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Introduction
Electrical stimulation (ES) is a frequent and ef-

fective therapy for re-innervated atrophic mus-

cles. These approaches employ ES to activate 

and strengthen muscles to restore function and 

improve the quality of life. The application of ES 

methods can be beneficial for a range of patient 

groups, including those who have suffered spinal 

cord injuries, peripheral nerve injuries, and other 

neuromuscular illnesses. In this brief introduction, 

we will discuss the basic concepts underpinning 

ES methods for re-innervated atrophic muscles as 

well as their potential benefits for patients under-

going rehabilitation.1

Treatments with ES are necessary to re-inner-

vate atrophied muscles and restore them. It is essen-

tial for muscles that have undergone denervation 

and re-innervation to be stimulated, encouraged 

to develop, and strengthened by the application of 

these methods by ES. Functional Electrical Stim-

ulation (FES), Neuromuscular Electrical Stimula-

tion (NMES), and Transcutaneous Electrical Nerve 

Stimulation (TENS) are ES approaches that can help 

patients with a range of neuromuscular illnesses by 

providing their muscles to grow and perform better.2

The importance of ES treatments in re-inner-

vated atrophic muscles can be attributed to their 

ability to improve patient’s quality of life and over-

all function. It may be challenging for patient with 

atrophied muscles as a result of denervation and 

re-innervation to carry out daily tasks and partici-

pate in social and recreational activities. ES thera-

pies can aid in reversing these impairments by pro-

moting muscle development and function, boost-

ing general strength, and enhancing the patient’s 

ability to do daily chores. In the rehabilitation, ES 

are regularly used and recognized as an effective, 

non-invasive form of muscle rehabilitation. Phys-

iotherapists, occupational therapists, and other re-

habilitation specialists routinely use ES treatments 

to treat patients with neuromuscular problems, in-

cluding re-innervated atrophic muscles.3

Anatomy and Physiology of 
Re-innervation and Muscle 
Atrophy
After a period of denervation (loss of nerve sup-

ply), nerve fibers re-appear and re-connect mus-

cle fibers in a process known as re-innervation. 

The process of re-innervation, which necessitates 

a complex interaction between the neurologi-

cal and muscular systems, is crucial for restoring 

muscle strength and function. On the other hand, 

muscular atrophy is the wasting or loss of mus-

cle tissue as a result of several conditions, such 

as inactivity, immobility, aging, and neurological 

illnesses. When muscle fibers are not sufficiently 

activated, muscular atrophy can occur, resulting 

in a decline in muscle size, strength, and function. 

Since denervation can cause muscle atrophy and 

re-innervation is required for muscle recovery, the 

processes of re-innervation and atrophy are inex-

tricably linked.4
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Anatomy of Re-Innervation
Due to a lack of nerve stimulation (damaged or sev-

ered motor neuron), muscle fibers are denervated 

and this process may cause atrophy. The neuron 

might be able to regrow its axon and re-attach to 

the muscle fibers if the damage is limited to that 

area. Re-innervation involves several stages:

1. 	 Axonal sprouting: To re-attach muscle fibers, 

the injured motor neuron’s axon starts to grow 

new branches.

2. 	 Target recognition: To link with the right muscle 

fibers, the sprouting axons look for and identify 

them.

3. 	 Synapse formation: To transmit nerve impuls-

es and cause muscular contractions, the axon 

terminals create new synapses with the muscle 

fibers.5

Physiology of Re-Innervation
Neurological and muscle systems interact intri-

cately during the re-innervation process. The fol-

lowing things occur after the axons have grown 

and re-connected with the muscle fibers:

1. 	 Retrograde signaling: The re-joined axon com-

municates with the cell body via retrograde 

signals, which activate the gene expression and 

protein synthesis required for nerve fiber’s up-

keep and expansion.

2. 	 Remodeling of muscle fibers: The rejoined 

muscle fibers alter in size, shape, and contrac-

tile characteristics to accommodate the new 

nerve supply.

3. 	 Motor unit recruitment: The re-energized mus-

cle fibers are absorbed into the already-existing 

motor units, resulting in an improvement in 

strength and functionality.4,6,7

When an injury occurs in the peripheral ner-

vous system, the portion of the axon distal to the 

injury undergoes Wallerian Degeneration, which 

is the degeneration of the axon and myelin sheath. 

Following this, an axonal stump is formed. In re-

sponse to the injury, Schwann cells in the area pro-

liferate and begin to produce new Schwann cells, 

which align and form a tube-like structure known 

as the bands of Bungner. These bands guide the ax-

onal stump to its original target. Macrophages are 

also recruited to the area to help remove debris and 

remnants of the degenerated axon. This clears the 

path for the regenerating axon to grow through the 

tube of Schwann cells. The axonal stump begins to 

grow and elongate, following the guidance of Bun-

gner’s bands. Schwann cells also begin to produce 

a new myelin sheath to surround the regenerating 

axon. With time, the axon grows and eventually 

reaches its original target, completing the process 

of axon regeneration. While the process of nerve 

regeneration in the peripheral nervous system can 

be slow and may not always result in full recovery 

of function, it is a remarkable process that demon-

strates the regenerative capacity of the nervous 

system.5,7,8

Peripheral nerve injury is followed by muscular 

atrophy, depending on the type of injury and treat-

ment condition.

The Anatomy of Muscle Atrophy
Muscle atrophy can occur due to numerous fac-

tors, including disuse, immobilization, aging, and 

neurological disorders (Figure 33.1).

Some of the anatomical alterations that result 

from muscular atrophy include the following:8

1. 	 A loss in muscle mass is caused by a reduction 

in the size of the muscle fibers, which become 

smaller in diameter.

2. 	 Myofibril loss is another factor that affects mus-

cle size and strength. Myofibrils are the con-

tractile units of muscle fibers.

3. 	 Alterations in fiber type: Type II fast-twitch fi-

bers, which are more prone to atrophy, may re-

place type I slow-twitch fibers in muscle tissue.

The Physiology of Muscle Atrophy
Muscle atrophy is caused by several complicated 

and poorly understood physiological processes, 

including:6,8,9

1. 	 Protein deterioration: There is an increase in 

the breakdown of muscle proteins (proteoly-

sis), which results in a loss of muscle mass.

2. 	 Decreased protein synthesis: This results in 

a reduction in the production of new muscle 
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Figure 33.1  Muscle atrophy.

proteins, which accelerates the loss of muscle 

mass.

3. 	 Mitochondrial dysfunction: The energy-pro-

ducing mitochondria starts to malfunction, 

which contributes to the loss of muscle func-

tion.

In conclusion, the interaction between the 

neurological and muscular systems is a key factor 

in the processes of re-innervation and muscle atro-

phy. For muscle function and strength to be recov-

ered, re-innervation is necessary.6,9

Overview of Electrical 
Stimulation for Re-Innervation
ES is a type of therapy that strengthens and im-

proves the function of muscles by stimulating 

nerves and muscles. In the rehabilitation of re-in-

nervated muscles that have atrophy owing to de-

nervation, especially ES techniques can be helpful. 

Some ES techniques can be applied when re-in-

nervated muscles exhibit atrophy.10

ES can lead to the regeneration of all motor 

axons within 3 weeks, rather than the typical 8-10 

weeks that it takes without stimulation. Addition-

ally, this stimulation has a similar effect on sensory 

nerve regeneration. This finding is significant be-

cause it suggests that ES may be a useful technique 

for promoting nerve regeneration and accelerating 

the recovery of motor and sensory function follow-

ing nerve injury. By accelerating axon outgrowth 

and promoting nerve regeneration, ES could po-

tentially lead to faster and more complete recovery 

from nerve injuries in humans as well.11

Marqueste et al. discussed the use of ES for 

muscle re-innervation and nerve regeneration in 

the Tibialis Anterior muscle.12 The study includ-

ed four groups of animals: the first group (C) was 

a control group with no surgical intervention, the 

second group (LS) had Peroneal nerve sectioned 

and self-anastomosed without any chronic elec-

trostimulation, the third group (LSEm) had Tibi-

alis Anterior muscle electrically stimulated with 

a monophasic current following nerve sectioning 

and self-anastomosis, and the fourth group (LSEb) 

had muscle electrically stimulated with a bipha-

sic modulated current following nerve sectioning 

and self-anastomosis. All animals were kept under 

controlled environmental conditions with free ac-

cess to food and water. The LSEm group received 

a monophasic rectangular single shock current 

with a voltage of 10 V delivered for 300 millisecond 

(ms) once a minute using a stimulator. The LSEb 

group, on the other hand, was stimulated with a bi-

phasic current modulated in frequency and shock 

duration, with a stimulation frequency increasing 

from 4 Hertz (Hz) [200 microseconds  (μs)] to 75 

Hz (150 μs) during 3 second (s), followed by a 1.5 

s plateau at 75 Hz, and then a decrease back to 4 

Hz (200 μs) during 2 s. The intensity of stimulation 

was adjusted daily for each animal to achieve the 

maximal but non-painful contraction during the 

stimulation period. Both groups were stimulated 
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for 10 consecutive weeks, 5 hours per day, 5 days 

per week. The use of chronic muscle electrostim-

ulation with biphasic currents modulated in both 

frequency and pulse duration has been shown 

to have several beneficial effects on denervated 

muscles. LSEb can help to prevent muscle atro-

phy, maintain muscle strength and endurance, 

and preserve the biochemical and histochemical 

properties of muscle. In particular, LSEb has been 

found to help keep the muscle closer to its control 

phenotype, which refers to the normal state of the 

muscle before denervation. This means that the 

muscle maintains its normal biochemical and his-

tochemical properties, such as the levels of certain 

enzymes and the composition of its fibers. Accord-

ing to their findings, the use of an electrical current 

modulated at high frequency and pulse duration, 

as opposed to a non-modulated current, was found 

to improve sensory re-innervation and muscle 

re-innervation. In another study, the authors also 

found that biphasic modulated stimulation was 

recommended for better re-innervation and that 

muscle electrostimulation following denervation 

and re-innervation tended to restore size and func-

tional and histochemical properties better than in 

unstimulated muscle.12,13

Bowman et al. conducted a study to compare 

three different stimulation parameters: pulse du-

ration (50 and 300 μs), waveform symmetry (asym-

metrical and symmetrical biphasic waveforms), 

and source regulation (current and voltage source 

regulation).14 The results of the study showed that 

regardless of waveform or source regulation, par-

ticipants overwhelmingly preferred the 300 μs 

pulse duration. They also strongly preferred the 

symmetrical biphasic waveform. However, there 

was an inconsistent preference for either regulat-

ed voltage or regulated current sources. This study 

highlights the importance of considering patient 

comfort when selecting stimulation parameters 

for surface stimulation. They suggested that using 

longer pulse durations and symmetrical biphasic 

waveforms may help to improve patient comfort 

during surface stimulation.

It is important to note that further research is 

needed to determine the optimal methods for ES 

during muscle re-innervation and nerve regener-

ation.

Transcutaneous Electrical Nerve 
Stimulation
Electrical impulses are used in TENS, which is a 

non-invasive therapy, to reduce pain and encour-

age muscular activity. TENS can be used to en-

hance muscle function, lessen pain, and promote 

muscle growth in re-innervated atrophic muscles.15

The Purpose of Usage
Pain reduction: Re-innervated atrophic muscles 

with nerve loss or muscle atrophy may experience 

pain relief from TENS. The TENS unit’s electrical 

impulses can prevent pain signals from reaching 

the brain, thus lessening the perception of pain.16,17

Muscular activation: Re-innervated atrophic 

muscles can also benefit from TENS to stimulate 

muscular activation. Muscle contractions brought 

on by the TENS unit’s electrical impulses might en-

hance muscle function and strength.16,17

Muscular growth: TENS can be applied to re-in-

nervated atrophic muscles to encourage muscular 

growth. The TENS unit’s electrical impulses can 

encourage the creation of growth factors, which 

can aid in promoting muscle growth and repair.16,17

The Recommended Parameters
Electrodes are applied to the skin over the target-

ed muscle or nerves using TENS techniques for 

re-innervated atrophic muscles. The electrodes are 

attached to a TENS machine, which stimulates the 

muscle or nerve with electrical impulses. Depend-

ing on the patient’s particular needs and tolerance, 

the electrical impulses’ frequency, intensity, and 

pulse width can be changed. Usually, atrophic 

re-innervated muscles are treated with low-fre-

quency TENS. It is typical to use a frequency of 2 

to 4 Hz to encourage muscle growth and healing. 

