need for a longer 

pulse duration. The pulse duration of the Farad-

ic current is 0.1-1 millisecond (ms). This value is 

equivalent to chronaxie.4,13

The Faradic current duty cycle is 1:9. It is also 

recommended that the current be on time for 2-5 

seconds. The off period should be adjusted at least 

2-5 times the on time. It is recommended that the 

ramp-up time should be at least 3 times the ramp-

down time to elicit an isolated muscle contraction 

and increase patient comfort.

High Voltage Pulsed Galvanic Stimulation 

(HVPGS) can also be used to elicit contraction. 

HVPGS is a monophasic pulsed electric current 

with a frequency of 1-120 Hz, consisting of dou-

ble peak impulses [5-200 microseconds (μs)] and 

high voltage [up to 500 Volt (V)]. HVPGS, like most 

monophasic pulsed currents, have such short 

pulse durations and long interpulse intervals that 

any charge deposited at the electrode-skin inter-

face dissipates before causing permanent reverse 

polar effects.4,13

It is recommended that the current amplitude 

be as high as is tolerable and capable of stimulating 

a tetanic contraction of the target muscle. The atro-

phied and de-innervated muscles are vulnerable 

to trauma. Excessive ES of the muscles can cause 

trauma. Higher current amplitude elicits strong 

and deep muscle contractions. However, higher 

amplitudes also cause trauma. The long pulse du-

ration and high current amplitude can be painful if 

the sensation is intact. However, the goal is to max-

imize the contraction response while minimizing 

the pain.

Physiotherapists should avoid fatigue when us-

ing ES. In order not to create oxidative stress in the 

muscle, the application should be stopped when 

signs of fatigue are seen.28 The 200 muscle con-

tractions per day are sufficient to prevent muscle 

fiber atrophy. However, to prevent fatigue, 90 con-

tractions of each muscle should be performed as 3 

sets of 30-30-30 or 2 sets of 45-45 contractions. The 

treatment sessions are planned 3-5 times/week for 

approximately 8 weeks. The ES should be started as 

soon as possible after PNI. ES should be terminat-

ed after active movement has begun.29,30

The electrode size depends on the size of the 

muscle to be stimulated and the intensity of the 

contraction to be elicited. Small electrodes may 

be used to localize stimulation to small muscles. 

Larger electrodes are needed to stimulate larger 

muscles and muscle groups. One electrode may 

be placed over the most excitable part of a muscle. 

The second electrode is placed at a convenient lo-

cation near to the muscle being treated. The other 
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option is that both electrodes are placed close to 

the origin and insertion of the muscle.

Prior to the treatment, the skin should be 

cleaned with an alcohol-based wipe to remove 

skin debris, sweat, and dirt. It is necessary to do 

this in order to facilitate good contact between the 

electrode and the skin and thus reduce the electri-

cal resistance of the interface.31

Clinical Evidence of ES in Neuropraxia
Bell’s Palsy
Bell’s Palsy is an acute disorder of the facial nerve 

that produces full or partial loss of movement on 

one side of the face. Bell’s Palsy gets completely 

better without treatment in most, but not all peo-

ple. Physiotherapy is used to improve facial func-

tion and minimize sequelae. While some studies 

support the use of ES in the literature, the other 

studies did not show the effects of ES.32-35

Tuncay et al. investigated the effect of ES and 

conventional physiotherapy and rehabilitation in 

an early phase of Bell’s Palsy.32 In the study, the 

authors divided 60 patients into two groups. 57.1% 

of patients had no axonal degeneration. Group 1 

received conventional physiotherapy and reha-

bilitation program (superficial heat, therapeutic 

massage, and exercise), whereas Group 2 received 

ES in addition to the conventional physiotherapy 

and rehabilitation program for 5 days per week 

for 3 weeks. Outcome measures included the 

House-Brackmann Scale and Facial Disability In-

dex scores, as well as facial nerve latencies and 

amplitudes of compound muscle action potentials 

derived from the Frontalis and Orbicularis Oris 

muscles. The study found that ES improved func-

tional facial movements and electrophysiologic 

outcome measures at the 3-month follow-up in 

Bell’s Palsy patients.

A meta-analysis indicated that medical treat-

ment plus ES had the lowest rate of sequelae but 

was more likely to lead to mild adverse events. The 

most seen adverse events are pain and contact der-

matitis. The meta-analysis also concluded that the 

role of ES in Bell’s Palsy treatment is still controver-

sial due to the unstandardized parameters of fre-

quency, intensity, pulse duration, treatment time, 

and the number of contractions.33

Alakram et al. investigated the effects of ES on 

facial muscles during the early phase of Bell’s Pal-

sy.34 Sixteen patients were allocated to the control 

and experimental groups. Both groups were treat-

ed with heat, massage, exercises, and a home pro-

Table 27.2  Parameter settings for ES in neuropraxia.4,5,13

Current type/waveform Pulsed alternating current-Faradic current
Asymmetric biphasic
High Voltage Pulsed Galvanic Current (HVPGS) 

Pulse/cycle duration 0.1-1ms (Faradic current)
100-600 µs (HVPGS)

Amplitude Optimal tolerated contraction

Pulse rate (frequency) <40 Hz for slow-twitch muscles
50-70 Hz for fast-twitch muscles 

Ramp up/ramp down 1 /3 seconds (s)

On time (duty cycle)/ Off time 1:9 s (%10)
2-5 s/2-25s

Modulation None 

Treatment duration 3 sets of 30-30-30 or 2 sets of 45–45 contractions
<30s

Frequency of sessions 3-5 times/week, approximately 8 weeks

Polarity None 

Electrode placement Bipolar or monopolar technique
Parallel to fibers



E
le

ct
ri

ca
l S

ti
m

ul
at

io
n

 o
f 

D
e-

In
n

er
va

te
d

 M
us

cl
es

242

IVIV
Part

Clinical Key for Electrical Stimulation in Physiotherapy and Rehabilitation

gram. The experimental group also received ES. 

The authors used 10 Hz frequency and 10 µs pulse 

duration HVPGS with optimal contraction level 

for 30 min. The results showed that ES during the 

acute phase of Bell’s Palsy is safe but may not have 

added value over spontaneous recovery and multi-

modal physiotherapy.

A Cochrane review found that ES produced no 

benefit over a placebo after 6 months of Bell’s Pal-

sy. Low-quality comparisons of ES with medical 

treatment or the addition of ES to hot packs, mas-

sage, and facial exercises reported no significant 

differences.35

Gullian-Barre Syndrome
Guillain-Barré Syndrome (GBS) is an acute poly-

radiculoneuropathy with subacute progressive 

muscle weakness, sensory symptoms, and pain. 

ES might be considered in the acute, subacute, and 

even chronic phases of GBS.36

Harbo et al. conducted a pilot study of ES to 

evaluate the feasibility, safety, and effect on muscle 

wasting in the early phase of GBS.37 Seventeen pa-

tients were randomized to receive ES for the right 

or left Quadriceps Femoris muscle. The untreated 

side was the control. The cross-sectional area of 

the muscle measured by ultrasound and isomet-

ric knee extensor strength were the primary and 

secondary outcome measures. In this pilot study, 

none of the primary or secondary efficacy param-

eters reached statistical significance. However, the 

authors concluded that ES was a safe and feasi-

ble supportive therapy in the acute and subacute 

phases of GBS.

In a case report, ES was applied bilaterally to 

improve hand closure and pinch grip in a 78-year-

old male patient with GBS. The HVPGS was used 

for treatment. The ES protocol was 300 µs pulse du-

ration with an amplitude between 20-30 mA and a 

frequency of 35 Hz, 3 s ramp up, 6 s plateau, and 3 

s ramp down followed by a pause of 12 s. The stim-

ulation sessions were carried out simultaneously 

for both hands for 16 weeks. After 16 weeks of dai-

ly stimulation, hand closure could be voluntarily 

performed. Regained opposition of the thumb to 

the index finger enabled improved individually 

defined fine motor control. The restored function 

remained unchanged in the follow-up at 6 months 

without ES.38

Summary
In this chapter, the purpose and effects of ES, stim-

ulation parameters, and clinical evidence are dis-

cussed in neuropraxia. De-innervation changes 

are not observed in the muscles. However, com-

plete or partial loss of motor function, paralysis, 

and sensory loss can be seen. ES can keep the mus-

cles active, delay atrophy, improve blood flow, and 

activate sensory inputs while waiting for re-my-

elination. Although beneficial effects of ES were re-

ported in some studies, some researchers thought 

that ES is not required for neuropraxia. The role of 

ES in neuropraxia is still controversial due to un-

standardized parameters such as frequency, inten-

sity, pulse duration, treatment time, and number 

of contractions. Considering current knowledge, 

it may be possible to use ES combined with other 

conservative treatment methods for a short period. 

Further studies should be planned on neuropraxia 

to determine the effects and optimal stimulation 

parameters of ES.
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Introduction
Axonotmesis is a term that describes the range 

of peripheral nerve injuries (PNI) that are more 

severe than neurapraxia and less severe than the 

transection of the nerve, as observed in neurotme-

sis.1 This injury can be caused by blunt injury, frac-

tures, dislocations, contusions, or stretch or crush 

injuries.2

Axonotmesis was classified into 3 stages ac-

cording to Sunderland.3 Axon loss is seen in grade 

II lesions. However, the endoneurium is intact 

and recovery is slower in grade II lesions. Injuries 

of the grade III-IV are characterized by additional 

loss of adjacent connective tissue layers from inner 

to outermost. The damage of the endoneurium in 

grade III injury disrupts the scaffold by which ax-

ons elongate for regeneration and causes neuro-

ma formation. Variable outcomes were seen in the 

grade III lesions. Neuroma formation and inhibit-

ed regeneration occur in grade IV injuries. Recov-

ery is poor due to perineurial damage. However, 

the epineurium remains intact in grade IV injury. 

Surgical repair is required for promoting regenera-

tion in neuromas (grade III-IV).4

In axonotmesis, severe damage to the axons 

and Wallerian Degeneration occurs. Conduction 

block occurs immediately at the nerve injury site, 

followed by an irreversible loss of excitability, first 

at the neuromuscular junction and then at the dis-

tal nerve segment. The conduction distal to the le-

sion disappears after 24-72 hours. During Wallerian 

Degeneration, both injured ends retract with the 

proximal end, generally proceeding with degener-

ation to the closest node of Ranvier. However, the 

distal end degenerates completely. Following the 

degeneration of the proximal stump, the Schwann 

cell converts to a regenerative phenotype and re-

leases growth factors. An axonal growth cone begins 

to develop at the distal end of the proximal stump 

and is distally guided by actin and myosin. The opti-

mal outcome is to contact the endoneurial conduit 

of the degenerated distal nerve segment and grow 

along the original trajectory to re-innervate the end 

organs. The growth of a proximally damaged nerve 

is 2-3 mm/day and 1-2 mm/day for distal segments.5

The prognosis of axonotmesis relies on the un-

derlying condition of the patient and the nature of 

the injury. In the best circumstances, the nerve can 

regenerate by axonal branching or through the ex-

pansion of the proximal segment of the damaged 

nerve. Nerve regeneration becomes more likely 

with limited damage to axons and structural units 

of the neural trunk. Spontaneous regeneration is 

still possible with axonotmesis if the perineurium 

and epineurium provide an intact tubule. Distal 

lesions have a better prognosis. However, nerve re-

generation does not equate to functional recovery. 

The function also depends on achieving the regen-

erated axons with the end organ. Muscle architec-

ture and motor endplates are considered viable for 

up to 1-year post-injury.2,6,7

Prognostic factors for regain of function include 

a patient’s baseline health, the mechanism of in-

jury, the degree of injury, the length of the nerve 
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gap, the type of injury, the nerve(s) involved (the 

spinal accessory nerve is most robust), the location 

of injury along the nerve (distal injuries have a bet-

ter prognosis), concomitant injuries, the timing to 

surgery, the type of surgery, and the patient’s age.8,9

Complete or partial loss of motor functions (loss 

of voluntary and reflex contraction of the muscle 

and progressive muscle atrophy), loss of senso-

ry functions (muscle spindle atrophies, Meissner, 

Pacinian, and Merkel atrophy, some other recep-

tors are lost), autonomic loss, and cortex plasticity 

occur after axonotmesis.10 Positive sharp waves are 

seen after 1-2 weeks, and fibrillation potentials are 

also seen after 2-3 weeks of axonotmesis in electro-

myographic (EMG) evaluation.11

Patient Evaluation
Before the clinical decision-making for the physio-

therapy and rehabilitation program and ES physi-

cal examination is essential. Physiotherapists per-

form electrodiagnostic tests and evaluate muscle 

strength, range of motion, dermatome, anthropo-

metric properties, posture, viscoelastic (tone, elas-

ticity, thixotropy) properties of the muscles, pain, 

and autonomic functions in patients with PNI.12 

The Faradic Excitability Test should be routinely 

performed for follow-up of the recovery process.13

Technology is helpful in screening nerve inju-

ries. Nerve conduction studies help to determine 

the location, severity, and progression of nerve 

injury via motor and sensory conduction studies. 