Current intensity should be adjusted to provide 

muscular activation while still being comfortable 

for the patient. As the patient’s tolerance increases, 

the intensity can be gradually increased. For atro-

phic re-innervated muscles, a longer pulse width is 

often employed to encourage muscular activation 
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and development. Common pulse durations range 

from 100 to 200 µs.17

Russian Electrical Stimulation
Russian Electrical Stimulation (RES) is a form of 

NMES that stimulates motor neurons and causes 

muscular contractions by using high-frequency 

electrical impulses. The process of re-connecting 

nerve and muscle fibers that have been severed or 

damaged by illness or injury is known as re-inner-

vation of muscles. It is possible to accelerate this 

process naturally or with the use of equipment 

such as ES. RES can be used in conjunction with 

muscle re-innervation techniques to hasten the 

process of nerve fiber re-innervation and muscle 

fiber activation. More research is needed to deter-

mine the effectiveness and safety of these methods 

for re-innervated muscles.18,19

The Purpose of Usage
RES can be utilized to re-innervate atrophic mus-

cles, activate them, promote muscular develop-

ment, and increase blood flow. By causing muscu-

lar contractions, electrical impulses from the RES 

can improve muscle function and strength. RES 

can also boost the synthesis of growth factors to 

aid in muscle development and repair. Increased 

blood flow to damaged muscles can also hasten 

their recovery and improve their functionality.20,21

The Recommended Parameters
Electrodes are applied to the skin above the target-

ed muscle as part of the RES procedures for re-in-

nervating atrophic muscles. The electrodes are 

attached to a Russian stimulator, which stimulates 

the muscle with electrical impulses. Depending on 

the patient’s particular needs and tolerance, the 

electrical impulses’ frequency, intensity, and pulse 

duration can be changed. The RES current is a me-

dium frequency current with a frequency of 2500 

Hz. This current is delivered in bursts with pulse 

lengths of 0.2 ms and is broken up by pauses of 10 

ms. This produces 50 bursts of low frequency Far-

adic current every second.21

Frequency: For RES, a frequency of 2500 Hz is 

frequently employed. In atrophic, re-innervated 

muscles, this frequency is beneficial in stimulating 

muscle development and healing.21

Curent intensity: While still causing muscle ac-

tivation, the intensity of RES should be set at a level 

that is comfortable for the patient. As the patient’s 

tolerance increases, the intensity can be gradually 

increased.21

Pulse duration: RES often uses a longer pulse 

length to encourage muscle activation and devel-

opment. Common pulse durations range from 200 

to 400 µs.21

If RES is not used carefully, it can interfere with 

re-innervation and damage muscle fibers. There-

fore, in the acute phase of the post-surgical process 

RES is not recommended.

Modified Galvanic Stimulation
Direct current is used in Modified Galvanic Stim-

ulation to excite muscles and nerves. To stop mus-

cle wasting and enhance muscular function in the 

context of atrophy, Galvanic Stimulation may be 

applied.22

The purpose of Usage
Muscle activation: Atrophic muscles that have been 

re-innervated can be activated with Modified Gal-

vanic Stimulation. Muscle contractions brought on 

by the Galvanic Stimulator’s electrical current can 

enhance muscular function and strength. Mod-

ified Galvanic Stimulation should  be stopped as 

soon as the muscle starts to contract voluntarily.

Muscle growth: Modified Galvanic Stimulation 

is effective in promoting muscle growth in atrophic 

re-innervated muscles. The electrical current from 

the  Galvanic Stimulator can help stimulate the 

production of growth factors, which can promote 

muscle growth and repair.20

Pain relief: Atrophic, re-innervated muscles can 

also benefit from Modified Galvanic Stimulation for 

pain alleviation. The Galvanic Stimulator’s electrical 

current can lessen pain by decreasing swelling and 

enhancing blood flow to the injured region.23

The Recommended Parameters
Electrodes are placed to the skin above the target-

ed muscle as part of the procedures for employing 
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Modified Galvanic Stimulation in re-innervated 

atrophic muscles. Depending on the patient and 

their unique needs, the Modified Galvanic Stimu-

lation settings used in atrophic re-innervated mus-

cles can be changed.24

Frequency: Direct current, which is used in 

Modified Galvanic Stimulation, has a frequency of 

0 Hz. The frequency setting for Galvanic Stimula-

tion is therefore irrelevant.24

Current intensity: The intensity of Modified 

Galvanic Stimulation should be adjusted to the pa-

tient’s comfort level while still causing muscles to 

contract. As the patient’s tolerance increases, the 

intensity can be gradually increased.24

Pulse duration: For Modified Galvanic Stimula-

tion, the pulse width can be anywhere between 30 

and 150 ms. To encourage muscular activation and 

growth, longer pulse durations may be used.24

It is crucial to remember that only qualified 

specialists with experience using the technique 

and the ability to guaranty the safety and efficacy 

of the therapy should carry out any ES procedures. 

A personalized treatment plan should be created 

based on the requirements of every patient and 

conditions because these therapies may not be ap-

propriate for all people.24

Low Frequency Current Electrical 
Stimulation
The aim of using low frequency current ES is to 

stimulate the muscles individually or in groups for 

diagnostic or therapeutic purposes. It is accepted 

that the most suitable current type for this purpose 

is quadrangular currents with a frequency up to 

about 100 Hz. In the treatment, generally 1-100 Hz 

are used.25

The Purpose of Usage
Accelerating axon outgrowth: Brief low-frequency 

ES has been shown to accelerate axon outgrowth 

across injury sites and enhance nerve regeneration 

and target re-innervation in animal models and 

patients. This is due to the elevation of neuronal 

cyclic adenosine monophosphate and increased 

expression of neurotrophic factors and other 

growth-associated genes, including cytoskeletal 

proteins. Furthermore, ES of denervated muscles 

accelerates muscle re-innervation immediately af-

ter nerve transection and surgical repair also.26

Accelerating axonal regeneration and target 

re-innervation: Gordon et al. conducted a ran-

domized control trial to investigate the effect of 

low frequency ES on axonal regeneration in pa-

tients with median nerve compression in the car-

pal tunnel.27 Patients underwent carpel tunnel re-

lease surgery (CTRS), and those in the stimulation 

group received 1 hour of 20 Hz bipolar ES imme-

diately after surgery. The researchers used surface 

electrodes to stimulate the thenar eminence mus-

cle and connected these electrodes to an Electro-

myography (EMG) machine. The stimulation in-

tensity was gradually increased to the maximum 

tolerated limit of 4-6 Volts (V) with a duration of 

0.1-0.8 ms, delivered as a continuous 20 Hz train 

for 1 hour. This level of intensity was sufficient to 

produce a fused tetanic contraction but not so 

high as to cause excessive discomfort to the sub-

jects. The protocol used in the study was designed 

to mimic that used in previous animal studies 

conducted by the researchers. Patients were fol-

lowed up for a year, and their axonal regeneration 

was quantified using motor unit number estima-

tion (MUNE) and sensory and motor nerve con-

duction studies. Functional recovery was assessed 

using various tests. The study found that the ES 

group had a significant improvement in axonal 

regeneration, with MUNE increasing from 150±62 

motor units (MU) at baseline to 290±140 MU 6-8 

months after CTRS. In contrast, there was no sig-

nificant improvement in the control group. Termi-

nal motor latency also significantly accelerated in 

the stimulation group but not in the control group. 

Sensory nerve conduction values also significant-

ly improved in the stimulation group earlier than 

in the control group. Other outcome measures 

showed significant improvement in both patient 

groups. In conclusion, the study suggests that low 

frequency ES can accelerate axonal regeneration 

and target re-innervation in humans. The increase 

in MUNE observed in the ES group suggests that 

there was an increase in the number of motor units 

re-innervating the thenar muscles, indicating suc-
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cessful axonal regeneration. Additionally, the ac-

celeration in terminal motor latency and improve-

ment in sensory nerve conduction suggests that 

the ES group experienced earlier re-innervation of 

the median nerve compared to the control group. 

These findings suggest that low frequency ES is a 

promising therapeutic approach to enhance nerve 

regeneration and functional recovery in patients 

with nerve injuries.

Providing neuroprotective effect on sensory 

neurons: Vivo et al. investigated whether imme-

diate ES after sciatic nerve injury could improve 

axonal regeneration in rats.28 Two groups of rats 

were studied, with one group receiving ES (3 V, 0.1 

ms at 20 Hz) for one hour after nerve injury and 

the other group serving as a control. Various tests 

were performed to assess muscle re-innervation 

and changes in spinal cord circuitry excitability 

at different time points after surgery. The results 

showed that the group receiving ES had higher 

levels of re-innervation and a significantly higher 

number of regenerated myelinated fibers in the 

distal tibial nerve compared to the control group. 

Immunohistochemical labeling of sensory affer-

ents in the spinal cord dorsal horn showed that 

the expression of substance P, a neuropeptide in-

volved in pain transmission, was preserved in the 

group receiving ES. This suggests that ES may have 

a neuroprotective effect on sensory neurons. In 

summary, the study suggests that brief ES applied 

immediately after sciatic nerve injury can pro-

mote axonal regeneration and reduce spinal reflex 

excitability in rats.28

The Recommended Parameters
Electrodes are placed to the skin above the targeted 

muscle as part of the procedures for employing low 

frequency ES in re-innervated atrophic muscles.

Frequency: Low frequency ES is generally used 

between 10-30 Hz, but the most recommended fre-

quency is 20 Hz.26-28

Current intensity: The intensity of low frequen-

cy ES should be adjusted to the patient’s comfort 

level while still causing muscles to contract. As the 

patient’s tolerance increases, the intensity can be 

gradually increased.26-28

Reasons for Use of ES for Re-
innervated Muscles
1.	 ES restores muscle function: Muscles that have 

atrophy can be stimulated with ES techniques 

such as NMES and FES, increasing muscular 

contractions and enhancing muscle function. 

When voluntary muscle activation is compro-

mised, such as in patients with spinal cord in-

juries or nerve loss, these techniques can be 

especially helpful.29

2.	 ES prevents further muscle wasting: By supply-

ing consistent ES that helps to maintain muscu-

lar mass and strength, ES techniques can help 

stop further muscle wasting in atrophied, re-in-

nervated muscles.30

3.	 ES provides pain management: In atrophied, 

re-innervated muscles, ES techniques like 

TENS and Modified Galvanic Stimulation can 

be used to relieve pain. These treatments re-

lieve pain and suffering by activating the nerves 

that provide pain signals.31

4.	 ES improves muscle endurance: Muscle en-

durance can be increased in atrophied, re-in-

nervated muscles using ES techniques such as 

NMES and RES. These techniques can assist in 

boosting the number of muscle fibers that are 

activated by routine ES, which will eventually 

improve endurance.32

5.	 ES enhances physiotherapy and rehabilitation 

outcomes: To improve results in the rehabili-

tation of atrophied re-innervated muscles, ES 

approaches can be employed in conjunction 

with other rehabilitation procedures, including 

exercise and physiotherapy. To promote mus-

cular activation and boost muscle strength, for 

instance, NMES or FES may be used to stimu-

late the muscles during exercise.33

6. 	 ES increases Brain-Derived Neurotrophic Fac-

tor (BDNF): Neurotrophins, in particular BDNF, 

have been identified as key regulators of axon 

regeneration. According to the studies short ES 

promotes the expression of BDNF in motoneu-

rons that are renewing.34,35

7.	 ES reduces muscle atrophy: Willand et al. used 

ES for 5 days a week for 1 hour for 1 month 
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with electrodes implanted in the Gastrocne-

mius muscle immediately after Tibial nerve 

transection and immediate repair with the Fib-

ular nerve to examine the effect of short-term 

muscle stimulation on increasing re-inner-

vation and preventing muscle atrophy.36 Two 

months after repair, it was discovered that stim-

ulated animals had significantly higher muscle 

weights, twitch strengths, and type I fibers than 

repaired controls with no stimulation.

8.	 ES speeds up muscle re-innervation: Gordon 

et al. evaluated whether ES promotes axon re-

generation and muscle re-innervation in car-

pal tunnel syndrome patients with severe axon 

degeneration following surgery.37 ES speeds up 

axon outgrowth and targets muscle re-innerva-

tion. After chronic axotomy, chronic Schwann 

cell denervation, and after immediate nerve 

repair with and without trains of 20 Hz ES for 

1 hour to 2 weeks in rats and in patients with 

carpal tunnel syndrome, the number of regen-

erating motor units and neurons was counted 

electrophysiologically and with dye-labeling. 

In contrast to a non-significant increase in the 

number of motor units in the control group, ES 

(1 hour) facilitated the entire re-innervation 

of thenar muscles in patients and accelerated 

axon outgrowth across the suture site in con-

nection with enhanced neuronal neurotrophic 

factor and receptors. They concluded that both 

in humans and animals short ES expedites tar-

get muscle re-innervation and axon sprouting.

Overall, ES methods have a range of clinical ap-

plications in the rehabilitation of atrophied re-in-

nervated muscles and can be used in combination 

with other rehabilitation techniques to achieve op-

timal outcomes. However, it is important to work 

with a healthcare professional to determine the 

most appropriate treatment plan for each individ-

ual patient.

Udina et al. reported that a single session of ES 

for one hour of an intact peripheral nerve can en-

hance the growth of nerve cell processes in vitro 

and in vivo.38 Specifically, the study found that ES 

increased neurite outgrowth of dorsal root gan-

glion (DRG) neurons in vitro and promoted out-

growth of central sensory axons into the lesion site 

in vivo. Additionally, the study showed that ES in-

creased the levels of cyclic adenosine monophos-

phate in DRG neurons. The ES of an intact periph-

eral nerve for 1 hour at 20 Hz promotes the sensory 

neurite outgrowth in vitro and in the spinal cord in 

vivo. They concluded that the number of regener-

ated axons was better when 20 Hz was given than 

200 Hz.

In a study, the effects of low-intensity electric 

current at 20 Hz and Schwann-like cells on periph-

eral nerve damage were investigated. They found 

that nerve conduction velocity measurements 

which made at the 6th week after ES with a 1 hour 

20 Hz 3V intensity the conduction velocity was re-

corded as 19.26 ± 4.54 m/s in the continuous neu-

roma damage model, while the conduction velocity 

with ES was 25.48 ± 4.95 m/s. Although an increase 

in transmission speed was detected between these 

two groups, this difference was not statistically 

significant. ES nerve conduction velocity, axon di-

ameter, and myelin sheath thickness increased in 

the continuous neuroma model after ES; however, 

it was not found to be as effective as shown in the 

literature in their experimental conditions.39

Conclusion
In conclusion, the rehabilitation of atrophied 

re-innervated muscles has shown promise when 

using ES techniques. Biphasic modulated and low 

frequency stimulation (20 Hz) has been found to 

be successful in restoring muscular function, stop-

ping additional muscle wasting, and improving the 

results of physiotherapy and rehabilitation. In or-

der to improve treatment protocols, to identify the 

most suitable patient populations for these ther-

apies, and to understand better the mechanisms 

underlying the success of these approaches, fur-

ther study is still required.

One of the goals of future studies in this area 

may be to apply ES approaches to cure various 

forms of muscular atrophy, including age-related 

and disuse atrophy. There may be opportunities 

to examine the use of cutting-edge ES techniques, 

such as low-frequency and patterned stimulation, 
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to further increase the efficacy of these treatments. 

Therefore, with continued research and improve-

ment, ES methods have the potential to play a 

significant role in the rehabilitation of atrophied 

re-innervated muscles, thereby improving patient 

outcomes and quality of life.
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Introduction
Peripheral nerve injury (PNI) is a complex condi-

tion in which different signs and symptoms such 

as numbness, tingling, throbbing, burning, and 

sharp pain are seen together.1 Although peripheral 

nerves have self-renewal and healing mechanisms, 

they are inherently vulnerable to factors such as 

acute pressure or trauma, and their recovery is 

usually slow and partial (Figure 34.1).1,2 This is be-

cause healing depends on axon terminations and 

access to intracellular substances. Therefore, the 

rate of recovery is 1-3 mm per day, similar to the 

transport rate of the axon.2 There are many factors 

that affect the rate of recovery after PNI. The sever-

ity of the nerve injury, time elapsed between injury 

and surgical repair, distance from the injury site to 

the target muscle or organ, age of the patient, and 

appropriately guided axonal re-innervation are 

some of these factors.3

Functional recovery is directly related to the 

severity of nerve injury. While level 1 neuropraxia 

injuries require only medical treatment, recovery 

can be achieved in axonotmesis injuries between 

level 2 and 4 when no significant functional gain 

is observed in electrodiagnostic tests within 3 to 6 

Figure 34.1  Changes after peripheral nerve injury.
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months. Severe level 5 neurotmesis injury typical-

ly requires surgical repair. Nerve early re-innerva-

tion is critical to prevent atrophy of both nerve and 

muscle.3

Electrical stimulation (ES) is a non-invasive 

technique that enhances and regulates healing-re-

lated gene release in healing neurons, similar to 

crush injuries. The ES technique applied before 

or after surgery is seen as a conditioning strategy.4 

Daily applied ES upregulates intramuscular neuro-

trophic factors and stimulates terminal branching. 

However, it has been reported in the literature that 

its application alone has a small contribution in 

terms of long-term functional re-innervation.5 ES 

applied without exercise can result in misdirection 

of motor axon regeneration to reinnervate differ-

ent muscle groups.6 For this reason, it is crucial 

to maintain the ES technique to be applied by the 

physiotherapist under the guidance of a protocol 

that is appropriate for the patient’s injury condi-

tion and will contribute to the healing of the axon 

for a long time.

Electrical Stimulation Methods
In the literature, it is stated that there is a need to 

determine the optimum parameters for an effective 

ES method in the initial phases of the re-innerva-

tion period after ES. Most studies have used short 

intraoperative ES of 20 Hertz (Hz) for 1 hour as stan-

dard immediately after nerve repair.3-5,7-10 However, 

it has not yet been determined whether this 1-hour 

application has the optimum efficiency.3

There are different ES methods applied in the 

initial phases of the re-innervation period as a 

result of PNI. Among these methods, there are 

methods such as Neuromuscular Electrical Stim-

ulation (NMES), Functional Electrical Stimulation 

(FES), High Voltage Pulsed Galvanic Stimulation 

(HVPGS), and Transcutaneous Electrical Nerve 

Stimulation (TENS).

Neuromuscular Electrical Stimulation
Brief Low Frequency Electrical Stimulation

Although there are short intraoperative low fre-

quency stimulation methods applied in different 

protocols in the literature, 20-50 Hz applications 

that will reveal muscle contraction are generally 

preferred for restoring sensorimotor function.9,11 

It is thought that this method of 20 Hz applied for 

1-hour increases the production of neurotrophic 

factors and increases the functional recovery or 

nerve regeneration as a result of the increased reg-

ulation of these substances in their receptors.11

In a study, acute brief low frequency ES was 

applied to patients who had undergone surgery 

for carpal tunnel syndrome. The parameters of 

the current were 20 Hz, 4-6 Volts (V), 0.1-0.8 milli-

seconds (ms) and 1-hour application. It has been 

determined that this method improved axonal re-

generation and accelerated muscle nerve regen-

eration. In another study, it was found that the 

application to patients with cubital tunnel syn-

drome who had undergone surgery with 20 Hz, 

balanced biphasic pulsed, 30 V, and 0.1 ms cur-

rent for 1-hour was effective in muscle and nerve 

regeneration. These effects were also demon-

strated by functional evaluations, and it was de-

termined that it continued in the next 3-year 

follow-up evaluations. Significant differences in 

sensory and motor functions were found in the 

6-month follow-up after the protocol was applied 

to the patients who underwent surgery after dig-

ital nerve rupture at 20 Hz, balanced biphasic 

beat, 30 V, and 0.1-0.4 ms for 1-hour compared to 

the control group.9

In a study, a NMES program was planned for the 

patients with traumatic brachial plexus injury. The 

current characteristics were a continuous pulse 

of 20 Hz for 40 minutes (min). The Biceps Brachii 

muscle was stimulated with double-channel elec-

trodes from the origo and insertio of the muscle. 

The ES program was supported with exercise. After 

the first 10 days of physiotherapy and rehabilita-

tion program was implemented with this protocol, 

the program was continued 3 days a week for 6 

months. It has been shown that there are signifi-

cant returns in the functional results of the patients 

after rehabilitation, and that this NMES method 

applied together with the exercise program also af-

fects the cortical representation in the motor area 

of the upper extremity.12
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Different studies have been carried out to find 

the most suitable ES parameters. Comparisons 

were made by applying both short and long stim-

ulation periods to the Quadriceps Femoris muscle 

in older adults. Electrodes are placed in the origo 

and insertion of the muscle. In the NMES method, 

100 Hz, symmetrical biphasic square wave, and 400 

microseconds (µs) parameters were preferred. In 

the short period, 5 min, 4 sets of application were 

conducted, and in the long period, 10 min, 2 sets of 

it were done. There was no significant difference in 

functional recovery between the two groups.9

In another study, the NMES application was 

performed using four different parameters and 

the results were compared. Narrow pulse (200 µs), 

wide pulse (500 µs), 500 µs phase duration and low 

transport frequency (500/1 kiloHz/Aussie current 

- modified pulse series biphasic current) and high 

transport frequency (200/2, 200 µs) phase duration 

5 kiloHz/Russian currents are preferred. It was ob-

served that ES had similar effects in wide and nar-

row pulsed current groups and low and high-fre-

quency current groups in the same phase duration. 

Higher muscle torque and efficiency were found 

in patients at currents of 500 µs; however, patient 

tolerance was lower.9 It has been shown that 100 

Hz ready high frequency ES significantly increases 

the release of neurotrophic factors. Another study 

reported that 200 Hz high frequency ES had a bet-

ter effect on myelination than 20 Hz low frequency 

stimulation.1

The effects of low intensity ES have been widely 

investigated in vitro and in vivo. It has been shown 

to increase nerve regeneration with the develop-

ment of brain-derived neurotrophic factor, neuron 

growth factor, and thus myelin production. A study 

investigated the effects of low intensity ES on olfac-

tory sheath cells. The characteristic of this group of 

cells is that they are special glial cells that support 

the axons emerging from the olfactory epithelium 

and extend throughout the olfactory nervous sys-

tem in the olfactory bulb of the central nervous 

system. These cells can differentiate into separate 

types of somatic cells having characteristics similar 

to Schwann cells and astrocytes. They can phago-

cytize degenerated axons, create channels to guide 

new axon regeneration, and produce many types 

of neurotrophic factors such as nerve growth fac-

tor, brain-derived neurotrophic factor, platelet-de-

rived growth factor, and neuropeptide Y, which 

increase the survival of injured axons. After the in-

jury of this cell group, low intensity ES was applied 

for re-innervation, and as a result of the studies, 

promising developments were observed in nerve 

regeneration.13

Faradic Current
Faradic current, an asymmetrical alternating cur-

rent, has a duration of 0.01-1 ms and a frequency 

of 50-100 Hz.14 Studies are showing that its appli-

cation after PNI and during the re-innervation pe-

riod is safe, effective in terms of functional returns, 

and increases the speed of recovery by maintain-

ing the tone in the affected area.15,16 It provides a 

more comprehensive functional recovery in a 

shorter time compared to some pharmacological 

treatments, for example in peripheral Facial pa-

ralysis.17 Although the application parameters for 

the re-innervation period vary according to the 

purpose, the number of muscle groups to be used, 

and the application method. Applications can be 

made with monopolar or bipolar techniques.18 The 

applied methodologies in the literature are quite 

different from each other.14,19 In a literature review, 

the pulse duration of the current parameters was 

0.1-1000 ms, the stimulation time was 5-15 min per 

muscle, and the treatment lasted 1-4 months due 

to the combined application of Galvanic and Far-

adic current in a study.19

The physiotherapy and rehabilitation program 

included Faradic current stimulation after decom-

pression due to musculocutaneous nerve entrap-

ment in children with obstetric brachial plexus. 

The application protocol was adjusted to Biceps 

Brachii and Brachialis muscles for 10 min with 1 

ms duration, 20 ms interval, and 25 intermittent 

intervals per minute. The intensity was set due 

to a visible contraction without any sign of pain. 