However, electrodiagnostic studies may have nor-

mal results 2-3 days post-injury and may not reveal 

the full extent of the injury until 2-3 weeks post-in-

jury. Additional diagnostic techniques such as ul-

trasound, magnetic resonance myelography, my-

elography, and magnetic resonance neurography 

are needed for detailed assessment by clinicians.2

Electrical Stimulation (ES) for 
Axonotmesis
The Effects of ES in Axonotmesis
The effects of ES on axonotmesis should be consid-

ered in terms of muscle and nerve recovery.

The Effects of ES on De-Innervated Muscles
De-innervation atrophy is a much more complex 

condition than atrophy due to inactivity. Muscle 

plasticity is affected by many neural factors. The 

de-innervated muscle is neither voluntary nor re-

flexively active because it has atrophied and weak-

ened. However, an appropriate ES protocol can 

achieve contractions of the de-innervated muscle 

and prevent the decrement associated with de-in-

nervation. In axonotmesis, the muscle is stimu-

lated by the sarcolemma, not by the neurolemma. 

This method is called Electrical Muscle Stimula-

tion (EMS).13 The EMS prevents atrophy and keeps 

the muscle as healthy as possible until re-innerva-

tion.14,15

In an animal study, de-innervated muscles were 

stimulated with 600 contractions for 5 days a week 

after nerve injury and repair. The study showed that 

the stimulated muscles had a higher motor unit 

number. It was determined that muscle-derived 

neurotrophic factors [Brain-Derived Neurotrophic 

Factor (BDNF), Glial Cell Line-Derived Neurotrop-

ic Factor (GDNF)] and messenger ribonucleic acid 

(mRNA) levels were high in stimulated muscles. 

The authors concluded that the EMS of de-inner-

vated muscles could delay atrophy and promote 

re-innervation following nerve damage.16

Wiland et al. evaluated the efficacy of EMS 

over 6 months following Tibial nerve transection 

and immediate repair.17 Rats were divided into 6 

groups based on treatment (EMS or no treatment) 

and duration (1, 2, or 3 months). In the EMS group, 

Gastrocnemius muscle was electrically stimulated 

with 600 contractions per day 5 days a week. Daily 

stimulated muscles had significantly greater num-

bers of re-innervated motor units with smaller 

average motor unit sizes. Most of the muscle end-

plates were reinnervated by a single axon arising 

from a nerve trunk with significantly fewer num-

bers of terminal sprouts in the EMS group, the 

numbers being small. Although muscle mass and 

force were unchanged, EMS improved behavior-

al outcomes. They demonstrated that EMS using 

a moderate stimulation paradigm immediately 

following nerve transection and repair enhances 

electrophysiological and behavioral recovery.
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An experimental study from Ashley et al. 

showed that the size and function of de-innervated 

muscles could be restored partially by an intensive 

daily regime of EMS for 6-10 weeks, initiated at the 

earliest possible stage after post-axon damage in-

jury in rabbits.18 Clinical experience has shown that 

whenever stimulation has been discontinued, the 

muscles quickly revert to their former wasted con-

dition. They found no evidence of stimulation-in-

duced damage, even after stimulating for 6-10 

weeks.

A controlled experimental study investigated 

the features of apoptosis during de-innervation 

and re-innervation after experimental nerve injury 

and identified the effect of EMS on skeletal muscle 

morphology and apoptosis-related factors. In the 

study, rat sciatic nerves were de-innervated com-

pletely or partially, and EMS was applied to the 

Gastrocnemius muscle for 2 weeks. The stimulation 

parameters were as follows: 1 Hertz (Hz) frequen-

cy biphasic triangular impulses, 10 milliseconds 

(ms) stimulation duration, 5 milliamperes (mA) 

stimulus intensity, and for 30 minutes (min)/day 

for 14 sessions. In conclusion, apoptosis in com-

pletely de-innervated muscles was greater than 

that in partially de-innervated muscles 4 weeks af-

ter injury. The apoptotic activity decreased during 

re-innervation. EMS can delay muscle atrophy and 

reduce apoptosis after partially de-innervated.19

The Effects of ES on Regeneration of the 
Nerves
Experimental studies have demonstrated ES to be 

a promising adjunctive therapy to enhance axonal 

regeneration and functional recovery following 

decompression, direct neurorrhaphy, and repair 

using grafts. ES acts through retrograde action po-

tentials to increase cyclic adenosine monophos-

phate (cAMP) levels in the soma, which drives the 

increased expression of BDNF. Although the exact 

mechanism is not completely clear, ES promotes 

axonal outgrowth and survival.20 Distance from the 

injury to the original target, slow regeneration of 

axons across the injury site, progressive decline in 

the regenerative capacity of axotomized neurons, 

failure of chronically de-innervated Schwann cells 

to support axonal regeneration, and muscle atro-

phy are considered factors limiting recovery.21

Extensive animal studies have reported the 

ability of brief intraoperative ES to enhance func-

tional regeneration after PNI. The 1 hour, 20 Hz ES 

of the nerve after nerve repair enhances the early 

expression of BDNF and pro-regenerative associ-

ated genes and facilitates that sensory and motor 

axons grow faster across the suture site after tran-

section of the Femoral nerve in rats.22,23 In a recent 

animal study, the effects of ES on Wallerian De-

generation were investigated. It used a rat model 

of Sciatic nerve transection and provided ES at the 

distal stump of the injured nerve. ES was applied 

immediately after Sciatic nerve clipping, and two 

hooked titanium wire electrodes were hooked ten-

sionless on the distal end of the injured nerve. Bi-

phasic current [20 Hz, 100 microseconds (μs)] for 

1 hour was used. The current intensity for each rat 

was adjusted to just above that required to induce 

a visible Gastrocnemius muscle twitch. The results 

showed that ES significantly promoted the degen-

eration and clearance of axons and the dediffer-

entiation of Schwann cells. It upregulated the ex-

pression of BDNF and Nerve Growth Factor (NGF) 

and increased the number of monocytes and 

macrophages. Evaluation of nerves bridged using 

silicone tubing after transection showed that ES 

accelerated early axonal and vascular regeneration 

while delaying Gastrocnemius muscle atrophy.24

In addition to recent studies supporting the 

encouraging effects of ES on nerve regeneration, 

some studies showed that the increased neural ac-

tivity on sprouting remains unclear and controver-

sial. In an experimental study, Tam et al. used 20 Hz 

frequency ES for 8 hours daily on the Tibialis Ante-

rior, medial Gastrocnemius, Plantaris, and Soleus 

muscles.25 The neural activity reduced motor unit 

enlargement. The authors indicated that increased 

neuromuscular activity was not recommended for 

rehabilitation immediately after motoneuron inju-

ry or in the early stages of motoneuron disease.

Pinheiro-Dardis et al. investigated the effects of 

ES on neuromuscular recovery after nerve crush 

injury in rats.26 The authors showed that the ES im-

paired neuromuscular recovery at 14 days post-de-



E
le

ct
ri

ca
l S

ti
m

ul
at

io
n

 o
f 

D
e-

In
n

er
va

te
d

 M
us

cl
es

248

IVIV
Part

Clinical Key for Electrical Stimulation in Physiotherapy and Rehabilitation

nervation. Muscle hypo-excitability was accen-

tuated by ES at 6- and 14-days post-denervation. 

Although ES reduced the accumulation of atro-

gin-1, muscle RING-finger protein-1 (MuRF1), and 

myoblast determination protein (myoD) mRNAs, 

it increased muscle atrophy. The gene expression 

of neural cell adhesive molecules (N-CAM) protein 

was altered by ES. The authors concluded that ES 

could delay the re-innervation process by modu-

lating factors related to neuromuscular junction 

stability and organization and inducing dysfunc-

tion, hypo-excitability, and muscle atrophy. There 

were also claims that ES reduced acetylcholine 

(ACH) sensitivity because ES mimics physiological 

contractions. The number of contractions per day is 

insufficient. Only superficial fibers are stimulated 

by ES. High current intensity is needed to activate 

deep fibers.11 The advantages and disadvantages of 

ES on de-innervated muscles and regeneration of 

the nerve are summarized in Table 28.1.

Table 28.1  Advantages and disadvantages of ES on re-

innervation.11,17,21,24-27

Advantages of Electrical 
Stimulation 

Disadvantages of Electrical 
Stimulation

Reduces venous stasis and 
edema

Causes trauma to de-innervated 
muscles (overstimulation)

Increases muscle-derived 
neurotrophic factors (BDNF, 
GDNF, NGF) 

Decreases production of neural cell 
adhesive molecules (N-CAM) and 
acetylcholine (ACH) sensitivity

Delays atrophy and fibrosis Delays or inhibits collateral 
sprouting and re-innervation

Keeps the muscle 
active while waiting for 
regeneration

Mimics the voluntary contraction 
however not has the same 
physiological mechanism of 
exercise

Maintains the joint range of 
motion

No added benefit for trophic 
condition

Enhances the sensory 
inputs and maintains the 
relationship between the 
cortex and peripheral 
organs

The number of contractions per 
day is insufficient.

Reduces the scar formation Only superficial fibers are 
stimulated by ES. High current 
intensity is needed to stimulate 
deep fibers.

ES Protocol for Axonotmesis
Two ES techniques are used for axonotmesis: EMS 

or intraoperative brief ES on the injury site.18,21 In-

traoperative brief ES is a recent technique that has 

been shown to be effective in studies. Biphasic 

current (20 Hz, 100 μs) for 1 hour with implant-

ed electrodes is used.24 Although the technique 

seems effective for regeneration, it is not practical 

for physiotherapists because ES is used only after 

nerve repair and is an invasive technique.

As mentioned before, if the muscle is de-in-

nervated, it is stimulated via sarcolemma. This is 

called EMS. The EMS is a traditional technique for 

PNI. It can be used for completely and partially 

de-innervated muscles. Because of the physiologi-

cal changes of completely de-innervated muscles, 

only modified Galvanic current can elicit a con-

traction response. The pulse duration should be 

above 100 ms (300-600 ms) and the pulse interval 

should be two times of pulse duration (200-1000 

ms).11,13

If re-innervation begins, the muscles can re-

spond to the Faradic current. The Faradic Excit-

ability Test should be routinely performed for 

re-innervation. The Faradic current is an alter-

nating biphasic current with a short pulse dura-

tion. Therefore, it cannot be effective in complete 

de-innervation. If the muscle does not give a con-

traction response for the Faradic Excitability Test, 

the Galvanic current should be used for EMS. In 

partial de-innervation the Faradic current can 

also be used. Alternating currents are comfortable 

for patients and can elicit greater muscle torque. 

Tanaka et al. suggested that ES using alternating 

current has the potential to become an effective 

therapeutic intervention to prevent deeper mus-

cle atrophy.28 The frequency and pulse duration of 

the EMS should be determined according to the 

fiber type distribution of the muscle. If it is a slow-

twitch muscle, a frequency below 40 Hz should 

be applied. If it is a fast-twitch muscle 50-70 Hz 

should be chosen. The pulse duration of the Far-

adic current is 0.1-1 ms. This value is equivalent 

to chronaxie.11,13
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There are points to be considered in practice. 

Due to the elongated sarcomere length of the 

de-innervated muscle, the length of the muscle 

should be shortened while performing EMS. In 

addition, the patient should monitor muscle con-

tractions so that the stimulation of the somato-

sensory field is strengthened. Applications should 

not be too long due to the low oxidative energy 

mechanism and should be done 3 days a week for 

maximum 8 weeks.29-32 It is recommended that the 

current amplitude be as high as is tolerable and 

capable of stimulating tetanic contraction of the 

target muscle. The atrophied and de-innervated 

muscles are vulnerable to trauma. Excessive EMS 

can cause trauma. Higher current amplitude elic-

its strong and deep muscle contractions. Howev-

er, higher amplitudes also cause trauma. The long 

pulse duration and high current amplitude can 

be painful if the sensation is intact. However, the 

goal is to maximize the contraction response while 

minimizing pain.