The rehabilitation program, including the exer-

cise program, was continued 3 days a week for 8 

weeks. Children in rehabilitation were followed 

up monthly for 12 months after surgery. Children 
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were re-evaluated at 3 and 12 months. As a result, 

the functional gains of the children and the Faradic 

Excitability Test results they obtained continued 3 

months after the treatment.20

In another study applied to individuals with 

Facial paralysis, Faradic current parameters with 

surge were set as 0.1 ms duration, 50 Hz frequency, 

and surge duration/interval time ratio of 5/5. The 

intensity was set according to a slight contraction 

and the application continued for 4 weeks. The 

study protocol included heat modality, exercise 

program, and patient education. The control group 

did not receive ES. At the end of rehabilitation, 

there was a significant difference in functional 

outcomes.21 In a study conducted with individuals 

with Bell’s Palsy, the participants were divided into 

4 groups. Group A received conventional therapy, 

group B TENS, group C Faradic current stimula-

tion, and group D TENS and Faradic current stim-

ulation. Evaluations were made before treatment 

initiation, after 1 month, and at the end of treat-

ment 2 months later. The Faradic stimulation treat-

ment protocol applied in the study was planned to 

be 100 Hz, stimulation time 10 s, + polarity, ramp 

up and down times 3 s, pulse duration 100 µs, and 

rest time 1 ms. The study results showed that Far-

adic current and TENS are safe methods for Bell’s 

Palsy, since they particularly reduce the severity of 

symptoms in the early stages.16 In another study on 

Bell’s Palsy, the participants received 12 sessions of 

the Faradic current for the trunk of the Facial nerve 

for 2 weeks. The Faradic current protocol was set 

to 50 Hz, pulse duration 0.7 ms, 30 contractions, 3 

sets, and for 45 min. Massage, exercise, and daily 

living activities recommendations were also in-

cluded in the rehabilitation program. As a result of 

the treatment, significant results were obtained in 

facial functions, disability indices, and classifica-

tion systems.22

Functional Electrical Stimulation
Firstly, the target muscle is stimulated by focusing 

on a functional movement, and then the patient 

is directed to a specific function, such as reaching 

and grasping (for the upper extremity), standing, 

balance, posture, and walking (for the lower ex-

tremity).9 These applications improve cortical ex-

citability and stimulate cortical reorganization with 

its transport effect.23 FES can be applied through 

three methods, as fully-implanted, percutaneous, 

and surface stimulation.9 Although intraneural 

electrodes are more advantageous for selectivity 

at the target site due to the short distance,24 they 

are more frequently preferred because it is not 

an extra-neural interventional method used with 

conventional electrodes and gel intermediate.9 

However, it has less selectivity properties than in-

traneural electrodes.24

FES, preferred in motor rehabilitation due to its 

adaptive or curative effect, performs its function 

by supporting or performing the movement by re-

leasing contraction in goal-directed tasks, such as 

walking. In one study, FES was applied to the Com-

mon Peroneus nerve for drop foot. With an appli-

cation of 20-60 Hz above the motor threshold, the 

activation of both sensory and motor axons was 

provided by supporting the function for a specif-

ic task. In the study, FES supported revealing the 

dorsiflexion movement required for heel strike and 

swing phase during walking. This effect was due to 

increasing the intrinsic functional capacity, sup-

porting neural changes and providing recovery.25 

In another study in which FES was applied to the 

lower extremity for walking function, a current of 

50 Hz and 300 ms was preferred. The anode was 

placed on the Gastrocnemius muscle. The study re-

sults showed that FES application had a significant 

effect on the contraction and activation patterns 

of the ankle and knee muscle groups. In another 

study, FES was applied during walking for 30 min, 

and it was found that there was an increase in the 

half-maximum peak-peak motor evoked potentials 

of the Tibial nerve, and this effect continued for at 

least 30 min after the application. In addition, the 

results of the study emphasize that the application 

provides an increase in corticospinal excitability 

without cortical inhibition only in combination 

with FES and exercise, and it also causes improve-

ment in the afferent pathways of the central ner-

vous system.9

In another study, after targeted muscle surgery 

for the Median nerve, the cases were divided into 



In
 In

it
ia

l P
h

as
e

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

297

3434
Chapter

two groups, and the functional results of one group 

were followed, while the other group also received 

FES. In the group, low frequency ES was applied 

with bipolar technique, 5 channels, and intramus-

cular electrodes. Bi-directional symmetrical wave-

form frequency was 20 Hz, pulse width was 200 µs, 

current intensity was 3-5 mA, duration-rest ratio 

was 10 s/10 s, 30-min sessions, and once a day for 4 

weeks. The study showed that motor function and 

nerve recovery in targeted muscles improved sig-

nificantly.26

It is well-known that the Ulnar, Radial, and 

Median nerves are effective in upper extremity 

functions. In another study, FES was set at 30 Hz 

by placing 3 anode electrodes on the proximal seg-

ment of the Inferior Radial nerve. The aim of the 

study was to stimulate and coordinate different 

finger and wrist movements. In another study, 

non-transcutaneous FES was applied to the prox-

imal part of the Ulnar and Median nerves. The re-

sults of the application showed that applications 

made to proximal different parts of the nerves pro-

vided grasping in various patterns and coordinat-

ed finger and wrist movements.9 Hybrid methods 

are preferred in FES studies conducted in recent 

years. Home-based systems, robotic systems, sys-

tems used with myoelectric prostheses, or systems 

adapted with a brain-computer interface are also 

effective in improving the functional results of FES 

use and expanding its usage area.23,27-29

High Voltage Pulsed Galvanic 
Stimulation
Studies are showing that HVPGS, which has been 

shown in many studies to increase circulation 

and regenerative effects on the healing of decubi-

tus ulcers, also increases peripheral nerve regen-

eration.30 HVPGS applied above the stimulation 

threshold evokes action potentials in nerve fibers. 

Evoked action potentials propagate along nerve 

fibers. If the motor fibers are stimulated, muscle 

contraction will occur and muscle activity can be 

recorded.31 It is widely used for muscle retraining 

and stimulation of muscle fibers. The force-time 

curve of HVPGS includes short pulses of high in-

tensity that selectively stimulate motor nerves rath-

er than sensory fibers of pain. Therefore, HVPGS 

is used in the first phases after re-innervation to 

strengthen the muscle and reduce atrophy of the 

innervated muscle.32 HVPGS application is advan-

tageous in peripheral nerve stimulation in terms of 

being easily tolerated by patients and stimulating 

sensory and motor fibers. It provides functional re-

covery by accelerating the recovery of maturation 

of nerve fibers.30

Bell’s palsy is one of the most common diagno-

ses in which HVPGS is applied together with other 

physiotherapy and rehabilitation methods in the 

first phases of re-innervation after Facial nerve in-

jury.33 In a study, the HVPGS and FES were applied 

together after PNI. The ES parameters were bipha-

sic pulses, 120 ms, 160 V amplitude, long pulse 

duration, and 80 mA during 1-month. There was a 

significant increase at the end of 1-month applica-

tion. The stimulation threshold for target muscles 

decreased after one month of ES.34

Transcutaneous Electrical Nerve 
Stimulation
TENS applications after PNI have been applied 

for sensory stimulation as neuropathic pain.1,9,35,36 

Sherrington observed that 1/3 and 1/2 of the my-

elinated fibers of peripheral nerves do not degen-

erate after cuttings on the ventral, that is, motor 

spinal cord roots. He applied ES to these remaining 

fibers for motor innervation, but when he could 

not get any results, he thought the fibers provided 

sensory innervation. As a result, the presence of 

both sensory and motor axons in the mixed-type 

nerve fiber bundle revealed that sensation should 

also deserve priority in ES.25 Sensory impairments 

due to PNI can be between early-period cutane-

ous sensory loss and late-period hyperpathia. ES 

significantly increases tactile discrimination and 

pressure sensing. It also provides cutaneous regen-

eration of dorsal root ganglion neurons. However, 

it has been determined that TENS application af-

ter PNI reduces local inflammatory mediators and 

increases the pain threshold.9,35 The application 

method may vary according to the electrode type. 

While superficial electrodes can be used, some 

studies have included percutaneous electrodes.1 



E
le

ct
ri

ca
l S

ti
m

ul
at

io
n

 f
or

 R
e-

In
n

er
va

te
d

 M
us

cl
es

298

VV
Part

Clinical Key for Electrical Stimulation in Physiotherapy and Rehabilitation

In some studies, a medium frequency alternating 

current of 10 kHz, 0.3 s has been developed and ap-

plied with superficial electrodes for Median nerve 

injury. The results showed that this medium-fre-

quency alternating current can be used to inhibit 

unwanted sensory and motor activities and accel-

erate nerve repair.9 Another study showed that ap-

plication of High- and Low-Frequency TENS to the 

Sciatic nerve, 5 days a week for 5 weeks, led to in-

hibition. In contrast, 2 Hz TENS applied for 2 hours 

immediately after the lesion increased the regen-

eration findings. Therefore, it was determined that 

the indicated application time was sufficient to 

support peripheral nerve regeneration and was in-

dependent of the electrode type. Studies acknowl-

edge TENS as a low-risk, low-cost, and promising 

option for stimulating peripheral nerve regenera-

tion.37

Considerations in Electrical 
Stimulation Applications at 
Initial Phases of Re-innervation
During the re-innervation period after PNI, stim-

ulation parameters should be chosen not only to 

prevent electrode corrosion and tissue damage 

caused by the passage of electrical charges but 

also by considering physiological considerations 

such as stimulation efficiency and tolerance to 

treatment.24 The ES program during the re-inner-

vation period should ensure the nerve healing 

can continue correctly. Studies have shown that 

NMES methods, which cause extreme fatigue, slow 

down the development of nerve healing. In stud-

ies aimed at reducing muscle fatigue, the results of 

NMES applications with muscle and nerve stim-

ulation were compared. The study showed that 

NMES with nerve stimulation can make patients 

feel more comfortable and cause less muscle fa-

tigue than those with muscle stimulation.9

Extraneural electrodes have been proven to be 

safe for chronic applications and have high toler-

ance and clinical preference because they are easy 

to apply.24 The effects of electrode number in FES 

with muscle stimulation for nerve recovery has 

been demonstrated previously. This kind of the ap-

plication can cause excessive muscle fatigue. The 

Ultrasonic Echogenicity Measurements were per-

formed to measure the state in some studies, and 

the results showed a strong linear relationship be-

tween Ultrasonic Echogenicity and FES-induced 

muscle fatigue. The use of intramuscular FES con-

trollers was recommended for preventing exces-

sive fatigue during FES.9 Another measure taken 

to prevent fatigue while stimulating large muscle 

groups in FES is, the use of multiple electrodes. 

Studies have shown that the use of 4 electrodes for 

muscle helps muscle contraction and endurance 

more than using a single electrode. It is thought 

that this is because the motor synapses of the mus-

cle, which remain intact, cannot be activated in a 

single electrode application.9

When the studies are examined in terms of 

pulse width and amplitude, it was seen that short 

pulses require lower electrical charges to reveal 

action potentials. Therefore, it is more appropriate 

to prefer short pulses when it is necessary to ob-

tain higher current amplitudes.24 For example, in 

a cross-sectional study, FES was applied to the Ex-

tensor Digitorum Communis and Tibialis Anterior 

muscles with different duration and pole combina-

tions to prevent fatigue. Triangular wave pulsed 1 

Hz application was applied with increasing inten-

sity from 0.1 mA. It was found that the application 

with triangular pulsed, 200 ms duration, and the 

active pole was statistically more effective on the 

Tibialis Anterior muscle.9

One review reported that 50 Hz is the maximum 

frequency limit in chronic peripheral nerve stimu-

lation. However, it has been stated that higher fre-

quencies may also be safe, with a reduced percent-

age of effective stimulation time.24 In another study 

conducted in this direction, 10, 35, and 50 Hz FES 

applications were applied to the Vastus Lateralis 

and Abductor Pollicis Brevis muscles. In high-fre-

quency stimulation, the Vastus Lateralis muscle 

with more fast-twitch muscle fibers revealed more 

fatigue than the Abductor Pollicis Brevis muscle 

with more slow-twitch muscle fibers. The study 

also states that the duration of treatment should 

not exceed 14-16 min.9
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Figure 34.2  Decision-making of the electrical stimulation method in initial phases of re-innervation in peripheral nerve injury.

For the ES method to be efficient in motor re-

turn, it should not only stimulate the injured mo-

tor nerve but also the sensory fibers. It has been 

reported that the emergence of a smooth motor 

movement will only occur when the senses also 

provide feedback in this cycle and play a role in 

the regulation of the movement.9,25,38 In addition, 

the applied ES method must be combined with 

exercise to reveal a proper motor skill after PNI 

(Figure 34.2).6

Electrotherapy Protocol 
for Initial Phases of Re-
innervation: A Clinical Guide
The biggest problem in systematic review and clin-

ical guide preparation for ES applications after 

ES is the lack of systematic documentation of the 

treatment parameters in the studies in literature. 

More research is required to define the optimal 

parameters, and it is problematic to achieve stan-

dardization among studies.24,35,38-43 An example of a 

clinical guideline application for post-re-innerva-

tion ES applications is shown in Table 34.1.1,2,8,9,11-

17,21,22,24,25,28,35-38,44-48

NMES: Neuromuscular Electrical Stimulation; 

BLFES: Brief Low Frequency Electrical Stimulation; 

FES: Functional Electrical Stimulation; HVPGS: 

High Voltage Pulsed Galvanic Stimulation; TENS: 

Transcutaneous Electrical Nerve Stimulation.
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Table 34.1  A clinical practice guide for the re-innervation period 1,2,8,9,11-17,21,22,24,25,28,32,34-38,44-48

Electrical Stimulation Method Treatment Parameters The Aims of the Application

NMES BLFES •	 20 Hz, 1-hour application •	 Functional improvement
•	 Nerve regeneration

•	 100-200 Hz
•	 Low intensity current-until minimal contraction
•	 4-6 V, 20-30 V
•	 5-10 min
•	 Every day or every other day
•	 Bipolar technique

•	 100 Hz Stimulating the release of 
neurotrophic factors that supports nerve 
healing

•	 200 Hz Stimulating myelination

Faradic
Current

•	 50-100 Hz
•	 0.1-1 msn
•	 Surge interval 5/5
•	 Until minimal contraction
•	 45-45 or 30-30-30 contractions
•	 10 min stim/5 min rest/10 min stim
•	 Total of 20-30 min
•	 Every day or every other day
•	 Monopolar or bipolar technique

•	 Functional improvement
•	 Accelerating nerve regeneration and 

healing

FES •	 Short-pulsed triangular wave
•	 20-60 Hz
•	 200-300 µs
•	 10 s stim/10 s rest
•	 Until minimal contraction
•	 Effective stimulation percentage should be low.
•	 Max 14-16 min
•	 Every day or every other day
•	 Using surface electrode
•	 4 electrodes application per muscle

•	 Providing functional return by focusing on 
the target movement

•	 Generally improving walking or upper 
extremity reach-grip functions

•	 Ensuring the activation of motor and 
sensory axons

HVPGS •	 Monophasic or biphasic pulsed
•	 Pulse frequency 60/min
•	 120 ms
•	 Pulse duration 65-75 µs
•	 Long-pulsed duration
•	 160-300 V
•	 Until strong contraction
•	 20-30 min
•	 5 days/week

•	 Functional improvement
•	 Nerve regeneration
•	 Increasing muscle strength
•	 Reducing muscle atrophy

TENS •	 2-10 Hz
•	 2 hours/day
•	 4 days/week
•	 Adequacy of knowledge about other current 

parameters related to sensory stimulation for 
nerve regeneration: (-)

•	 Provide sensory support for peripheral 
nerve regeneration as well as neuropathic 
pain inhibition

•	 Stimulating sensory axons to reveal motor 
movements

NMES: Neuromuscular Electrical Stimulation; BLFES: Brief Low Frequency Electrical Stimulation; FES: Functional Electrical Stimulation; HVPGS: High Voltage 
Pulsed Galvanic Stimulation; TENS: Transcutaneous Electrical Nerve Stimulation.
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Introduction
Muscle re-innervation is an important clinical 

goal in physiotherapy and rehabilitation. Ideal 

re-innervation is expected 1-3 months after de-

nervation, functional re-innervation may take up 

to 1 year, but re-innervation is not expected after 

3 years. The re-innervation time depends on the 

level of the lesion and its distance from the target 

organ.1 The “chronic phase” process occurs days or 

months after injury. The aim of the physiotherapy 

and rehabilitation methods should be conserva-

tive to eliminate or minimize secondary changes 

while waiting to see how much functional re-in-

nervation will occur. Application of electrical stim-

ulation (ES) methods can be beneficial for patients 

including spinal cord injuries, peripheral nerve 

injuries and other neuromuscular diseases, and 

gynecological problems.2-4 ES is considered as a 

safe and effective treatment option for a variety of 

conditions. Compared to conservative approaches 

and surgical treatments, ES offers unique benefits 

and can be applied to the vast majority of patients. 

However, it is important to consider certain factors 

and eligibility criteria when determining the suit-

ability of ES for an individual patient.5

Electrical Stimulation of Re-
Innervated Muscles in the 
Chronic Phase
Although progress has been made in elucidating 

the many events that occur during regeneration 

and re-innervation of the muscle, some functional 

aspects of the innervation process need further in-

vestigation. ES is used as an adjunct to other phys-

iotherapy and rehabilitation modalities to perform 

various tasks in physiotherapy and rehabilitation. 

When clinical studies were examined, it was re-

corded that ES was effective in axon growth and ac-

celeration of sensorimotor recovery during nerve 

repair. Neuromuscular Electrical Stimulation 

(NMES), Transcutaneous Electrical Nerve Stimula-

tion (TENS), and Functional Electrical Stimulation 

(FES) can be used for purposes such as reducing 

muscle atrophy and restoring muscle re-innerva-

tion. Both animal and human studies have shown 

that ES has positive effects on the nerve repair pro-

cess.6-13 It has been reported that when long-term 

stimulation is applied to intact axons of partially 

de-innervated muscles, muscle recovery, muscle 

weight, and electrically induced muscle tension 

increase.14 It has been reported that accelerated 

locomotor recovery occurs and re-innervation is 

facilitated when short ES is applied.7,12,13

ES is a versatile approach for treating peripheral 

nerve injuries. It addresses various aspects of nerve 

injury and recovery, including synaptic preserva-

tion, pain relief, nerve regeneration, neurological 

function improvement, muscle atrophy reduction, 

and sensory function recovery. ES applied to target 

organs, reduces the atrophy of de-innervated skel-

etal muscle and improves sensory function.5

The application of ES to de-innervated skeletal 

muscle can indeed have beneficial effects on mus-
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Figure 35.1  Neuromuscular Electrical Stimulation device.

cle atrophy and fibrosis. ES has been shown to in-

crease insulin activation by inhibiting various hy-

drolysis systems involved in protein breakdown in 

muscle fibers. By enhancing insulin activation, ES 

can help maintain protein balance and counteract 

the harmful effects of denervation-induced muscle 

atrophy.5 Wang et al. stated that with low-frequen-

cy ES therapy, transplanted nerve regeneration 

can be achieved and the motor function of target 

muscles can be increased.15 Regenerative ES has 

been shown to have positive effects on neuro re-

generation by upregulating brain-derived neuro-

trophic factor (BDNF) and its receptor, promoting 

accurate re-innervation of muscles by motor neu-

rons. BDNF is a crucial neurotrophic factor that 

supports the survival, growth, and maintenance 

of neurons, including motor neurons. ES can en-

hance the expression and release of BDNF in the 

injured nerve and surrounding tissues.16

ES is indicated to accelerate axon growth during 

nerve repair. ES can be divided into NMES, TENS 

and FES according to the mode of administration 

and its use.17

Neuromuscular Electrical Stimulation
NMES is used to stimulate motor neurons in in-

nervating muscles and restore skeletal muscle 

mass and function.18 Atrophy is prevented by the 

contraction of the muscles with NMES. NMES de-

creases muscle wasting during periods of disuse/

illness and is typically applied directly on the mus-

cle belly. Muscle strength and endurance can be 

increased using NMES with exercise and physio-

therapy and rehabilitation methods.19

 The Purpose of Usage
Muscles that have lost their nerve supply after 

an injury or illness can be activated with NMES. 

By doing this, it may prevent additional mus-

cle atrophy and promote strength and muscular 

growth.20,21 NMES can also be used to re-educate 

muscles to perform specific movements and im-

prove motor function in patients with neurologi-

cal conditions such as spinal cord injuries, stroke, 

or multiple sclerosis (Figure 35.1).20,21 Despite the 

positive effects of ES, using ES higher than normal 

causes muscle fatigue and weakened nerve recov-

ery. Vanderthommen and Duchateau stated that 

high-frequency currents cause early muscle fa-

tigue and that short-range ES is a better option. 22 In 

another study comparing muscle ES and nerve ES, 

it was found that nerve ES caused less muscle fa-

tigue and was more comfortable than muscle ES.19

The Recommended Parameters
Before starting NMES, the patient’s muscle 

strength, range of motion, and sensory function 

should be assessed to determine the appropriate 

stimulation parameters.23,24 Electrodes are placed 

over the muscle belly or motor points, which are 

areas where the motor nerve enters the muscle. 

The electrodes deliver electrical impulses that pro-

vide muscle contractions. NMES is applied to the 

neuromuscular junction and surrounding muscle 

fibers. To apply to these areas; surface electrodes 

are placed on the motor points of the treated mus-

cle.24 The application of NMES in the frequency 

range of 20-50 Hertz (Hz) is used to produce mus-

cle contraction and improve the patient’s func-

tion.25 In re-innervated atrophic muscles, NMES 

can be combined with other physiotherapy and re-

habilitation techniques such as resistance training, 

stretching, and functional training to optimize the 

recovery process.17,24,26

Acaröz Candan et al. stated that both the short 

stimulation period [5 minutes (min) × 4 sets] and 

the long stimulation period (10 min × 2 sets) of 

NMES (symmetrical, biphasic, squared waveform 

with a frequency of 100 Hz and a pulse duration of 
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Figure 35.2  Transcutaneous Electrical Nerve Stimulation app-
lication on leg.

400 microseconds (μs) can improve Quadriceps 

Femoris muscle function in the elderly.27 However, 

they did not find a significant difference between 

the two groups. Toth et al. applied NMES (1 hour; 

50 Hz; symmetrical biphasic pulses; 400 μs) to 

patients postoperatively for anterior cruciate lig-

ament injuries.28 In conclusion, NMES has been 

shown to reduce the atrophy of slow-twitch fibers. 

In addition, the strength of the muscle contraction 

and the output of fast/slow twitch fibers were pre-

served with NMES. Stevens-Lapsley et al. reported 

an increase in muscle strength and function with 

the application of personalized parameters based 

on the patient’s maximum tolerance.29

There are also clinical applications where 

NMES is not effective. For example, Hyer et al., 

applied NMES and sham stimulation to the calf 

muscles during the treatment process after tendon 

surgery.30 However, they found no improvement in 

muscle mass or muscle function in the two groups. 

In the study of Piccinini et al., ES treatment [trian-

gular-rectangular stimuli with a duration of 150 

milliseconds (ms) and a frequency of 1 Hz] was 

performed using circular shaped rubber electrodes 

with surface area of 4.9 cm and radius of 12.5 mm.31 

The lowest intensity required to induce the muscle 

contraction was above 0.5 milliamperes (mA). If 

there was no sensation in the stimulated area, an 

intensity of 1 mA was used. In this double-blind 

randomized clinical study, it was stated that there 

was no difference between the groups after trau-

matic peripheral nerve injuries.31 In this context, 

further studies should be conducted to establish 

the optimum parameters in NMES application.

Transcutaneous Electrical Nerve 
Stimulation
The combination of stimulation mode and system 

created by using a small current to activate senso-

ry axons without triggering muscle contraction is 

called TENS. TENS can be used to enhance muscle 

function, lessen pain, and promote muscle growth 

in re-innervated atrophic muscles. In cases with 

motor nerve damage, the sensory nerve tempo-

rarily innervates the muscle until the motor nerve 

heals, in order to prevent muscle atrophy. Sensory 

feedback is important in completing action, and 

TENS can be used to tune neural network path-

ways and improve sensory feedback.32 TENS is also 

used in the treatment of pain, spasticity, and uri-

nary incontinence.17

The Purpose of Usage
Re-innervated atrophic muscles with nerve loss 

or muscle atrophy may experience pain relief with 

TENS. The electrical impulses of the TENS unit can 

reduce the perception of pain by preventing pain 

signals from reaching the brain. Re-innervated 

atrophic muscles may benefit from TENS in stim-

ulating muscle activation. Muscle contractions 

caused by electrical impulses of the TENS unit can 

increase muscle function and strength. TENS can 

be used to increase muscle growth in re-innervat-

ed atrophic muscles. The electrical impulses of the 

TENS unit can promote the formation of growth 

factors that can help support muscle growth and 

repair (Figure 35.2).33,34

TENS is effective in the treatment of persistent 

pain resulting from peripheral nerve injuries. 

Non-invasive or minimally invasive TENS are the 

forms that patients can easily adapt to. The disad-

vantages are that the effect of TENS is short-term 

and the effect of TENS is less in the elderly with re-

duced sensitivity than in the young.