Physiotherapists should avoid fatigue when 

using EMS. In order not to create oxidative stress 

in the muscle, the application should be stopped 

when signs of fatigue are seen.33 The 200 muscle 

contractions per day are sufficient to prevent mus-

cle fiber atrophy. However, to prevent fatigue, 90 

contractions of each muscle should be performed 

as 3 sets of 30-30-30 or 2 sets of 45–45 contractions. 

The treatment sessions are planned 3-5 times/

week for approximately 8 weeks. The EMS should 

be started after nerve re-innervation begins and 

should be terminated when active movement be-

gins.34,35

The electrode size and type depend on the size 

of the muscle to be stimulated and the intensity of 

the contraction to be elicited. Small or pen elec-

trodes can be used to localize stimulation to small 

muscles. Larger electrodes are needed to stimulate 

larger muscles and muscle groups. One electrode 

may be placed over the most excitable part of a 

muscle. The second electrode is placed at a conve-

nient location near the muscle being treated. EMS 

should be performed carefully if there is a co-con-

traction. The antagonist should not contract simul-

taneously.11,13

Table 28.2  Parameter settings for EMS in 

axonotmesis.11,13,36

Current type/
waveform 

Modified Galvanic current (monophasic 
rectangular or triangular)
Pulsed alternating current (asymmetric 
biphasic) 

Pulse/cycle duration >100 ms (Modified Galvanic current)
0.1-1 ms (Faradic current)

Amplitude Optimal tolerated contraction

Pulse rate 
(Frequency)

None (Modified Galvanic current)
<40 Hz for slow-twitch muscles 
(Alternating current)
50-70 Hz for fast-twitch muscles 

Ramp up/ramp down None (Modified Galvanic current)
1/3 seconds (s) (Alternating current)

On time (Duty cycle)/ 
Off time

1:2 (Modified Galvanic current)
1:9 s (%10) (Alternating current)
2-5 s/2-25s

Modulation None 

Treatment duration 3 sets of 30-30-30 or 2 sets of 45–45 
contractions
<30s

Frequency of 
sessions 

3-5 times/week, approximately 8 weeks

Polarity Cathode (Modified Galvanic current)
None (Alternating current)

Electrode placement Bipolar or monopolar technique
Parallel to fibers

	

Before the treatment, the skin should be cleaned 

with an alcohol-based wipe to remove skin debris, 

sweat, and dirt. Because the treatment duration is 

so long, skin irritation and contact eczema can be 

seen with ES. If these side effects occur, the phys-

iotherapist gives a break to the treatment. Contra-

indications for EMS of denervated muscle are the 

same as for NMES.36

Clinical Evidence of ES in Axonotmesis
Obstetric Brachial Plexus Palsy (OBPP)

EMS has been used for many years to excite paretic 

muscle groups of the extremity affected by OBPP. 

One reported benefit of EMS is that the infant be-

comes more aware of the extremity affected by the 

OBPP. Because EMS can activate the muscle spin-

dles and maintain sensory input.37 It also keeps the 

muscle active while waiting for regeneration and 

improves blood flow. However, some studies con-
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cluded that the increased neuromuscular activity 

should not be recommended immediately after 

motor neuron injury or in the early stages of mo-

tor neuron diseases. The key is the time frame in 

which to apply activity or stimulation. Certainly, 

EMS should not be applied to muscles that are not 

demonstrating muscle motor function, nor should 

this technique be utilized during the initial/acute 

phase of the OBPP. When muscles demonstrate 

re-innervation, there may be an indication for 

EMS.25,38

Although EMS applications are recommended 

for muscles with innervation in the treatment of 

OBBP, the age at which the application will be per-

formed, the method of application, and the current 

parameters have not been clarified. More studies 

are needed in the pediatric patient group to clarify 

the application method and current parameters.39 

Elnaggar et al. evaluated the effects of ES during 

weight-bearing exercises on shoulder function and 

bone mineral density in children with OBPP aged 

between 3 and 5 years.40 In the randomized con-

trolled trial, 42 children with OBPP were recruited. 

They were randomly assigned either to the control 

group (received an exercise program) or the study 

group (exercise program and EMS during weight 

bearing). One channel was used to stimulate shoul-

der flexion, elbow extension, and wrist and finger 

extension (one electrode was placed on the ante-

rior fiber of the Deltoideus muscle and the other 

electrode was attached to the common extensor 

origin at the lateral epicondyle of the elbow joint. 

An alternating symmetrical biphasic current with 

10 Hz was used. When the tapping sensation was 

tolerated, the frequency was increased to 30 Hz to 

produce the muscle contraction. The intensity was 

increased gradually and very slowly according to 

each child’s tolerance only when the current was 

on. The duty cycle (on/off time) was initially set for 

10 s on and 20 s off, and the cycle was set at 15 s on 

and 15 s off, when the previous setting was com-

fortable and showed no signs of fatigue, EMS was 

applied for a total of 15 min. It was found that EMS 

during weight-bearing exercises is an effective and 

simple method to improve shoulder function and 

bone mineral density in children with OBPP.

Cauda Equina Injury
Mödlin et al. evaluated the effects of EMS on de-in-

nervated muscles in spinal cord-injured humans.41 

In the clinical study, 27 individuals with cauda 

equina lesions were included. After initial exam-

inations, patients started their EMS treatment for 

Quadriceps Femoris muscle, Gluteal muscle, and 

Gastrocnemius muscles bilaterally. The EMS was 

applied by a specially developed stimulator with 

large electrodes (~200 cm2) in sponge bags which 

were placed over the muscles. After 4-6 months, 

when the skin had adapted to EMS, the electrodes 

on the thighs were applied directly to the skin with 

gel. Patients were controlled every 4-8 weeks, and 

the stimulation protocol was adapted. Biphasic 

rectangular impulses with 2 Hz, 120-150 ms pulse 

duration, 5 s on, and 2 s off were used. The training 

was performed once a day for 15 min in the begin-

ning and then extended to 20-30 min. After some 

months of regular stimulation, it was possible to 

reduce the pulse duration to 70 ms (5 Hz) and 40 

ms. With a 40 ms impulse duration and a pulse du-

ration of 10 ms (20 Hz) and bursts of 2 s (2 s pause), 

tetanic contractions could be elicited. A marked 

increase in muscle mass and quality was observed. 

The trophic situation of the de-innervated lower 

limbs improved obviously.

Kern et al. investigated the effects of EMS in 

a patient with long-standing Quadriceps Femo-

ris muscle denervation.42 Stimulation started 18 

months after injury. The authors stimulated the 

Quadriceps Femoris muscle with biphasic rect-

angular current (Pulse duration of 40-120 ms, fre-

quency of 20 Hz, and 2 s on, 2 s off). The treatment 

was done for 15 min per day, 5 days per week. Bi-

opsies revealed evidence of both growth and re-

generation of myofibers. The results suggest that 

EMS may offer a route to the future development 

of mobility aids in patients with lower motor neu-

ron lesions.

Nerve Compression
Carpal tunnel syndrome (CTS) is the most preva-

lent compression lesion and initially presents as 

recurrent nocturnal paresthesia and dysesthesia. 

The progression of CTS may cause loss of sen-
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sation, and ultimately, thenar motor function in 

moderate to severe cases. For a CTS patient with 

mild symptoms and no axonal loss, nonsurgical 

treatment options are standard. In later stages, CTS 

symptoms of axonal loss are present, thus necessi-

tating the surgical release of the transverse carpal 

ligament. Carpal tunnel release surgery is known to 

be highly effective, but lack of symptom improve-

ment and prolonged recovery may occur due to ex-

tensive axonal loss before treatment. Therapeutic 

strategies to accelerate or increase Median nerve 

regeneration in chronic CTS would undoubtedly 

have profound implications.4

Some studies used ES during surgical repair 

for one time with an external stimulator. The re-

sults showed that ES applied to injured periph-

eral nerves during surgical repair can enhance 

nerve recovery-both sensory and motor func-

tions. However, it is not practical to use the tech-

nique.43,44 In 2010, Gordon et al. investigated ES 

as a surgical adjunct in a randomized controlled 

trial of patients who underwent carpal tunnel 

release surgery.43 Patients with chronic Median 

nerve compression neuropathy, evidenced by 

clinical signs of thenar muscle atrophy and at 

least 50% axonal loss on motor unit number es-

timation (MUNE), were enrolled. Median nerve 

ES was delivered with wire electrodes within 15 

min of carpal tunnel release (Median nerve de-

compression) for 1 hour at maximal patient tol-

erance (20 Hz, 4–6 Volts). Compared to the 10 

control subjects without significant increases in 

MUNE until 12 months post-surgery, the 11 sub-

jects who received median nerve ES had signifi-

cantly increased MUNE by 6–8 months post-sur-

gery and achieved normal MUNE by 12 months 

post-surgery. The use of Median nerve ES enabled 

all motor neurons to regenerate and achieve the-

nar muscle re-innervation more rapidly follow-

ing Median nerve decompression. ES reduced 

terminal motor latency by 3 months, whereas no 

significant reduction was seen in control subjects 

following surgery. Sensory nerve action potential 

(SNAP) amplitude of Median nerves increased by 

6–8 months with ES but required 12 months for 

the control nerves, and SNAP conduction veloc-

ity increased by 3 months in ES patients versus 

6–8 months in the control nerves. Despite study 

limitations such as a small sample size, lack of 

blinding, and no sham negative control, this pi-

oneering study provided proof of principle that a 

single session of ES for 1 hour at 20 Hz was clini-

cally translatable and accelerated target re-inner-

vation in chronic compression neuropathy.

In 2015, ES was investigated in a double-blind-

ed, randomized controlled trial of 31 patients with 

transected digital nerves who underwent epineu-

ral repair and immediate ES in the recovery room. 

Compared to sham stimulation, patients who 

received digital nerve ES for 1 hour (20 Hz, up to 

30 Volt) had significantly more rapid recovery of 

multimodal sensory function. After 6 months, cold 

and warmth detection thresholds, static 2-point 

discrimination, and Semmes Weinstein mono-

filament testing all reached normal thresholds in 

ES patients, whereas patients with sham-stimu-

lated digital nerves still had abnormal values. No 

statistically significant differences in functional 

measures were detected, with both groups of pa-

tients demonstrating comparable improvement 

in the functionality. This study demonstrated that 

ES accelerates sensory recovery after neurotmet-

ic (nerve transection) injury. The authors em-

phasized the translatability of ES into the clinical 

realm of peripheral nerve surgery and highlighted 

the cost savings benefits of a single session of ES 

versus long-term pharmacologic treatments and 

prolonged rehabilitation. Limitations of this study 

included the lack of objective evaluation mea-

sures such as nerve conduction studies, several 

follow-up times (60 days) within each follow-up 

period, and an early study endpoint inadequate to 

ascertain final between-group differences, as func-

tional recovery may require more than 6 months 

in the sham ES control patients.45 These prospec-

tive, randomized clinical trials represent Lev-

el I evidence for the benefit of a single session of 

low-frequency perioperative ES for PNI in humans 

requiring surgical treatment and demonstrate the 

logistical feasibility of administering ES periopera-

tively or immediately postoperatively in the recov-

ery room.43,44



E
le

ct
ri

ca
l S

ti
m

ul
at

io
n

 o
f 

D
e-

In
n

er
va

te
d

 M
us

cl
es

252

IVIV
Part

Clinical Key for Electrical Stimulation in Physiotherapy and Rehabilitation

Summary
In this chapter, the purpose and effects of ES, stim-
ulation parameters, and clinical evidence in axo-
notmesis are discussed. Two ES techniques are 
used for axonotmesis: EMS or intraoperative brief 
ES on the injury site.18,21 Clinical evidence suggests 
that 1 hour of 20 Hz ES applied intraoperatively 
following repair can improve patient recovery.24 
Although the technique seems effective for regen-
eration, it is not practical for physiotherapists be-
cause the ES is used only after nerve repair and is 
an invasive technique. The other technique is EMS. 
There are experimental and clinical studies on EMS 
in the literature. Although past studies have shown 
the harmful effects of EMS, recent studies have 
supported the EMS. The EMS should be started af-
ter nerve re-innervation begins and should be ter-
minated when active movement begins.34,35 First of 
all, alternating currents should be preferred. If no 
contraction response is obtained from the muscle, 
a modified Galvanic current should be preferred. 
The patient’s tolerance and the amount of treat-
ment should also be considered. Further studies 
should be planned on axonotmesis to determine 
the optimal stimulation parameters of ES. Shorter 
application times, more convenient devices, and 
other indications could be evaluated. Thus, con-
tinued research efforts are ongoing to provide ev-
idence to identify optimal ES delivery paradigms. 
Additionally, novel biocompatible and bioresorb-
able devices with ES capabilities may be available 
in the near future and provide new perspectives on 
the long-term application of ES.20
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Introduction
Neurotmesis is a complete transection of a periph-