The Recommended Parameters
TENS is widely used in the frequency range of 1-150 

Hz in the clinic.35 It is generally used at low fre-
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Figure 35.3  Treatment with Functional Electrical Stimulation.

quencies such as 2-10 Hz or ultra-high frequencies 
for pain relief. While no visible muscle contraction 
occurs with low-frequency TENS (the transmission 
of pulsed currents of 10 Hz or less), it is usually tar-
geted at sensory nerves. High-frequency TENS is 
used for frequencies higher than 10 Hz.36

Functional Electrical Stimulation
FES is a specific type of NMES that is used to ac-
tivate muscles functionally in situations such as 
walking or holding objects. FES applications in-
clude restoring upper and lower extremity func-
tions. FES can help restore normal movement 
patterns and stop additional muscle wasting, 
making it particularly helpful in the rehabilitation 
of re-innervated muscles that have become atro-
phied. FES is a method for stimulating muscles 
and nerves with an electrical current to produce 
a functioning movement or task. It can be used in 
physiotherapy and rehabilitation in various ways, 
including re-innervating atrophic muscles in areas 
where the nerve is healthy.37

The Purpose of Usage
FES can be used to improve muscle strength and 
function in patients with neurological diseases 
such as spinal cord injuries, stroke, or multiple 
sclerosis. FES can also be used to retrain muscles 
to perform certain movements and improve mo-
tor function in patients with muscle atrophy due 
to disuse, denervation, or other reasons.38 If the ES 
device is worn for a long time, it can cause muscle 
fatigue and reduce sensitivity (Figure 35.3).32

The Recommended Parameters
Before starting FES, the patient’s muscle strength, 

range of motion, and sensory function should be 

evaluated to determine appropriate stimulation 

parameters.39 There are 3 types of stimulation 

methods in FES application (fully implanted, per-

cutaneous stimulation, and surface stimulation). 

The FES instruments are mostly small portable 

devices.32 In the innervation of large muscles, sur-

face electrodes are applied with biocompatible 

gels.40

The waveform used is a triangular wave, and 

the intensity is set to be in the range of 20 to 30 

mA. The frequency of the stimulation ranges from 

50 to 100 Hz and the pulse duration is 10 ms. The 

FES device is typically programed to deliver an 

electrical impulse pattern that mimics the mus-

cle’s natural motor activation pattern, allowing the 

patient to perform functional movements such as 

walking, cycling, or grasping.41 In re-innervated 

atrophic muscles, FES can be combined with other 

physiotherapy and rehabilitation techniques such 

as resistance training, stretching, and functional 

training to optimize the healing process.41 Kapadia 

et al. stated that FES applied for 39 hours for 13-16 

weeks in individuals with chronic incomplete tet-

raplegia resulted in great improvements in volun-

tary hand functions.42

 Pulsed Galvanic Stimulation
Pulsed Galvanic stimulation is used in the form of 

direct current modalities that provide a unidirec-

tional, uninterrupted current, both according to 

the patient’s tolerance and without damaging the 

tissue. It can be applied directly to stimulate mus-

cles, reduce edema, create ionic changes in tissues, 

and administer drugs to the skin following nerve 

injury.43

Superficial skin burns and irritation may oc-

cur through direct uninterrupted electrical cur-

rent. Therefore, a modification called High-Volt-

age Pulsed Galvanic Stimulation (HVPGS) was 

developed in which the current is applied in an 

alternating or “pulsed” manner. ES of the muscle 

is performed either by direct current or alternating 

current or a combination of both. The reason why 
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alternating current is preferred over direct current 

is more patient comfort.44

The Purpose of Usage
The clinical use of HVPGS is similar to that of 

low-voltage NMES. It has purposes such as 

strengthening atrophied muscles or minimizing 

disuse atrophy, facilitating muscle re-education, 

protecting joint movement and reducing joint lim-

itations, providing orthotic support to the joint, 

and reducing joint effusion and interstitial ede-

ma.43

The Recommended Parameters
General principles of ES should be followed during 

ES applied to the muscle. Good contact between 

the skin and electrodes are required. Since the 

de-innervated muscle has no motor point, the ac-

tive electrode is either placed at the point of best 

motor response or in the form of two electrodes at 

either end of the muscle to allow current to flow.45

HVPGS is an arbitrarily adjustable frequency 

current with a two-peak monophasic waveform, 

a constant duration of up to 200 µs, and a voltage 

higher than 100 Volts (V). This waveform shows a 

sudden increase and then a sudden decrease. The 

pulse duration of HVPGS includes the phase du-

ration of both peak pulses. The pulses of this cur-

rent are characteristically very short transitions 

(100-200 µs). This provides selective stimulation 

of motor nerves rather than sensory nerves. There-

fore, HVPGS is used in disuse-induced atrophy 

and muscle strengthening.46 In HVPGS applica-

tions, less tissue resistance is encountered than in 

low-voltage applications. This feature theoretically 

makes HVPGS current more effective and tolera-

ble.

The effectiveness of ES in preserving the mus-

cle’s properties during the re-innervation pro-

cess is still debated and no consensus has been 

reached.47-51 In a group of studies, results were 

reported that ES slows down re-innervation, de-

creases regeneration, or does not make a signifi-

cant difference, while in a group of studies, there 

are findings that ES has an increasing and acceler-

ating effect on nerve regeneration.47-51 Therefore, it 

is stated that there is a need for future studies eval-

uating the therapeutic indications.30

Literature Review of Electrical 
Stimulation for the Re-
Innervated Muscles in the 
Chronic Phase
Marqueste et al., have discussed the use of ES to as-

sist muscle re-innervation and nerve regeneration 

in the Tibialis Anterior muscle.52 The use of chronic 

muscle electrostimulation with modulated bipha-

sic currents has been shown to have several benefi-

cial effects on de-innervated muscles. ES can help 

prevent muscle atrophy, preserve muscle strength 

and endurance, and preserve the biochemical and 

histochemical properties of muscles. According to 

their findings, the use of modulated ES at high-fre-

quency and pulse duration, as opposed to an un-

modulated current, was found to improve sensory 

re-innervation during muscle re-innervation. The 

authors also found that biphasic modulated stim-

ulation is recommended for better re-innervation 

and that muscle ES following denervation and 

re-innervation tends to restore size, functional, 

and histochemical properties better than unstim-

ulated muscle. It has been reported that further re-

search is required to confirm these findings and to 

determine the most appropriate modalities for ES 

during muscle re-innervation and nerve regenera-

tion.11,52 To the best of our knowledge, the amount 

of stimulation, the interval between stimulations, 

appropriate frequency, ES characteristics, session 

duration, and type of stimulation are not standard-

ized.53 In addition, these features may alter the 

response to treatment based on the time interval 

after nerve injury, severity of nerve damage, and 

stage of muscle atrophy/degeneration.

In the study of El Abd et al., it was reported that 

ES applied in peripheral nerve regeneration is ben-

eficial in increasing and accelerating recovery.54 It 

was reported that the meta-analysis could not be 

performed due to heterogeneity, and positive find-

ings and low complications were mentioned in all 

studies. With the application of ES to the injured 

peripheral nerves after surgical repair, both senso-
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ry and motor functions are greatly improved. Some 

animal studies have evaluated the role of exercise 

or electrical effects applied early in the nerve re-

pair process (immediately after nerve injuries), up 

to 3 weeks after denervation, and before or during 

the re-innervation period. These studies support-

ed positive effects after both ES and physical exer-

cise. 9,50,55-57 Other studies have evaluated the effects 

of exercise or ES during late re-innervation. Also, 

studies have reported late-term positive effects af-

ter ES.55,58,59

Wang et al., introduced a miniature device 

made of fully biodegradable, self-electric, and sol-

uble galvanic cells.60 The other is a small, dispos-

able (24-hour), internally powered, wireless, and 

portable neuromuscular stimulation device. As the 

device adapts, it can be used by patients during 

the day and even during sleep. With a shelf life of 

2 years, this device has 7 stimulation modes with 

a frequency not exceeding 1 Hz and variable pulse 

widths.61

Asensio-Pinilla et al., conducted a study to in-

vestigate the role of the ES and exercise-induced 

neuronal activity in promoting axonal regenera-

tion and modulating plasticity in the spinal cord 

injury.62 ES (3 V, 0.1 ms at 20 Hz) was applied to 

both groups for 1 hour. The third group was applied 

ES for 1 hour and run on the treadmill for 4 weeks 

(5 m/min, 2 hours per day). The fourth group was 

given only exercise, another untreated group be-

came the control group. The researchers found 

that the group that received both ES and treadmill 

training had the highest levels of muscle re-inner-

vation compared to the other groups. In addition to 

muscle re-innervation, the study also investigated 

changes in the excitability of spinal cord circuitry 

using nerve conduction, H reflex, and algesimeter 

tests. These tests were performed at various time 

points (1, 3, 5, 7, and 9 weeks after surgery) to assess 

the effects of ES and exercise on neuronal activity. 

The groups that received acute ES and/or treadmill 

training showed a higher number of regenerated 

myelinated axons, indicating enhanced axonal re-

generation compared to the control group or the 

group that received chronic ES. The combination 

of ES and exercise appears to have synergistic ef-

fects, leading to improved muscle re-innervation 

and increased numbers of regenerated myelinated 

axons, particularly during the initial phase of the 

study.

A cuff electrode (250 Hz, 5 μs) was placed 

around the Median or Radial nerves 25 cm above 

the elbow of 8 tetraplegic patients. They evaluated 

the flexion range (thumb, finger, wrist) and func-

tional movements of the patients. In conclusion, 

this minimally invasive ES was shown to increase 

the patient’s grasping function.63

Southwell review the improvement in symp-

toms of neurogenic bowel dysfunction when var-

ious ES modalities were applied. However, the 

number of high-quality studies supporting the 

effects of ES is insufficient.64 Lim et al., introduced 

a case who had difficulty defecating because of 

cauda equina syndrome, which developed after a 

cesarean section under spinal anesthesia 12 years 

ago.4 Neurophysiological effects were evaluated 

using the bulbocavernosus reflex and electromy-

ography. Interferential current therapy and TENS 

have been applied to stimulate the bowel and ex-

ternal anal sphincter. It has been reported that af-

ter the treatment, the patient had better perianal 

sensation, had less difficulty in defecation than 

before, and was satisfied with the duration of def-

ecation and bowel condition. In electrodiagnostic 

tests, it has been shown that there is a decrease in 

the abnormal spontaneous activities of the bulbo-

cavernosus muscles and the re-innervation of this 

muscle.4

Recent studies have indeed focused on the ES 

of a proximal nerve at the site of injury to enhance 

re-innervation after peripheral nerve injury. How-

ever, the specific cellular mechanisms by which ES 

accelerates nerve regeneration are still not fully un-

derstood. One proposed mechanism involves the 

initiation of an intracellular calcium (Ca2+) wave at 

the site of axotomy induced by ES. The intracellu-

lar Ca+2 wave is believed to play a significant role 

in nerve regeneration. It can travel along the axon 

toward the neuronal cell body. Once it reaches the 

neuronal soma, the increased Ca+2 levels can in-

duce the upregulation of BDNF and its receptor. 

BDNF is a crucial neurotrophic factor involved in 
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promoting neuronal survival, growth, and regen-

eration. The over expression of BDNF induced by 

the increased Ca+2 levels can have several effects. 

One notable effect is the inhibition of phosphodi-

esterases, which are enzymes responsible for de-

grading cyclic adenosine monophosphate (cAMP). 

By inhibiting phosphodiesterases, BDNF promotes 

sustained elevation of cAMP levels within the neu-

ronal cells.65 It is worth mentioning that these find-

ings are based on current research and may be 

subjected to further refinement and discovery as 

more studies are conducted in this field.

Conclusion
In conclusion, in the chronic phase of ES of re-in-

nervated muscles, agents such as NMES, TENS, 

and FES are effective techniques that can be used 

in physiotherapy and rehabilitation to restore mus-

cle function, stop additional muscle wasting, man-

age pain, increase muscle endurance, and improve 

physical therapy results. Although there are many 

studies on ES, there is still a need for studies on the 

chronic phase re-innervation of ES.
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Introduction
Peripheral nerve injury (PNI) is a very common 

condition and is often encountered in limb trauma 

patients.1 According to Sunderland (1951), PNI is 

divided into five degrees according to the degree 

of injury and loss of function.2 The first degree de-

scribes a conduction block, which is a physiological 

interruption of nerve conduction along the axon at 

the site of injury, with an intact nerve structure and 

without Wallerian Degeneration. Self-repair is ex-

pected in first degree injuries. The second degree 

is characterized by axonal interruption, intact en-

doneurium, and Wallerian Degeneration. In cases 

with second-degree injury, self-repair of the nerve 

is observed at a rate of about 1 mm per day. The 

third, fourth, and fifth degrees include injury to the 

endoneural tubes, perineurium, and epineurium, 

respectively (Figure 36.1).

Although it is expected that the nerve will repair 

itself in third-degree injuries, this is usually slow 

and incomplete. Therefore, it may require surgical 

intervention. In patients with fourth and fifth degree 

PNI, the nerve is not expected to show the self-re-

pairing capacity and surgical intervention is usually 

required.3 Wallerian Degeneration, which occurs 

after acute nerve incision injury, results in axon 

loss and reorganization of support cells in the distal 

stump (Figure 36.2). In this process, cells can disap-

pear through apoptosis and refill the wrong endo-

neural tubes. The fact that the nerve regenerates 

very slowly during this process leads to the inability 

to achieve functional recovery of a distant area due 

to irreversible changes due to denervation.4 It is also 

stated in the literature that the functional recovery 

of peripheral nerves after PNI is generally insuffi-

cient despite the tolerant growth environment spe-

cific to the peripheral nervous system.5

Figure 36.1  Nerve structure.
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Immediately after PNI, a complex series of 

events begins to occur in the skeletal muscle, 

which is innervated by the nerve, leading to pro-

found, short-term, largely reversible, structural, 

and functional changes.6 The typical image formed 

after trauma includes the loss of motor control, 

sensory loss, and impaired vasomotor control.7 

When the peripheral nerve is injured, target mus-

cles lose their ability to “pump” due to loss of nerve 

innervation. This condition leads to a relatively 

reduced perfusion of the target muscle and may 

cause skeletal muscle atrophy.8 A previous study 

showed that PNI caused the cross-sectional area 

of skeletal muscles to decrease by 70% within 2 

months.9 PNI is a complex condition with various 

signs and symptoms such as numbness, tingling, 

throbbing, burning, or sharp pain. Sensory dis-

orders observed after PNI could be classified as 

negative and positive phenomena. A condition in 

which there is a decrease or loss in the senses of 

touch, deep sensation, and stereognosis is called 

a negative phenomenon, while a condition char-

acterized by increased sensation or dysesthesia is 

called a positive phenomenon. The pattern of sen-

sory impairment varies with the cause and severity 

of injuries. PNI causes a loss of mechanical pres-

sure due to the absence of mechanoreceptors.

The most common positive phenomena after 

PNI are needling, tingling, and hyperalgesia caused 

by compression applied directly on the injury 

site.7,8 Peripheral nociceptive neurons are stimu-

lated when initially free nerve endings (A-delta and 

C fibers) receive harmful stimuli or are damaged. 

Over time, the primary afferent A-delta and C noci-

ceptors in the injured nerve area begin to respond 

in an amplified way to harmful stimulation, which 

leads to the development of excessive excitability 

and spontaneous activity. This is explained by the 

significantly reduced firing thresholds of A-delta 

fibers. Inflammatory factors may cause changes 

in the genetic and molecular composition of noci-

ceptors, increasing primary nociceptor excitabili-

ty.10 In addition, decreases in the activation thresh-

old of thermoreceptors and nociceptors gradually 

lead to neuropathic pain.1 The expression of volt-

age-gated sodium channels is altered in the dorsal 

root ganglia after PNI. This change forms the basis 

of ectopic discharges, and then neuropathic pain 

Figure 36.2  Wallerian Degeneration.
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Figure 36.3  Nerve regeneration.

occurs due to the change. Sensory changes affect 

the peripheral nerves, organization of the spinal 

cord, and plasticity of the brain. All three factors 

may affect early regeneration and later neuropath-

ic pain. The slow regeneration rate delays the speed 

at which the proximal tip crosses the surgical cavi-

ty. In addition, non-specific reinnervation reduces 

the chances of regeneration.8 Motor and sensory 

disorders caused by injury significantly affect the 

daily life, social lives, and participation of patients.1

Wallerian Degeneration begins immediately 

after PNI at the distal nerve stump, suggesting that 

these axons are denatured and fragmented. There-

fore, one of the goals of therapeutic treatments is 

to create a microenvironment conducive to axonal 

regrowth and reinnervation.11 Surgical interven-

tion is required to provide functional nerve regen-

eration in many PNIs (Figure 36.3).

Currently, the surgical treatment of PNI in-

cludes end-to-end repair with microsurgery, ten-

sion-free nerve epineurium suture, and autologous 

nerve grafting. Significant progress has been made 

in peripheral nerve surgery over the years, but 

despite advances in microsurgical techniques, re-

covery of nerve function remains insufficient. One 

third of patients show little or no improvement de-

spite appropriate surgery.1,5,12 The literature states 

that surgical approaches do not guarantee func-

tional recovery, which can lead to neuronal atro-

phy and prevent accelerated regeneration.1 Skele-

tal muscle reinnervation requires the resumption 

of axonal elongation, synaptogenesis, and contrac-

tion function. Important factors for reinnervation 

may be counted as the denervation interval, the 

path followed by axons to reach muscle fibers, the 

number of axons that are re-inversed according 
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Figure 36.4  Normal nerve conduction.

to the number that originally innervated the mus-

cle, and the specificity.6 The regeneration of axons 

into inappropriate pathways is an important factor 

contributing to this failure.13

The regeneration of axons into unsuitable dis-

tal nerve branches may negatively affect functional 

recovery after peripheral nerve suture. For exam-

ple, renewed motor axons may enter Schwann cell 

tubes, which give rise to sensory branches and are 

directed to sensory end organs. Similarly, senso-

ry axons can be directed to motor endplates. Not 

only do these axons fail to make functional con-

nections but they also prevent suitable axons from 

entering the pathways they occupy (Figure 36.4 and 

Figure 36.5).13-15

If we sample from the hand, the skin areas of 

the hand will not be re-innervated by their original 

axons to a large extent due to axonal misdirection. 

Instead, they may be reinnervated by axons that 

originally innervated other parts of the hand. The 

result is significant restructuring changes in the 

cortical region where the Median nerve is normal-

ly represented.16 Because of axonal misdirection in 

sensory nerve repair, patients experience painful 

sensations in hurt fingers even years after repair. As 

another example, following the repair of the Sciatic 

nerve, motor axons may be incorrectly directed to 

the Tibial and Peroneal nerve branches involved in 

the plantar and dorsiflexion of the ankle, affecting 

antagonistic muscles.17 Motor neurons preferen-

tially reinnervate the motor branch in teenagers 

and adults, even if the repair is intentionally mis-

aligned or a gap has been applied between the 

proximal and distal decussations. Although motor 

axons preferentially reinnervate the motor branch, 

they also enter most sensory branches. An even 

larger proportion of the renewed sensory axons 

entered the motor branch, suggesting that sensory 

axon behavior may be more random. The defini-

tion of the mechanism of preferential motor rein-
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Figure 36.5  Synaptic organization.

nervation and its increase, especially in adults, can 

potentially improve the prognosis of damage to 

nerves involving both sensory and motor axons.13,14

A meta-analysis conducted in 2005 to deter-

mine predictors for motor and sensory recovery 

after microsurgical repair of Median and Ulnar 

nerve transection lesions revealed the same re-

sults as Sunderland’s first reports on 40 years of 

nerve repair. According to the results of this me-

ta-analysis, the three important determinants of 

successful motor recovery are patient’s age, lesion 

site, and delay in repair.12 The best recovery after 

a motor nerve injury may only be achieved when 

an abundant supply of motion-specific motor ax-

ons is provided to the muscles because of nerve 

trans-section (Figure 5).6 After axonal injury, axons 

close to the injury site begin to produce new axon 

buds. However, gradual axonal growth may lead to 

a progressive prolongation of the time required for 

axons to pass through the injury site. This increase 

in time may weaken the ability of Schwann cells at 

the far end of the injury to promote proliferation. 

Cumulative narrowing of the endoneural mem-

brane tube and non-specific reinnervation may 

also exacerbate the passage of injured axons.8

Non-surgical treatments continue to be inves-

tigated in terms of their potential to restore nerve 

function after PNI. Physiotherapy and rehabilita-

tion is a necessary stage for patients to recover bet-

ter. Despite this requirement, most patients who 

undergo surgery are not subjected to a systemat-

ic physiotherapy and rehabilitation program after 

surgery. This condition also leaves patients with 

sensorimotor disorders and chronic neuropath-

ic pain that will last a lifetime. Electrical stimula-

tion (ES), one of the rehabilitation strategies, has 

emerged as a pioneer in the rehabilitative treat-

ment of PNI. ES plays a significant role among 

non-pharmacological interventions.1,12 Compared 

to surgical treatment and other conservative ap-
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proaches, ES is considered as a safe and effective 

treatment option that can be applied in most pa-

tients. ES not only treats PNI but also includes 

tests that show changes in the process of injury. A 

study has shown that the use of pulsed ES to record 

changes in muscle fibers of the movement and 

muscle speed recovery cycle on injured muscle 

can provide a detailed understanding of the in vivo 

evidence of the potential for depolarized rest after 

PNI.18 In general, patients without a malignant tu-

mor, high fever, coma, active bleeding, skin dam-

age, or acute inflammation are eligible for ES.8

Practices of Electrical 
Stimulation
Post-therapeutic modalities could be used both di-

rectly and indirectly to increase or decrease muscle 

activation levels, affect skeletal muscle activity and 

performance, and reduce pain. Clinical studies have 

shown that ES increases axon growth during nerve 

repair and accelerates sensorimotor healing. Direct 

applications of therapeutic modalities used to fa-

cilitate skeletal performance include the use of ES 

to depolarize peripheral nerves to drive more mo-

tor units.1,19 The diameters of the nerve fibers in the 

peripheral nerve and their resistance to stimulation 

are different. In the presence of a stimulus with suf-

ficient strength and duration, the nerve fibers with 

the largest diameter and the lowest resistance de-

polarize earlier. The largest of the nerve fibers in a 

mixed peripheral nerve is Α-alpha, which carries 

motor and proprioceptive signals; therefore, it is 

depolarized first. To stimulate the smaller diame-

ter A-beta fibers carrying the sensations of touch 

and pressure and the even smaller diameter A-del-

ta and C fibers carrying the sensations of pain and 

temperature, stimuli with increasing amplitude and 

duration are required.19 Sunderland showed that 

the motor and sensory components of the nerve are 

arranged more randomly in the proximal segments 

of the large nerve trunks, while they are more clearly 

localized in the distal extremities. This situation may 

be a guide in the ES application.20

ES applications applied after PNI could be clas-

sified into 5 regions. ES of skeletal muscle (promote 

skeletal muscle regeneration and prevent skeletal 

muscle atrophy), Spinal Cord Stimulation (SCS) 

(inhibit apoptosis and synaptic stripping), Trans-

cutaneous Electrical Nerve Stimulation (TENS) 

(mediate decreased local inflammatory media-

tors and elevated pain thresholds), Dorsal Root 

Stimulation (DRS) (suppress the excitability of the 

dorsal root ganglion) and Peripheral Nerve Stim-

ulation (PNS) (promote axon regeneration and 

the exactness of axon growth; activated Schwann 

cells secrete glutamate and exosomes to enhance 

the ability of regeneration and inhibit apoptosis).8 

The intermittent currents are preferred for the de-

nervated muscles and the intermittent or burst al-

ternating currents are preferred for the innervated 

muscles. Currents can be applied with monophasic 

or biphasic features. While the current applied to 

the denervated muscles is 10 milliseconds (ms) or 

longer, the innervated muscles are usually applied 

for 100-200 microseconds (µs). While the current 

frequency is 2-4 Hertz (Hz) for denervated muscles 

to obtain slow fasciculation, 20-40 Hz is applied to 

obtain fast fasciculation in the innervated muscles. 

The frequency is between 35 and 75 Hz, with 10-15 

submaximal or maximal contractions in each peri-

od. Superficial electrodes are used in practices per-

formed by physiotherapists. While electrode place-

ments are made to the most bulging point of the 

muscle for denervated muscles, the motor point 

of the muscle or peripheral nerve tracing can be 

preferred for the innervated muscles. ES applied to 

denervated muscles aims to minimize denervation 

atrophy, the main purpose for innervated muscles 

is muscle strengthening or muscle retraining.21 ES, 

which modifies neuromuscular activity with elec-

trical currents, mainly includes Neuromuscular 

Electrical Stimulation (NMES), TENS and Func-

tional Electrical Stimulation (FES). NMES usual-

ly produces muscle contraction at a frequency of 

20-50 Hz and is used to improve patient function. 