eral nerve. Etiologies of traumatic peripheral nerve 

injury (PNI) include high-velocity trauma, lacer-

ations, bone fractures, penetrating injury, crush, 

traction, ischemia, and less common mechanisms 

such as thermal, electric shock, and radiation.1 

Sunderland’s fifth-degree injury corresponds to 

the definition of neurotmesis in Seddon’s classifi-

cation and represents the highest degree of nerve 

injury with a complete nerve defect.2 In neurotme-

sis, the entire nerve, including the endoneurium, 

perineurium, and epineurium, is completely sev-

ered.3

After neurotmesis occurs, many cell signals 

and neurotrophic factors are involved, as seen in 

Wallerian Degeneration. Within 30 minutes (min) 

after injury, intracellular processes that promote 

repair and regeneration have already been acti-

vated. Schwann cells play an indispensable role in 

promoting regeneration by producing neurotroph-

ic factors and increasing their synthesis of surface 

cell adhesion molecules.4 Schwann cells adaptive-

ly respond to axonal interruption, switching from a 

highly myelinated state to a de-differentiated state. 

De-differentiated Schwann cells engulf debris and 

form a regeneration path for axon growth. Schwann 

cells also secrete a group of neurotrophic factors, 

including nerve growth factor, brain-derived neu-

rotrophic factor (BDNF), and glial cell line-derived 

neurotrophic factor (GDNF), to encourage neuron 

survival and axon elongation.5-7 Although the phys-

iological recovery starts, surgical repair is required 

after neurotmesis. If surgery is not performed on 

time, degeneration of motor neurons and loss of 

axon regeneration can occur, leading to loss of 

function.8 Complete loss of motor functions (loss 

of voluntary and reflex contraction of the muscle 

and progressive muscle atrophy), loss of senso-

ry functions (muscle spindle atrophies, Meissner, 

Pacinian, and Merkel atrophy, some other recep-

tors are lost), autonomic loss, and cortex plasticity 

occur after neurotmesis.9

Recovery is more difficult as there is complete 

motor and sensory loss. Muscle de-innervation 

continues for a long time. Additional time is re-

quired for functional recovery after re-innerva-

tion. Axons may be misdirected due to disruption 

of the continuity of the endoneurial tubule. Neu-

romas frequently occur and can be a source of 

pain. The degree of misdirection of re-innervation 

depends on the nerve fiber composition of the af-

fected fascicle. It cannot be said that functional 

recovery will occur definitively after surgical re-

pair. Nerve fibers that regenerate after re-anas-

tomosis cannot regain the original number, even 

if their diameter increases for several years. The 

transmission rate increases slowly, reaching 60% 

of the normal value within 4 years.4 Distal lesions 

have a better prognosis.10

Endoneurial tubules must be in contact with 

regenerating axons within 18 to 24 months after 

injury; otherwise, degeneration will occur. The 
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Schwann cells and endoneurial tubules remain 

viable for 18 to 24 months after injury. If they do 

not receive a regenerating axon within this period, 

the tubules degenerate. Target muscle atrophy be-

comes irreversible after 12 to 18 months of de-in-

nervation, which limits the functional outcome 

of the repair.11 Axon regrowth is 1 mm/day from 

the site of injury or surgical repair. When the re-

generative distance exceeds 20 inches, even when 

the axons successfully reach their target, they are 

non-functional because de-innervated muscle fi-

bers undergo fibrofatty degeneration at 20 to 24 

months.12,13

Patient Evaluation
Physical examination of the involved extremity 

and the muscles innervated point toward a specific 

nerve involved. Before planning a physiotherapy 

and rehabilitation program, patient evaluation is 

essential. The sensory distribution of the nerve is 

tested. There is complete anesthesia of the senso-

ry distribution of the nerve. All involved muscles 

show flaccid paralysis. Eliciting a Tinel sign is use-

ful in following patients with a PNI to determine 

the regeneration of axons across the defect.4

Physiotherapists perform electrodiagnostic 

tests and evaluate muscle strength, range of mo-

tion, dermatome, anthropometric properties, 

posture, viscoelastic (tone, elasticity, thixotropy) 

properties of the muscles, pain, and autonomic 

functions in patients with PNI.14 The Faradic Excit-

ability Test should be routinely performed for fol-

low-up of the recovery process.15

Technology is helpful in screening nerve inju-

ries for clinicians. Differentiation of neurapraxia 

or axonotmesis from neurotmesis is done by ob-

serving nerve continuity and the demonstration of 

proximal and distal nerve stumps.16 It also provides 

information on the presence and location of neu-

romas, the length of any gap, and anatomical con-

tinuity after nerve-grafting procedures. Magnetic 

resonance imaging (MRI), ultrasound, and electro-

myography (EMG) are the most useful screening 

techniques to differentiate between nerve axonot-

mesis and neurotmesis.1,4,17

Electrical Stimulation (ES) for 
Neurotmesis
Aim and Effects of ES in Neurotmesis
The aims of the ES in neurotmesis are to:18,19

•	 Keep the muscle active while waiting for regen-

eration,

•	 Delay atrophy and fibrosis,

•	 Stimulate re-innervation,

•	 Decrease pain.

The effects of ES on neurotmesis should be con-

sidered in terms of de-innervated muscle, nerve 

regeneration, and pain management. Electrical 

Muscle Stimulation (EMS), brief intraoperative 

ES, Magnetic Field Therapy, and Transcutaneous 

Electrical Nerve Stimulation (TENS) can be used 

for neurotmesis.18-21

The Effects of ES on De-Innervated Muscles
De-innervation atrophy is a much more complex 

condition than atrophy due to inactivity. Muscle 

plasticity is affected by many neural factors. The 

de-innervated muscle is neither voluntary nor 

reflexively active because it has atrophied and 

weakened. The treatment goals remain focused 

on providing innervation to the de-innervated 

muscle before irreversible muscle changes associ-

ated with de-innervation. ES provides an external 

source of stimulation to the muscle fibers. Studies 

have shown the benefit of ES on contractile prop-

erties of the muscles.22 However, the efficacy of ES 

in prolonging the period before irreversible mus-

cle atrophy and increasing the capacity for re-in-

nervation remains unanswered. In neurotmesis, 

the muscle is stimulated by the sarcolemma, not 

by the neurolemma. This method is called EMS, 

as mentioned.15

A previous experimental study demonstrated 

that daily EMS increases re-innervation following 

nerve repair. Willand et al. provide a possible ex-

planation of why re-innervation is increased fol-

lowing EMS using a rat model with a transected 

Tibial nerve and immediately repaired post-inju-

ry.23 The rat model had intramuscular electrodes 

implanted in the Gastrocnemius muscle for ES. 
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The de-innervated muscle was stimulated with 600 

contractions per day 5 days a week. GDNF mRNA 

levels of stimulated muscles were significantly 

upregulated compared with the no-stimulation 

groups. However, there was no difference in tro-

phic factor mRNA levels in the distal stump com-

pared to the non-stimulated rats, suggesting that 

EMS did not regulate Schwann cell derived GDNF 

transcription. The authors suggested that EMS up-

regulates intramuscular levels of GDNF mRNA. 

This increase in trophic factor diffused into the 

distal nerve stump provided the beneficial effects 

of axon regeneration at the growth cone facilitated 

nerve regeneration.23

Another study by Willand et al. evaluated the ef-

ficacy of EMS over 6 months following Tibial nerve 

transection and immediate repair.24 Rats were di-

vided into 6 groups based on treatment (EMS or no 

treatment) and duration (1, 2, or 3 months). In the 

EMS group, Gastrocnemius muscle was electrically 

stimulated with 600 contractions per day, 5 days a 

week. Daily stimulated muscles had significantly 

greater numbers of re-innervated motor units with 

smaller average motor unit sizes. Most of the mus-

cle endplates were re-innervated by a single axon 

arising from a nerve trunk with significantly few-

er numbers of terminal sprouts in the EMS group. 

Although muscle mass and force were unchanged, 

EMS improved electrophysiological outcomes.24 

Although recent studies showed the encouraging 

effects of ES on de-innervated muscles, some stud-

ies showed no benefit or harmful effects of EMS. 

In an experimental study, Tam et al. used 20 Hertz 

(Hz) frequency ES for 8 hours daily on the Tibia-

lis Anterior, medial Gastrocnemius, Plantaris, and 

Soleus muscles.25 The neural activity reduced mo-

tor unit enlargement. The authors indicated that 

increased neuromuscular activity was not recom-

mended for rehabilitation immediately after moto-

neuron injury or in the early stages of motoneuron 

disease.

Many studies using nerve injury animal models 

used Galvanic Current EMS with implanted intra-

muscular wires, and some studies used implanted 

stimulators. Typically, in clinical practice, Galvan-

ic EMS is applied via transcutaneous electrodes. 

In a review, the use of Galvanic EMS with trans-

cutaneous electrodes did not reveal any efficacy 

in human de-innervated muscle. Given the lack 

of strong clinical evidence and the variation of the 

technique to apply the EMS in the clinical setting 

of patients with nerve injury, some authors did not 

advocate the use of Galvanic EMS in de-innervated 

muscle.26 The potential therapeutic benefit of EMS 

in a facial nerve injury model has been assessed. 

The Vibrissal muscles of rats have been subjected 

to EMS or sham stimulation. One day after end-to-

end suture, the Vibrissal muscles were exposed to 

EMS (rectangular shaped, 0.1 milliseconds (ms) 

of pulse duration, frequency of 5 Hz at established 

predefined threshold amplitude between 3.0 and 

5.0 Volts) 3 times per week, each time for 5 min. 

Using video-based motion analysis, restoration of 

Vibrissal motor performance following ES or sham 

stimulation has been evaluated and correlated 

with the extent of collateral axonal branching at 

the lesion site and the number of motor end plates 

in the target musculature. The authors found that 

EMS did not improve functional outcomes.27

Pinheiro-Dardis et al. investigated the effects of 

EMS on neuromuscular recovery after nerve crush 

injury in rats.28 The authors showed that EMS im-

paired neuromuscular recovery at 14 days post-de-

nervation. Muscle hypo-excitability was accentu-

ated by EMS at 6- and 14-days post-denervation. 

Although EMS reduced the accumulation of atro-

gin-1, Muscle Ring-Finger Protein-1 (MuRF1), and 

myoblast determination protein 1 (myoD) mRNAs, 

it increased muscle atrophy. The gene expression 

of neural cell adhesive molecules (N-CAM) protein 

was altered by EMS. The authors concluded that 

EMS could delay the re-innervation process by 

modulating factors related to neuromuscular junc-

tion stability and organization and inducing dys-

function, hypo-excitability, and muscle atrophy.

There were also claims that ES reduced acetyl-

choline (ACH) sensitivity because ES mimics phys-

iological contractions. The number of contractions 

per day is insufficient. Only superficial fibers are 

stimulated by ES. High intensity is needed to acti-

vate deep fibers.29
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The Effects of ES on Regeneration of the 
Nerves
ES has been demonstrated to augment nerve re-

generation after PNI and repair in both animal 

models and humans.30,31 Experimental studies 

have demonstrated ES to be a promising adjunc-

tive therapy to enhance axonal regeneration and 

functional recovery following decompression, di-

rect neurorrhaphy, and repair using grafts. ES acts 

through retrograde action potentials to increase 

cyclic adenosine monophosphate (cAMP) levels in 

the soma, which drives the increased expression of 

BDNF. Although the exact mechanism is not com-

pletely clear, ES promotes axonal outgrowth and 

survival.19

Extensive animal studies have reported the 

ability of brief intraoperative ES to enhance func-

tional regeneration after PNI. The 1 hour, 20 Hz ES 

of the nerve after nerve repair enhances the early 

expression of BDNF and pro-regenerative associ-

ated genes and facilitates that sensory and motor 

axons grow faster across the suture site after tran-

section of the Femoral nerve in rats.32,33 Brushart 

et al. suggested that ES promotes the onset of ax-

onal regeneration but did not increase regenera-

tion speed.34 Asensio-Pinilla et al. investigated the 

effects of ES and exercise on axon regeneration in 

rats.35 Four groups of adult rats were subjected to 

Sciatic nerve transection and suture repair. Two 

groups received ES (3 Volts, 0.1 ms at 20 Hz) for 1 

hour, immediately after the injury, or for 4 weeks. 

A third group received 1 hour ES and was submit-

ted to treadmill running for 4 weeks (5 meters per 

min, 2 hours daily). A fourth group performed only 

exercise, whereas an untreated group served as the 

control. Groups that received acute ES, that were 

forced to exercise on the treadmill, or both showed 

higher levels of muscle re-innervation and in-

creased numbers of regenerated myelinated axons 

compared with control animals or animals that re-

ceived chronic ES. The authors demonstrated that 

acute ES could accelerate axonal regeneration and 

enhance muscle re-innervation after sciatic nerve 

injury.

Lu et al. determined the regenerating effects 

of ES with different current intensities during 6 

weeks on the Sciatic nerves of rats.36 The stimula-

tion was applied to the animals for 15 min every 

other day beginning a week after the nerve repair 

with needle electrodes. The stimulating frequency 

was 2 Hz and the current intensity was 1 milliam-

pere (mA), to produce a visual muscle contraction. 

Similarly, animals in the other groups received 

ES of 2 Hz at current intensities of 2 and 4 mA re-

spectively. The group receiving ES, especially at 1 

mA, had significantly shorter latency, larger area 

of the evoked muscle action potentials, and faster 

conduction velocity compared with the controls. 

However, ES at 4 mA provoked adverse responses 

to the function recovery of regenerated nerves in 

the kinematic gait analysis. This result reveals the 

importance of physical therapists using safe stim-

ulus protocols for rehabilitation.36 Another study 

investigated the effects of ES at different frequen-

cies on the regeneration of transected Peripheral 

nerves in rats. Starting 1-week after transection, ES 

was applied at 1, 2, 20, or 200 Hz between the prox-

imal and distal nerve stumps. The control group 

received no stimulation. The authors found that 

higher-frequency ES led to less regeneration com-

pared to low-frequency ES.37

Insufficient recovery after neurotmesis is due 

to (1) inappropriate pathfinding because of axo-

nal regrowth to inappropriate targets, (2) excessive 

collateral axonal branching at the lesion site, and 

(3) poly innervation of the neuromuscular junc-

tions. In addition to recent studies supporting the 

encouraging effects of ES on nerve regeneration, 

some studies showed that increased neural activ-

ity on sprouting remains unclear and controver-

sial. The ES of the Facial nerve did not improve the 

functional outcome nor reduce aberrant regener-

ation after Facial nerve reconstruction in rats. The 

only positive effect of this treatment on the Facial 

nerve was a transient improvement in protraction 

velocity between 1 and 3 months after surgical re-

construction.38

Pulsed electromagnetic magnetic fields (PEMF) 

have beneficial effects on nerve regeneration. The 

biological basis of magnetic stimulation mainly re-

lies on protein synthesis, ion channel regulation, 

and growth factor secretion.39 However, little re-
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search has examined the nerve conduction char-

acteristics of regenerating peripheral nerves under 

PEMF.20 Bademoğlu et al. investigated the effects of 

PEMF on Sciatic nerve regeneration in the short- 

and long-term after crushing damage.40 Twen-

ty-four female Wistar-Albino rats were divided into 

3 groups: sham, Sciatic nerve injury, Sciatic nerve 

injury and PEMF. The PEMF group was exposed to 

PEMF [4 hours/day, intensity; 0.3 milliTesla (mT), 

low-frequency:2 Hz] for 40 days. The results indi-

cated PEMF was not effective in long-term. How-

ever, PEMF might be useful in the short term. More 

studies are needed to precisely evaluate and opti-

mize the intensity and duration of the application 

in humans.

The Effects of ES on Pain

PNI can be associated with a combination of no-

ciceptive, neuropathic, and complex regional pain 

syndromes. The incidence of neuropathic pain is 

high, reaching up to 95% of cases, especially if cer-

vical root avulsion has occurred. Neuropathic pain 

results from damage to the somatosensory system, 

and its progression toward chronicity depends 

upon disruptions affecting both the peripheral and 

central nervous systems. Managing these painful 

conditions is complex.41

TENS can regulate neuromodulation based on 

Melzack and Wall’s Gate Control Theory of pain. 

It has a very low rate of adverse effects and com-

plications. Although an initial success with TENS 

could be observed in up to 60-65% of patients, such 

benefits often wane over time, with only 20-30% of 

patients reporting any meaningful analgesic effect 

after one or two months of treatment.21,41

The advantages and disadvantages of ES on 

de-innervated muscles and regeneration of the 

nerve are summarized in Table 29.1.

ES Protocol for Neurotmesis
Different ES techniques are used for neurotme-

sis: intraoperative brief ES on the injury site, EMS, 

PEMF, and TENS.20,21,31,42

Intraoperative Brief ES
Intraoperative brief ES is a recent technique that 

has been shown to be effective in studies. Biphasic 

current (20 Hz, 100 μs) for 1 hour with implanted 

electrodes is used.43 Although the technique seems 

effective for regeneration, it is impractical for phys-

iotherapists because ES is used only after nerve re-

pair and is an invasive technique.

EMS
As mentioned before, if the muscle is de-inner-

vated, it is stimulated via the sarcolemma. This is 

called EMS. The EMS is a traditional technique for 

PNI. It can be used for completely and partially 

de-innervated muscles. Because of the physiologi-

cal changes of completely de-innervated muscles, 

only modified Galvanic current can elicit a con-

traction response. The pulse duration should be 

Table 29.1  Advantages and disadvantages of ES on re-innervation.22,23,25,26,29

Advantages of Electrical Stimulation Disadvantages of Electrical Stimulation

Reduces venous stasis and edema Causes trauma to de-innervated muscles (overstimulation)

Increases muscle-derived neurotrophic factors (BDNF, GDNF, 
NGF) 

Decreases production of neural cell adhesive molecules (N-CAM) and 
acetylcholine (ACH) sensitivity

Delays atrophy and fibrosis Delays or inhibits collateral sprouting and re-innervation

Keeps the muscle active while waiting for regeneration Mimics the voluntary contraction however not has the same 
physiological mechanism as exercise

Reduce pain No added benefit for trophic condition

Enhances the sensory inputs and maintains the relationship 
between the cortex and peripheral organs

The number of contractions per day is insufficient.

Reduces scar formation Only superficial fibers are stimulated by ES. High current intensity is 
needed to stimulate deep fibers.
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above 100 ms (300-600 ms) and the pulse interval 

should be two times of pulse duration (200-1000 

ms).15,29

If re-innervation begins, the muscles can re-

spond to the Faradic current. The Faradic Excit-

ability Test should be routinely performed for 

re-innervation. The Faradic current is an alternat-

ing biphasic current with a short pulse duration. 

Therefore, it cannot be effective in complete de-in-

nervation. If the muscle does not give a contrac-

tion response for the Faradic Excitability Test, the 

Galvanic current should be used for EMS. In par-

tial de-innervation, the Faradic current can also 

be used. Alternating currents are comfortable for 

the patients and can elicit greater muscle torque. 

Tanaka et al. suggested that ES using an alternating 

current can become an effective therapeutic inter-

vention to prevent deeper muscle atrophy.44 The 

frequency and pulse duration of the EMS should 

be determined according to the fiber type distribu-

tion of the muscle. If it is a slow-twitch muscle, a 

frequency below 40 Hz should be applied. If it is a 

fast-twitch muscle 50-70 Hz should be chosen. The 

pulse duration of the Faradic current is 0.1-1 ms. 

This value is equivalent to chronaxie. 15,29

There are points to be considered in practice. 

Due to the elongated sarcomere length of the 

de-innervated muscle, the length of the muscle 

should be shortened while performing EMS. In ad-

dition, the patient should monitor muscle contrac-

tions so that the stimulation of the somatosensory 

field is strengthened. Applications should not be 

too long due to the low oxidative energy mecha-

nism and should be done 3 days a week for maxi-

mum 8 weeks.45-48 It is recommended that the cur-

rent amplitude be as high as is tolerable and capa-

ble of stimulating tetanic contraction of the target 

muscle. The atrophied and de-innervated muscles 

are vulnerable to trauma. Excessive EMS can cause 

trauma. Higher current amplitude elicits strong 

and deep muscle contractions. However, higher 

amplitudes also cause trauma. The long pulse du-

ration and high current amplitude can be painful if 

the sensation is intact. However, the goal is to max-

imize the contraction response while minimizing 

pain.15,29

Physiotherapists should avoid fatigue when 

using EMS. In order not to create oxidative stress 

in the muscle, the application should be stopped 

when signs of fatigue are seen. The 200 muscle con-

tractions per day are sufficient to prevent muscle 

fiber atrophy. However, to prevent fatigue, 90 con-

tractions of each muscle should be performed as 3 

sets of 30-30-30 or 2 sets of 45–45 contractions. The 

treatment sessions are planned 3-5 times/week for 

approximately 8 weeks. The EMS should be start-

ed after nerve re-innervation begins and should be 

terminated when active movement begins.49,50

The electrode size and type depend on the size 

of the muscle to be stimulated and the intensity of 

the contraction to be elicited. Small or pen elec-

trodes can be used to localize stimulation to small 

muscles. Larger electrodes are needed to stimu-

late larger muscles and muscle groups. One elec-

trode may be placed over the most excitable part 

of a muscle. The second electrode was placed at a 

convenient location near the muscle being treat-

ed. EMS should be performed carefully if there is a 

co-contraction. The antagonist should not contract 

simultaneously.15,29

PEMF
Studies have investigated different magnetic field 

properties (static or pulsed magnetic field) and in-

tensities, various magnetic nanoparticle-encapsu-

lating cytokines based on super para-magnetism, 

magnetically functionalized nanofibers, and their 

relevant mechanisms and clinical applications. A 

suitable application of magnetic field or magnet-

ic biomaterials can shorten the regeneration time 

of peripheral nerves and promote the release of 

growth factors.51 The PMF parameter can be set at 

0-20 mT and a frequency of 50-100 Hz.52

TENS
Neuromas frequently occur and can be a source 

of pain in neurotmesis. The pain is typically neu-

ropathic, characterized by burning and dysesthe-

sias.4 TENS is a method of ES that aims to provide 

symptomatic pain relief by exciting sensory nerves 

and stimulating either the pain gate mechanism 

and/or the opioid system. The different methods of 
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applying TENS relate to these different physiolog-

ical mechanisms. Conventional TENS (frequency 

60-120 Hz, pulse duration 50-100 μs, intensity at 

sensory level, 20-30 min) or Acupuncture-type 

TENS on painful site (frequency 1-5 Hz, pulse du-

ration 150-250 μs, maximum tolerable intensity 

that does not cause discomfort, 30 min) can be 

used for pain in PNI.15,53

Clinical Evidence of ES in Neurotmesis
Facial Nerve Injury
Although clinicians and researchers have tested 

the usefulness of ES applications for enhancement 

of peripheral nerve regeneration for more than a 

century, the efficacy of such treatment for Facial 

paralysis remains questionable. In a recent small 

but long prospective observational study, Arnold 

et al. included 3 patients with early onset (15 days 

to 3.5 months) of EMS of the Zygomatic muscle 

as home training after Facial nerve lesion during 

schwannoma surgery with spontaneous regenera-

tion or after Facial nerve repair. Selective Zygomat-

ic muscle response in the absence of discomfort 

was reproducibly obtained. The EMS parameters 

were 50 ms pulse duration and 7 Hz frequency of 

triangular single pulses. The required amplitude 

was remarkably lower with ≤ 5 mA in these patients 

early after the onset of the Facial nerve lesion, com-

pared to other patients with long-term (4 months 

to 16 years) de-innervation (where amplitudes up 

to 15 mA were needed). The authors found that 

the ES parameter was not causing discomfort and 

unwanted unspecific reactions of other ipsilateral 

and/or contralateral Facial muscles.54 Appropriate 

ES does not hinder the regeneration of the Facial 

nerve. It maintains muscle function between the 

onset of the lesion and spontaneous re-innerva-

tion or surgically induced re-innervation of the 

target muscles. It may also reduce synkinetic re-in-

nervation although data are still rare to sparse to 

allow general conclusions.55

Cauda Equina Injury

Trauma to the spinal roots of the Brachial plexus 

and the Cauda Equina typically results in a low-

er motor neuron syndrome, with de-innervation 

of peripheral targets, sensory impairments from 

dorsal root injury, and pain. Historically, nerve 

Table 29.2  Parameter settings for EMS in neurotmesis.15,29

Current type/waveform Modified Galvanic current (monophasic rectangular or triangular)
Pulsed alternating current (asymmetric biphasic) after re-innervation

Pulse/cycle duration >100 ms (Modified Galvanic current)
0.1-1 ms (Faradic current)

Amplitude Optimal tolerated contraction

Pulse rate (Frequency) None (Modified Galvanic current)
<40 Hz for slow-twitch muscles (Alternating current)
50-70 Hz for fast-twitch muscles (Alternating current)

Ramp up/ramp down None (Modified Galvanic current)
1/3 seconds (s) (Alternating current)

On time (Duty cycle)/ Off time 1:2 (Modified Galvanic current)
1:9 s (%10) (Alternating current)
2-5 s/2-25 s

Modulation None 

Treatment duration 3 sets of 30-30-30 or 2 sets of 45–45 contractions (Modified Galvanic current)
<30 s (Alternating current)

Frequency of sessions 3-5 times/week, approximately 8 weeks

Polarity Cathode (Modified Galvanic current)
None (Alternating current)

Electrode placement Bipolar or monopolar technique
Parallel to fibers
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root injuries have been associated with an overall 

poor clinical outcome, as a successful repair strat-

egy would also require axonal regeneration within 

both the central nervous system tissue of the spinal 

cord and the peripheral nervous system.56 Kern et 

al. investigated the effects of EMS in a patient with 

long-standing Quadriceps Femoris muscle de-in-

nervation.45 Stimulation started 18 months after 

injury. The authors stimulated the Quadriceps 

Femoris muscle with biphasic rectangular current 

(pulse duration of 40-120 ms, frequency of 20 Hz, 

and 2 s on, 2 s off). The treatment was done for 15 

min per day, 5 days per week. Biopsies revealed 

evidence of both growth and regeneration of my-

ofibers. The results suggest that EMS may offer a 

route to the future development of mobility aids 

in patients with lower motor neuron lesions.45 Al-

bertin et al. used two years of home-based ES on 

severely atrophic Quadriceps Femoris muscles of 

3 patients with complete conus and cauda equina 

lesions.57 Muscle biopsies showed a 30% increase 

in the epidermis after two years of home-based ES. 

The authors found impressive improvements in 

the EMS-induced muscle strength and size of the 

muscle fibers after 2 years of EMS.

In a European Union project, the effect of four 

years of home-based ES was investigated in pa-

tients with complete Conus and Cauda Equina 

syndrome. Quadriceps Femoris muscles were 

stimulated using a custom-designed stimulator, 

large surface electrodes, and customized progres-

sive stimulation settings. Results from this study 

demonstrated that home-based ES induced a 

compliance-dependent recovery of muscle vol-

ume and size of muscle fibers, as evidenced by the 

gain and loss in muscle mass.58

Summary
In this chapter, the purpose and effects of ES, stim-

ulation parameters, and clinical evidence in neu-

rotmesis are discussed. Compared with axonotme-

sis the re-innervation is not completely successful 

in neurotmesis. Therefore, the efficacy of ES in pro-

longing the period before irreversible muscle atro-

phy and increasing the capacity for re-innervation 

remains unanswered. EMS, intraoperative brief ES, 

TENS, and PEMF can be used for neurotmesis.18,21 

Clinical evidence suggests that 1 hour of 20 Hz ES 

applied intraoperatively following repair can im-

prove patient recovery. Although the technique 

seems effective for regeneration, it is impractical 

for physiotherapists because the ES is used only 

after nerve repair and is an invasive technique. The 

other technique is EMS. There are experimental 

and clinical studies on EMS in the literature. Al-

though some studies have shown the harmful ef-

fects of EMS, recent studies have supported EMS. 

More studies are needed to precisely evaluate and 

optimize the intensity and duration of the PEMF 

and TENS application in humans. Different stud-

ies presented both positive and negative effects of 

ES. These negative effects may be due to a lack of 

stimulation intensity needed to reach deep mus-

cle fibers when using surface electrodes, incorrect 

frequency selection for stimulation, or stimula-

tion protocols with long periods of rest between 

stimuli. Nevertheless, ES has been shown to have 

beneficial effects in human subjects and thus is a 

worthwhile approach to maintaining muscle mass 

and force.22,45
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First 21 Days
After the last fragments of the motor axon and the 

intramuscular nerve terminals disappear, the ex-

citability of muscle fibers decreases, and degen-

eration and fibrosis of muscle fibers occur. Even 

when there is a reinnervation of a muscle that has 

reached this point, adequate contraction cannot 

be achieved. If the motor point of such a muscle is 

stimulated by an electric current mimicking a nerve 

impulse, regular contraction can be achieved, and 

atrophy could be prevented to some extent.1 The 

amplitude and duration of the stimulation required 

to ensure the muscle fiber contraction should be 

increased as muscle excitability decreases. For 

fully denervated human muscle, the minimum 

pulse duration required to form a contraction is 

approximately 1 millisecond (ms).2 Applications 

include Galvanic and Faradic currents to achieve 

the optimal clinical effect. The Galvanic current 

stimulates the denervated muscle, whereas the 

Faradic current stimulates the innervated muscle. 

In cases of axonotmesis and neurotmesis of motor 

nerves, muscles and nerves do not respond to Far-

adic current, but the response could be obtained 

in the first 14-21 days because the degeneration 

state is not complete. Then, the response is inter-

rupted, and this period of non-response continues 

until regeneration. In neuropraxia cases, there is 

a response to Faradic current because there is no 

degeneration in the nerve, and Faradic current is 

applied until regeneration is completed in train-

ing the paralyzed muscles.1 The stimulation should 

provide a moderately strong contraction without 

unnecessary discomfort for the patient and should 

resemble the normal activity of the motor neuron. 

Both currents were found to be maximally effective 

in the 2 weeks following denervation. On the oth-

er hand, electrode placement is advocated to be 

made on the nerve body in order to make a greater 

contribution to the ignition of the motor unit.3,4 In 

addition, monopolar and bipolar electrode place-

ment could be made. In monopolar stimulation, 

the active electrode is placed on the motor point 

of the muscle and the passive electrode is placed 

proximal region (Figure 30.1). In bipolar practice, 

electrodes are placed on the origin and insertion of 

the muscle group (Figure 30.2).

Hoffman, observed that following the ES appli-

cation to the nerve roots, the re-innervation of the 

partially denervated muscle began with intramus-

cular axon sprouting on the third day after surgery 

in the research that is one of the first animal studies 

on the use of ES after peripheral nerve injury.5 In 

another study, sinusoidal ES was given to the spi-

nal cord or Sciatic nerve roots at 50-100 Hertz (Hz), 

1-5 milliamperes (mA), 10 to 60 minutes (min) im-

mediately after partial denervation of the Sciatic 

nerve, following cross-section of the L5 spinal cord 

root. It has been reported that this stimulation pe-

riod significantly accelerates the onset of axonal 

sprouting.6 It is stated in the literature that currents 

greater than 4 mA negatively affect regeneration, 

because excessive direct current can be inhibito-

ry for growing fibers. ES at a low-frequency of 2 



E
le

ct
ri

ca
l S

ti
m

ul
at

io
n

 o
f 

D
e-

In
n

er
va

te
d

 M
us

cl
es

266

IVIV
Part

Clinical Key for Electrical Stimulation in Physiotherapy and Rehabilitation

Hz and a current of 1 mA indicates a more mature 

nerve regeneration.7

An example of important studies conducted in 

the following years is the study by Pocket & Gavin.8 

In this study, it was reported that ES given at 1 Hz 

for periods of 15 min, 30 min and 1 hour applied 

to the proximal of the crushed and impaired axo-

nal continuity of the Sciatic nerve had a positive 

effect on earlier recovery of the toe extension re-

flex. In this study, it was evaluated that the ES of the 

crushed nerve has quite significant effects on the 

regeneration rate, although it does not affect the 

number of renewed axons. It has also been stated 

that the most effective time for stimulation is im-

mediately after crushing (within about an hour).8

In another study conducted in the following 

years, repair was performed after Femoral nerve 

incision. Immediately after the repair, 20 Hz fre-

quency stimulation was applied to the proximal 

nerve root with an implantable stimulator for 1 

hour. The frequency used in the study was select-

ed based on the average firing frequency of mo-

tor neurons in animals and humans. Continuous 

ES was applied for 1 hour, 24 hours, 1 week, or 2 

weeks. As a result of the study, it was stated that 

axon growth from both sensory and motor neu-

rons of stimulated nerves accelerated for all appli-

cation periods, and the axons of all motor neurons 

regenerated within 21 days.9 In these studies, the 

positive effects of short-term low-frequency ES 

on supporting nerve regeneration in animal mod-

els have been demonstrated. Subsequent studies 

have focused on elucidating the effects of short ES 

and the specific mechanisms responsible for axon 

Figure 30.2  Bipolar application for forearm flexors. A. Starting position, B. During contraction.

Figure 30.1  Monopolar application to Abductor Pollicis muscle: A. Starting position, B. During contraction.

A

A

B

B
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regeneration based on these studies. ES has also 

been shown to regulate cellular activities such as 

cell adhesion, cell proliferation, cell migration, and 

protein production.10,11

There are also animal studies conducted in the 

literature on the effect of ES combined with exer-

cise on denervated muscles. In a study, it is aimed 

to clear the role of neuronal activity induced by 

ES and exercise, about promoting axonal regener-

ation and modulated plasticity in the spinal cord 

after nerve injury. The first group of the 4 adult rat 

groups received ES [3 Volts (V) at 20 Hz, 0.1 ms] for 

1 hour per day immediately after the injury for 4 

weeks, while the second group was subjected to 

treadmill exercise with a combined 1 hour ES (5 

meters per min, 2 hours per day) for 4 weeks. The 

third group only exercised, whereas the control 

group received no treatment. The study indicated 

that acute ES, exercise, or both promote reinnerva-

tion of the muscle more but showed that the com-

bination of ES and exercise has a more beneficial 

effect on the early stage of regeneration.12

There are also studies in the literature exam-

ining the effects of short-intensity-low-frequency 

ES on humans. Gordon et al. conducted a study 

on patients with severe carpal tunnel syndrome 

and thenar muscle denervation. In this random-

ized controlled clinical trial, ES was applied to the 

surgical decompression area of the subjects in the 

treatment group for 1 hour at 20 Hz using wire elec-

trodes after surgical decompression of the carpal 

tunnel.13 It was found that one year after the ap-

plication, the stimulation group had a significant-

ly higher number of motor units than the control 

group. Short-term low-frequency ES is effective in 

accelerating axonal regeneration in humans and 

enabling thenar muscle reinnervation to occur 

faster.13

In another double-blind, randomized con-

trolled clinical trial involving 31 patients that have 

Digital nerve incision, ES up to 20 Hz and 30 V was 

applied to the Digital nerves for 1 hour after nerve 

transection. Significantly faster improvement in 

multimodal sensory functions was observed in pa-

tients receiving Digital nerve ES compared with pa-

tients receiving sham stimulation. After 6 months, 

it was observed that the cold and hot detection 

thresholds, static 2-point discrimination, and 

Semmes Weinstein monofilament tests of patients 

receiving stimulation reached normal thresholds, 

while there were still abnormal values in patients 

receiving sham stimulation.14

The first randomized controlled double-blind 

study showing improved functional results after ES 

was performed to treat traction injury of the Spinal 

Accessory nerve in 38 cancer patients who under-

went neck dissection. While the patients were un-

der general anesthesia, ES was given to the Spinal 

Accessory nerve for 1 hour (20 Hz, 3-5 V) before the 

wound closed, while the control group did not re-

ceive ES. After one year, the combined subjective 

and objective scores of shoulder function showed 

significantly greater improvement in patients re-

ceiving ES compared with control patients. At the 

same time, only 25% of the functional loss suffered 

by control patients was observed in this group.15,16

In an updated double-blind, randomized con-

trolled clinical trial involving patients that have 

severe Cubital Tunnel Syndrome, ES was admin-

istered for a period of 1 hour (up to 20 Hz, 30 V) 

immediately after cubital tunnel decompression 

under general anesthesia. The control group was 

subjected to sham ES. In the results one year after 

surgery, it was stated that the patients in the ES 

group showed significant increases in the estima-

tion of the number of motor units compared with 

the control group. Three years after surgery, it was 

found that the number of motor units of ES patients 

was more than doubled compared to sham stimu-

lation control subjects. In addition to earlier mus-

cle reinnervation in the ES group, the amplitudes 

of the compound muscle action potential also in-

creased significantly at 3 years, and both grip and 

pinch strength improved significantly more in the 

ES group.17 This study proves that ES is a promising 

adjunctive treatment option to peripheral nerve 

surgery to increase axonal regeneration and accel-

erate functional recovery.

In addition to the fact that 1 hour ES is effec-

tive in promoting motor axon regeneration, it has 

been stated that the same ES period is equally ef-

fective in supporting sensory axon regeneration. 
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ES was found to be ineffective in accelerating sen-

sory nerve growth when the ES time period was 

extended from 1 hour to 14 days. The fact that sen-

sory nerve regeneration is often lower than motor 

nerve regeneration, both in the absence and pres-

ence of ES, is effective in the formation of this con-

dition.10 These studies also show us the practical-

ity of intraoperative ES application and the effect 

of 1 hour ES protocols. However, the application 

of 1-hour long-term ES through hooked or ringed 

nerve electrodes, which could only be used intra-

operatively, is one of the important limitations of 

clinical use. It has been reported in the literature 

that the application of ES in the postoperative pe-

riod with multi-day ES may have additional thera-

peutic benefits. Additionally, many studies in the 

literature concluded that long-term continuous 

ES may not improve regeneration. Whereas when 

nerves are stimulated intermittently with short ES, 

it may benefit regeneration and prevent neuronal 

damage due to excessive current.7

Table 30.1  Summary of studies applying ES for the first 21 days

Study Parameters Conclusion

Hoffman5

(1952)
50-100 Hz
1-5 mA
10-60 min
Sinusoidal ES

Significant acceleration of axonal sprouting initiation

Pocket and Gavin8

(1985)
1 Hz
15 min, 30 min, and 1 hour

Positive effects on earlier recovery of the toe extension 
reflex

Al-Majed et al.9

(2000)
20 Hz
1 hour, 24 hours, 1 week, and 2 weeks

Acceleration in axon growth from both sensory and 
motor neurons of stimulated nerves for all exposure 
times and regeneration of axons of all motor neurons 
within 21 days

Asensio-Pinilla et al.12

(2009)
Group 1: 20 Hz, 3 V, 0,1 ms, 1 hour in a day x 4 
weeks
Group 2: 20 Hz, 3 V, 0,1 ms, 1 hour in a day x 4 
weeks + 5 m/min, 2 hours in a day x 4 weeks 
exercise
Group 3: 5 m/min, 2 hours in a day x 4 weeks 
exercise
Group 4: Control (No treatment)

Acute ES and/or exercise promotes muscle reinnervation 
more, the combination of ES and exercise has a more 
beneficial effect in the early phase of regeneration

Gordon et al.13

(2010)
20 Hz,
1 hour

Effective in accelerating axonal regeneration, faster 
thenar muscle reinnervation

Wong et al.14

(2015)
20 Hz,
30 V,
1 hour

After 6 months, cold and hot detection thresholds, 
static two-point discrimination, and Semmes Weinstein 
monofilament tests of patients receiving ES reach 
normal thresholds

Barber et al.16

(2018)
20 Hz,
3-5 V
1 hour

Combined subjective and objective scores for shoulder 
function after one year, significantly greater improvement 
in ES applied patients than in control patients

Power et al.17

(2020)
20 Hz,
30 V
1 hour

A significant increase in motor unit number after one 
year, motor unit number of ES patients more than twice 
after three years compared to sham stimulation control 
subjects, significantly greater improvement in both grip 
and pinch strength

Javeed et al.7

(2021)
2 Hz
1 mA

A more mature nerve regeneration
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Between the 21 Days-3 Months
Since time is required for degeneration to occur 

in the injured nerve, the degeneration reaction is 

determined by electrodiagnostic tests after the 14-

21 days. In the presence of a partial degeneration 

reaction, the response to Faradic current in the 

nerve decreases. The response to Galvanic current 

is normal in muscle and nerve. The treatment is 

performed with Faradic current. In the presence 

of a complete degeneration reaction, there is no 

response to the Faradic current in the nerve. The 

treatment is performed with Galvanic current. In 

the presence of a definite degeneration reaction, 

there is no response to Faradic and Galvanic cur-

rent in the nerve. The response to the Galvanic cur-

rent is delayed in the muscle. The treatment is per-

formed with Galvanic current until the response to 

Galvanic current is obtained.1

In the literature, it has been stated that the cur-

rent to be applied should be an intermittent cur-

rent of 10 milliseconds (ms) or longer, monophasic 

or biphasic form, in order to minimize denervation 

atrophy in denervated muscles.2 In order for ES 

to be effective, it is necessary to stimulate all the 

muscle fibers in a muscle.3 It was suggested that 

the application should be performed with surface 

electrode or implant electrodes to the midpoint or 

motor point of the muscle with a frequency of 2-4 

pulses per second for slow-contracting muscles 

and 20-40 pulses per second for fast-contracting 

muscles.2 Intermittent current does not physiolog-

ically stimulate muscle units in the application of 

NMES, and this primarily results in the triggering 

of muscles that are not resistant to fatigue. For this 

purpose, daily application of a progressive current 

with a deceleration of 2-3 seconds (s) for 15-20 

minutes (min), and a duration of 50-150 ms is also 

the recommended protocols. Excessive stimula-

tion of innervated muscle fibers is prevented with 

this application. It is argued that it is easier to se-

lect preferably denervated muscle fibers by gradu-

ally increasing the current. To cause contraction in 

denervated muscles, rectangular pulses with suffi-

cient pulse duration (30 ms or more) or triangular 

pulses with long duration (100-500 ms) could be 

used. However, the use of rectangular pulses could 

cause excessive contraction of neighboring inner-

vated muscles. Therefore, in clinical practice, trian-

gular pulses with a pulse duration of 200 ms or 500 

ms are mainly used, and in this way selective stim-

ulation of the muscle is possible. The threshold 

current intensity can be significantly lower when 

stimulation is performed with 500 ms instead of 

200 ms.4 All stimulation patterns are not equally 

effective in terms of restoring the normal features 

of denervated muscles. For example, it has been 

shown that excitation by direct rectangular wave 

current with a duration of 25 ms at 20 Hertz (Hz) 

is better than pulses of 100 ms at 2 Hz or 0.2 ms at 

20 Hz.3 Even if stimulation started 28 days after de-

nervation, ES is known to protect the muscle from 

atrophy at a level of 72-86%.3

A recent randomized controlled clinical tri-

al demonstrated the benefit of ES administration 
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Figure 31.1  Myelinated nerve fibers and Wallerian Degeneration

in addition to the use of steroids and acyclovir in 

the functional recovery of the Facial nerve. In the 

study, ES was applied to patients within 2 weeks 

after the onset of symptoms via surface electrodes 

placed as a cathode on the main branches of the 

Facial nerve and as anode on the mastoid process. 

The ES protocol was determined as below-thresh-

old [1.4 milliamperes (mA), 10 ms) continuous dai-

ly stimulation at 20 Hz with a rectangular, mono-

phasic pointed tip And this treatment was contin-

ued for 2 months (until the cessation of Wallerian 

Degeneration) (Figure 31.1). As a result, it has been 

reported that patients treated with ES have an ear-

lier functional return within 3 months of the onset 

of symptoms.5

A study evaluated the effect of polarity and 

pulse duration on the stimulation intensity of tri-

angular pulses in denervated muscles in patients 

with peripheral nerve lesions. Twenty-four pa-

tients who have denervated Extensor Digitorum 

Communis muscle, and 24 patients who have de-

nervated Tibialis Anterior muscle due to periph-

eral nerve lesions is included in this study. Four 

different combinations of triangular pulses with 

various durations and polarity were tried and ran-

domly transmitted to the denervated muscles. As 

a result of the study, ES of the denervated Tibialis 

Anterior muscle with a triangular current of 200 ms 

duration and a proximally applied cathode polarity 

was recommended.4

It was reported in a study by Ju et al. that 6-week 

ES showed rapid functional recovery and superi-

or axonal regeneration.6 However, this study also 

reported that invasive stimulation is more effec-

tive than non-invasive stimulation. Another dou-

ble-blind randomized study in the literature exam-

ined 38 patients with traumatic peripheral nerve 

injury with axonal injury and clinical impairment 

of two muscles treated with real or sham ES. ES 

applied by using superficial electrodes consisted 

of triangular-rectangular stimuli with a duration of 

150 ms and a frequency of 1 Hz, and the intensity 

used for each patient was 0.5 mA above the lowest 

intensity required to ensure muscle contraction. 

In this treatment, which was applied for 3 months, 

3 weekly sessions consisting of 90 min each were 

applied to the patients. In this study, contrary to 

other studies, it was concluded that ES of the de-

nervated muscle had no significant beneficial ef-

fect compared to sham therapy.7 In another study, 

in a rat model with Sciatic nerve transection injury, 

rats were divided into two subgroups and nerve re-

pair was performed 1 day, 1 week, 1 month, and 2 

months after the injury. ES at a frequency of 20 Hz, 

a pulse width of 100 ms, and a direct current volt-

age of 3 Volts (V) was given to the rats in the experi-
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mental group and the rats in the control group had 
not received any ES after the operation. The study 
results showed that the degree of fibrosis in the dis-
tal nerve tissue clearly increases as the repair time 
is prolonged, and ES after delayed repair does not 
provide positive results.8 Another study aimed to 
determine whether ES still has any effect on nerve 
regeneration after sufficient time has passed. In 
the study, a delayed nerve repair model was de-
signed in which rats received delayed nerve repair 
after 1 day, 1 week, 1 month, and 2 months. During 
all time periods, the nerve roots of the rats in the 
intervention group were bridged with an absorb-
able channel and given a weak ES for 1 hour, while 
the control group did not receive any treatment. All 
rats were given a recovery period for 6 weeks before 
the final functional test and tissue observation. The 
results of the study showed that after repair delays 
of 1 month and 2 months, there was more collagen 
tissue hyperplasia in the distal nerve in all rats. 
However, it has been confirmed that ES given with-
in 1 month after the injury is effective in support-
ing nerve regeneration, but the intervention within 
1 month after the injury is ineffective.9

Table 31.1  Summary of studies applying ES for the 21 
days-3 months

Study Parameters Conclusion 

Han et al.8

(2015)
Direct current
20 Hz
100 ms, 3 V

As the repair time increases, 
the degree of fibrosis in the 
distal nerve tissue increases, 
and ES does not yield positive 
results after delayed repair

Kim and 
Choi5

(2015)

Monophasic 
rectangle stimulus
20 Hz
Mean amplitude 
1.4 mA, 10 ms
2 months

Earlier functional return 
within 3 months of symptom 
onset in patients treated 
with ES

Piccini et al.7

(2020)
Triangular-
rectangular 
stimulus
1 Hz
0.5 mA, 150 ms
90 min/session x 
3 days/week
3 months

No significant beneficial 
effect of ES of denervated 
muscles compared to sham 
therapy
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After 3 Months
Denervated skeletal muscle experiences  a rapid 

loss in both mass and contractile power. If the inju-

ry involves the lower motor neurons, this atrophy 

occurs much more severely. Muscle atrophy be-

comes more complicated with fibrosis within a few 

months after denervation.1 In a study in the litera-

ture, it was stated that the endoneurium of distal 

nerve stumps that have been denervated for 1-2 

months contains axonless Bungner bands (consist-

ing of a column of overlapping Schwann cell cyto-

plasm processes, each surrounded by a permanent 

basal lamina). Distal nerve stumps that have been 

denervated for 4-6 months contain an increased 

amount of collagen and a relatively small number 

of Schwann cells.2 The common belief is that due 

to atrophy, healing fails and denervated muscle 

fibers are replaced by fat and fibrosis.3 The litera-

ture shows that it takes about 1 month for all motor 

nerve fibers to grow and cross the nerve suture re-

gion. During this time, the distal nerves and mus-

cles are constantly degenerating, and the function 

of the Schwann cells at the distal end gradually 

weakens as the denervation period is prolonged 

and the Schwann cells become apoptotic.4

Although early denervation has been frequent-

ly addressed in both animal and human studies, 

studies on the long-term effects of denervation 

are still insufficient.1 Studies in the literature indi-

cate that nerve cell bodies in the spinal cord and 

dorsal root ganglia tend to die as the denervation 

time increases, Schwann cells become apoptotic, 

and axonal regeneration in the distal stump after 

prolonged denervation reacts only slightly to the 

signal expression. Therefore, some of the current 

studies have reported that ES applied after de-

layed repair of nerve damage in these conditions 

is unfavorable for nerve regeneration.4 A study 

in which urgent 0 or 1, 3 or 6 months delayed re-

pair was performed with a nerve graft after Sciatic 

nerve transection was applied to rats can be given 

as an example of studies that support this idea. 

Thirteen weeks after the repair, the regeneration of 

spinal motor neurons was evaluated. In the study, 

a dramatic decrease in the number of regenerated 

motor neurons and myelinated axons in the distal 

nerve stump was observed in the delayed groups of 

3 and 6 months, whereas a progressive increase in 

fibrosis and proteoglycan scar markers in the dis-

tal nerve was detected with an increase in delayed 

repair time. This study has indicated that the criti-

cal time threshold at which the regeneration result 

becomes very poor appears to be 3 months.5 How-

ever, the literature shows  that although peripher-

al nerve regeneration progresses relatively slowly, 

the decrease in excitability also progresses very 

slowly. This also shows that a strong stimulus can 

still produce a response as long as some contrac-

tile tissue is present until 1-3 years after denerva-

tion.1,3 Another study was designed to evaluate the 

effects of chronic denervation on the capacity of 

Schwann cells in the distal nerve stump to promote 

axonal regeneration and remyelinate regenerated 

axons. In this study, a delayed repair protocol was 
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applied in which the Peroneal nerve in the rat was 

denervated for 0-24 weeks before cross-stitching of 

newly axotomized Tibial and chronically denervat-

ed Peroneal nerve stumps. It has been found that 

short-term denervation of ≤4 weeks does not affect 

axonal regeneration, but longer-term denerva-

tion deeply reduces the number of motor neurons 

and axons in the distal nerve stump. However, the 

study also states that atrophic Schwann cells re-

tain their capacity to re-myelinate renewed axons. 

These findings also show that chronically dener-

vated Schwann cells show progressive inability to 

support axonal regeneration, despite which they 

have a constant capacity to re-myelinate renewed 

axons.6 For this reason, electrodiagnostic tests 

should be repeated after the 3rd month of dener-

vation and treatment should be continued with the 

appropriate current according to the type of de-

generation reaction.

In the literature, it was also been proved that 

stimulation that starts after the 64th day of dener-

vation increases tetanic tension 37 times for the rat 

Soleus muscle. Similar results were obtained with 

much longer period (between 4-10 months) de-

nervation and stimulated in the last 3-8 weeks of 

denervation of the Soleus and Extensor Digitorum 

Longus muscles. Results in the literature support 

that the recovery of denervated muscle becomes 

more difficult as the interval between the onset of 

denervation and the onset of stimulation increases.7 

However, early nerve repair is not possible in cases 

where serious soft tissue trauma occurs with wound 

contamination. After most closed traction nerve 

damages, surgeons often postpone operative repair 

for 3-6 months to evaluate spontaneous regenera-

tion in clinical evaluation. ES can still increase the 

regenerative capacity even after the repair of such 

chronic nerve lesions, but the functional recovery 

is weaker.8,9 Studies in the literature show that the 

initial duration of NMES treatment varies between 

3 weeks and 4.5 months. If the axon is intact, the in-

jured nerve can be renewed at a rate of 1 inch per 

month. For these reasons, the first 3-6 months are 

critical for determining spontaneous recovery.10

In one of the current studies involved nine pa-

tients who had complete denervation of the Tibia-

lis Anterior muscles and had undergone between 

2 and 40 months after the lesion. The Tibialis An-

terior muscle of the patients was stimulated with 

20 milliseconds (ms) rectangular wave pulses at 

25 Hertz (Hz) for 20 minutes (min), 2 times a day, 

5 days a week, for a total of 3 weeks. It was stated 

that the level of foot dorsiflexion increases after 

treatment and the course of denervation atrophy 

is reversed.11 In another study, the effects of ES 

on individuals with late-stage Facial nerve pal-

sy were examined. In this study, individuals who 

were diagnosed with Facial nerve Palsy between 

1 and 7 years ago were divided into two groups: 

those who underwent Facial nerve reconstruction 

surgery and those who did not. Both groups are 

divided into those who receive ES and those who 

do not. ES consisting of biphasic triangular stim-

uli was applied 2 times a day, 5 days a week, and 

for 10 min to prevent fatigue. The phase duration is 

set to 100-500 ms, and the amplitude is set to 5-27 

milliamperes (mA). According to the results of the 

study, there was no difference in terms of the dura-

tion of reinnervation between the individuals who 

received and did not receive ES after Facial nerve 

reconstruction surgery, while less synkinesis was 

recorded with ES in the group who did not receive 

surgery.12 In a case report in which the restorative 

potential of intense ES was investigated in a patient 

with long-term Quadriceps Femoris muscle de-

nervation, there were none of the voluntary move-

ments, sensations, and reflexes in the muscle and 

the condition was found to be consistent with to-

tal denervation. Eighteen months after the injury, 

two pairs of large electrodes were connected to the 

front surface of the thighs on proximal and distal 

portions, and ES therapy was started. The training 

was started with single twitches at 2 Hz and applied 

for 15 min a day and 5 days a week. After 4 months, 

the excitability of muscle fibers has improved 

enough for shorter duration pulses to be used. 

Therefore, the protocol is strengthened with an ad-

ditional tetanic model consisting of 40 ms pulses 

transmitted at 20 Hz for 2 seconds (s) on and 2 s off 

for 15 min a day, 5 days a week. The total amount of 

stimulation was then applied for 30 min per day for 

each muscle. After 26 months of stimulation, the 
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patient’s atrophy decreased, and the knee torque 

became sufficient to allow standing without upper 

limb support. This study shows that ES of muscles, 

which is tried with an extremely intensive protocol 

in patients with lower motor neuron lesions, can 

provide a significant functional return.13

There are findings in the literature that short-

term low frequency ES accelerates axon growth 

and muscle reinnervation after emergency neu-

rosurgery in rats and human patients. These find-

ings suggest that ES improves regeneration after 

delayed nerve repair. To test this hypothesis in a 

study, rats’ Common Peroneal nerves have been 

chronically axotomized and / or Tibial nerve 

Schwann cells and ankle extensor muscles have 

been chronically denervated with ligation and 

transection. After the neurosurgery was performed 

3 months later, sham stimulation was given to one 

group, while 20 Hz ES was applied to the other 

group for 1 hour with wire electrodes. As a result 

of the study, it was concluded that ES significantly 

increases the number of both motor and sensory 

neurons that experience axonal regeneration and 

is effective in improving target reinnervation after 

delayed nerve repair.14 Huang et al. also investi-

gated the potential of short-term ES in enhancing 

functional recovery in delayed nerve damage re-

pair.15 In the study, the Sciatic nerve of rats was cut 

and the repair of nerve damage was delayed for 2, 

4, 12, and 24 weeks. After these periods, one end 

of the wire electrodes was fixed in a ring around 

the nerve stump proximal to the lesion, and a sec-

Table 32.1  Summary of studies applying ES for after 3 months

Study Parameters Conclusion

Valencic et al.11

(1986)
Square wave stimulus
25 Hz
20 ms
20 min/session
2 times x day
5 days/week
3 weeks

Increasing the level of foot dorsiflexion and reversing the 
course of denervation atrophy

Kern et al.13

(2004)
First 4 months: 2 Hz
15 min/session
1 time x day
5 days/week
After 4th months: 2 sec on, 2 sec off, 40 ms, 20 Hz
15 min/session
1 time x day
5 days/week
Total 26 months

Decreased Quadriceps Femoris atrophy, with knee torque 
sufficient to stand up without upper extremity support

Huang et al.15

(2013)
20 Hz
3 V
20 min

A significant increase in the diameter of the regenerated 
axons and the thickness of the myelin sheath, as well as the 
number of motor and sensory neurons. Increased amplitude 
of the compound muscle action potential and nerve 
conduction velocity in the Gastrocnemius muscle

Elzinga et al.14

(2015)
20 Hz
1 hour

ES significantly increases the number of both motor and 
sensory neurons undergoing axonal regeneration and is 
effective in improving target reinnervation after delayed 
nerve repair

Puls et al.12

(2020)
Biphasic triangle wave stimulus
10 min/session
2 times x day
5 days/week
100-500 ms
5-27 mA

No difference in reinnervation time between individuals who 
received and did not receive ES, less synkinesis with ES in 
the group that did not receive surgery
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ond electrode used as an anode was placed on a 

muscle close to the nerve and a short depolarizing 

ES of 3 Volts (V), 20 Hz was applied for 20 min. As 

a result of the study, it was found that the diame-

ter of the renewed axons and the thickness of the 

myelin sheath, as well as the number of motor and 

sensory neurons, significantly increased. However, 

it was found that the amplitude of the compound 

muscle action potential and nerve conduction ve-

locity also increased in the Gastrocnemius muscle. 

This condition has shown that muscle atrophy is 

reversed partially. According to the study, the ef-

fectiveness of ES decelerated gradually with delays 

ranging from 2-24 weeks. These results prove that 

the application of ES after delays of up to 24 weeks 

can support nerve regeneration and increase func-

tional recovery.15 In a study with the opposite re-

sult, the Extensor Digitorum Longus muscle of rats 

was subjected to 3.5 months of denervation by Pe-

roneal nerve axotomy. In the study, ES was applied 

to some rats during the denervation period. The 

results of the study revealed that ES applied during 

the denervation period did not improve muscle 

mass, strength, or motor function.16 Although there 

are studies stating otherwise, in the light of many 

studies in the literature, it can be said that ES still 

has the potential to increase regeneration after 

chronic nerve injuries or delayed nerve repair, but 

early treatment gives better results.9

Conclusion
When the literature is examined, it is seen that the 

results of NMES in the treatment of completely de-

nervated muscles are inconsistent.10,17 It is thought 

that one of the reasons for the discrepancy in the 

results may be muscle damage and fatigue caused 

by the high electrical intensity used in some stud-

ies. Therefore, physiotherapists should take mea-

sures during to avoid overstimulating or exhaust-

ing the surrounding muscles in particular. In ad-

dition, although ES is not suitable for people with 

heart disease, pacemakers, risk of bleeding, and 

risk of thromboembolism, caution should also be 

exercised when using it on people who are preg-

nant or have epilepsy, sensory impairment, or joint 

replacements. ES should not be applied on the ca-

rotid sinus, through the thorax, on the diseased 

skin or in the laryngeal region.10 In an article writ-

ten on the use of ES for denervated muscle, it was 

stated that based on the results of animal experi-

ments, solving the problem of using ES to benefit 

denervated muscle depends on the appropriate 

stimulation parameters, stimulation current and 

type, and correct placement of electrodes.7 Clinical 

trials demonstrating the effects of ES on nerve re-

generation are relatively new. In these studies, the 

inability to clearly understand the mechanisms by 

which functional recovery is performed, the inabil-

ity to decently optimize stimulation settings, and 

the inability to characterize the effects on the cra-

nial nerves could be cited as obstacles to the use 

of ES. Since the mechanism by which simulation 

affects the course of denervation atrophy is not 

clearly known, the selection of stimulation param-

eters and models used in studies is mostly done 

by trial-and-error methods. The lack of clarity in 

terms of application in these studies leads to con-

tinuing barriers to the use of ES in patients despite 

the positive effects proven in current studies.7,18 

Considering the important points in practice, it is 

important for physiotherapists using ES to further 

decipher the effectiveness of ES on nerve regener-

ation in the human population without ignoring 

the results of studies.
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