TENS is usually used to relieve pain at a frequen-

cy as low as 2-10 Hz or at an ultra-high frequen-

cy. Low-Frequency TENS usually targets sensory 

nerves and does not produce visible muscle con-

traction. FES involves a functional task in which 

the target muscle is initially stimulated to create 
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movement, and the next step is for the upper limb 

to grasp the object or the lower limb to walk.1

Electrical Stimulation of Skeletal Muscle
NMES generally implies that ES is used to increase 

strength in the innervated muscle, whereas Electri-

cal Muscle Stimulation (EMS) refers to the stimula-

tion of the denervated muscle. The main difference 

between NMES and EMS is the tissue that is really 

stimulated and depolarized to bring out the ther-

apeutic effect.19 While NMES is widely used to re-

store skeletal muscle mass and function in patients 

with PNI, it is also applied to activate the nervous 

system in healthy individuals.22 Most studies in the 

literature use low-frequency ES to support nerve 

regeneration. Studies have revealed that low fre-

quency ES strengthens axon growth and muscle 

reinnervation after sudden or delayed nerve re-

pair.1,5 The studies, the foundation of which was 

laid by Hoffman and colleagues in 1952, provided 

important evidence on the ES of peripheral nerves. 

The reports of these studies show that EMS applied 

early after injury accelerates nerve regeneration. 

It is argued that the mechanism of action contrib-

uting to this success is the increased production 

of neurotrophic factors caused by ES and the up-

regulation of its receptors. In addition, studies in 

the literature have revealed that ES still has ther-

apeutic potential to stimulate functional recovery 

after chronic axonotmesis.12 It has been reported in 

the literature that 20 Hz continuous ES of the main 

axons proximal to the repair site from 1 hour to 2 

weeks reduces the axonal regeneration time up to 

3 weeks and accelerates motor reinnervation.13 In 

one of the studies in the literature, it was found that 

1 hour continuous 20 Hz ES period was as effec-

tive as 1 day to 2 weeks ES periods in significant-

ly increasing motor axonal regeneration in a sev-

ered and surgically repaired rat Femoral nerve. ES 

is also hypothesized to increase the regenerative 

capacity of sensory neurons. The observed benefi-

cial effects of ES on motor neurons are evidenced 

by the increased number of sensory neurons that 

regenerate their axons in response to stimulation 

and its pronounced effect on the expression of 

genes associated with injury/regeneration. The 

study results show that this effect extends to sen-

sory neurons.23 A study conducted to determine 

the appropriate protocol for maintaining muscle 

mass and strength during long-term denervation 

periods has shown that 200 to 1200 contractions 

per day maintain muscle mass, average muscle fi-

ber cross-sectional area, and maximum strength.24 

There are many studies in the literature that exam-

ine whether different parameters such as stimu-

lation duration, the type of target muscle, and ES 

intensity change the effect of ES. Acaroz Candan 

et al. proved that the symmetric biphasic square 

waveform of NMES (100 Hz; 400 µs) can improve 

Quadriceps Femoris muscle function with both 

short stimulation duration [5 minutes (min) × 4 

sets) and long stimulation duration (10 min × 2 

sets) in elderly individuals.25 Mani et al. used both 

short pulses at 50 Hz (0.26 ms) and long pulses at 

100 Hz (1 ms) to improve mobility function in el-

derly individuals. They reported that both pulse 

methods improved lower limb strength and func-

tional performance.26

There are studies in the literature that report 

that NMES is effective and studies that report that 

its effect is limited. Hyer et al. used NMES to treat 

the calf muscles of patients after Achilles tendon 

surgery. In the results, it was reported that muscle 

mass and function did not improve in the NMES 

group and in the sham NMES group.27 Piccinini et 

al. reported that there was no significant difference 

between ES and the control group after traumatic 

PNI.28 Peripheral nerves contain an anatomical se-

quence that organizes not only various types of ax-

ons but also other important cells such as Schwann 

cells, immune cells, and vascular structures with 

blood nerve barriers. Given this complexity, it may 

not be surprising that different evaluation param-

eters give different results.29 Although in many 

studies in the literature, the standard ES parameter 

of 20 Hz is preferred, the method and frequency 

range of ES need to be standardized.1

Electrical Stimulation After 
Reinnervation
During re-innervation of the limb, ongoing motor 

and sensory rehabilitation is of critical importance. 
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Sensory healing is also important for motor heal-

ing. Objective measurement of sensory recovery 

includes the intensity test, in which mobile and 

static two-point discrimination are used, and the 

threshold test, in which Frey or Semmes-Weinstein 

monofilaments are used. It is clear that early re-in-

nervation provides superior functional return.30

The time frame of ES in nerve regeneration is 

controversial. Low healing is caused by irreversible 

nerve degeneration. Early ES seems to be better 

for nerve regeneration.31 In contrast, most nerve 

injuries in humans are repaired recently, some-

times days or weeks later. ES also enhances nerve 

regeneration following delayed nerve repair.32-34 

There is significant evidence in the literature that 

postoperative ES could increase nerve regenera-

tion in chronic PNI that is considered impossible 

to treat.33,35 ES has also been found to accelerate 

regeneration following injuries that are primarily 

irreparable and require alternative forms of re-

construction.36,37 Instead of altering nerve regen-

eration rates, ES could accelerate axon regrowth, 

weaken the damaged regeneration environment, 

and improve sensory and motor nerve repair.31 

Neuromuscular plasticity is critical for the re-

characterization of muscle properties after nerve 

regeneration and muscle reinnervation. ES ap-

plied to all motor nerves that normally innervate 

muscles can alter the properties of muscle fibers. 

It has been reported that the order of recovery in 

regaining the characteristic features of nerve and 

muscle properties after PNI is from small slow mo-

tor units to large fast motor units.38 Misdirection of 

regenerative nerves to reinnervate several differ-

ent muscles may adversely affect the normal use of 

re-innervated muscles.39 If there is a serious delay 

in muscle re-innervation, the regenerative capac-

ity of axotomized motor neurons and the growth 

support provided by denervated Schwann cells in 

distal nerve stumps may be compromised.38

Rehabilitation of Neuropathic Pain with 
Electrical Stimulation
After PNI, the expression of neurotrophic factor in-

creases in the early days to support neuronal sur-

vival and axonal regeneration. Although they are 

involved in axonal regeneration, nerve growth fac-

tor and brain-derived neurotrophic factor are well-

known pain modulators and play various roles in 

terms of peripheral and central synthetization in 

neuropathic pain. Pain is one of the most obvious 

complaints of patients and one of the sensory dis-

orders that affect their daily lives the most, and it 

is also the most subjective sensory disorder. Since 

neuropathic pain is probably the most disabling 

condition in patients with severe nerve injury, 

physiotherapy and rehabilitation treatments that 

increase the activity of the injured limb and the 

possible positive or negative effects of these treat-

ments on the patient should definitely be consid-

ered.1,40 It has been shown in the literature that ES 

is associated with changes in neurotrophic factors 

involved in the formation of neuropathic pain.40

Following the introduction of stimulation-in-

duced analgesia by Reynolds, the Gate Control 

Theory has been tested in both animals and hu-

mans through various experiments. These experi-

ments led to the naming of SCS by Shealy et al.41, 

cutaneous electrical nerve stimulators by Long 42 

and Shealy 43, and TENS by Burton44. Later, both 

transcutaneous and spinal cord neurostimulators 

were applied clinically.20 ES applications for neu-

ropathic pain after PNI consist of SCS, DRS, PNS, 

Peripheral Nerve Field Stimulation (PNFS), TENS, 

and Interferential Current (IC) methods. In the 

studies conducted, ES applied with these methods 

has been shown to accelerate both muscular rein-

nervation and the initial recovery of nociceptive 

responses after sciatic nerve incision and repair.40

Spinal Cord Stimulation (SCS)/Dorsal Root 
Stimulation (DRS)

SCS is defined as the process of blocking the trans-

mission of pain signals to the brain in the targeted 

area by injecting a low-voltage electrical current 

into the patient’s spinal cord and stopping the 

pain.45 SCS is provided by electrodes placed at dif-

ferent spinal cord levels depending on the location 

of pain, posterior to the dorsal columns of the spi-

nal cord at epidural distance and connected to a 

pulse generator implanted under the skin.46 In this 

method, by stimulating the large myelinated fibers 
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in the posterior colon with different stimulation 

modes, the place where the needling sensation 

covers the painful area of the patient is determined 

and the electrode is fixed under the skin according 

to this area. A trial stimulation is performed, and if 

a successful result is obtained at the end of the trial 

period, the permanent system placement process 

is initiated. For this procedure, the part placed in 

the intervertebral space is connected to the per-

manent electrode. In the first years when this treat-

ment started to be used, the practice was called 

“DRS” because it was thought that ES would affect 

only the dorsal horn of the medulla spinalis. How-

ever, in the following years, it was revealed that ES 

provides inhibition in all parts of the medulla spi-

nalis, and the name of the procedure was changed 

to “SCS”.45,47 Although it is currently not fully un-

derstood by which mechanisms neurostimula-

tion blocks pain, this technique is based on the 

“Gate Control Theory”, which is based on the idea 

that painless signals prevent pain sensation from 

reaching the central nervous system by inhibiting 

painful signals.46

For SCS practice, the pain should be chronic 

and related to an underlying organic cause. Cur-

rently, the most common indications for SCS are 

conditions such as resistant low back/limb pain, 

spinal cord injuries, failed low back surgery syn-

drome, neuropathy, and complex regional pain 

syndrome. In addition, recently, the use of SCS has 

been increasing in conditions such as reflex sym-

pathetic dystrophy, postherpetic neuralgia, arach-

noiditis, epidural fibrosis, phantom pain, malig-

nancy pain due to vertebral metastases, and fecal 

and urinary incontinence. As with all neurostimu-

lation applications, appropriate patient selection 

for SCS is an important marker of success.46 In the 

literature, it has been observed that pain decreases 

by at least 50% in most patients after SCS implan-

tation.48

PNI has been found to produce local inflam-

matory changes in the nerve. The development of 

allodynia after injury seems to be associated with 

dysfunction of the spinal Gamma-Aminobutyric 

Acid (GABA) system. It is thought that neuropathic 

pain alters the local neurochemistry of the dorsal 

horns, thereby decreasing the hyperexcitability of 

neurons. Experimental evidence is available in the 

literature that GABA and serotonin levels are in-

creased and excitatory amino acid levels are sup-

pressed. It is thought that SCS exerts its effect on 

neuropathic pain by restoring normal GABA levels. 

In one of the studies in the literature, the response 

to SCS was compared in allodynic and non-allody-

nic rats after PNI, and it was found that sensitivi-

ty thresholds to harmless stimuli decreased at the 

end of treatment.41,49 Another study in the literature 

states that in cases with a long-standing history of 

painful peripheral neuropathy that is resistant to 

conservative treatment, SCS provides pain control 

and helps patients to stop medications.50

As with many invasive procedures, it should be 

known that mild or serious complications may oc-

cur during and after SCS implantation. Nerve/spi-

nal cord injury, epidural hematoma, epidural ab-

scess, post-dural headache, seroma, wound infec-

tion, electrode migration, and electrode fracture 

are some of these complications. It has been stated 

that the most common among these complications 

are electrode migration and infection.47 Targeting 

SCS in paresthesia of special anatomical locations 

is a difficulty experienced in practice.48

Peripheric Nerve Stimulation (PNS)/Peripheric Nerve 
Field Stimulation (PNFS)

For the treatment of chronic pain, PNS uses a per-

cutaneous approach, in contrast to implantable 

systems, and allows for minimally invasive ap-

proaches.51 The concept of PNS was introduced 

into clinical practice by Wall and Sweet in 1967. In 

Wall and Sweet’s study, stimulation was applied to 

the Infraorbital nerve via a percutaneous needle, 

and a condition occurred in which hypoesthesia 

and pain were stopped distally of the stimulation. 

Although the technique has experienced some ups 

and downs since those days, it has been electrified 

since 1999. Although highly irregular results and a 

high rate of complications were identified before 

1999, various indications for the use of this neuro-

stimulation method other than pain or apart from 

pain (motor stimulation of the Phrenic nerves and 

stimulation of the somatic nerves of the extremities 
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in patients with hemiplegia and paraplegia, auto-

nomic stimulation for urinary and gastrointestinal 

disorders, etc.) were presented after 1999.51,52 PNS 

has been applied to various nerves in the body 

until today, including the Occipital, Supraorbital, 

Infraorbital, Radial, Ulnar, Median, Tibial, Pero-

neal, and Sciatic nerves.53 Published studies show 

that neuropathic pain responds to PNS in many 

patients.54 In PNI, ectopic discharges are trans-

mitted by injured nerves, especially low-threshold 

A-beta and high-threshold A-delta and C fibers. All 

these nerves could contribute to the formation of 

pain. PNS has long been used as a method of or-

thodromic stimulation of non-nociceptive A-beta 

nerve fibers. It is assumed that this method, which 

has direct painless ES, could change the ecto-

pic discharge, which leads to a decrease in pain 

perception. Activation of the A-beta nerve fibers 

stimulates the corresponding dorsal horn inter-

neurons, which are involved in the processing and 

transmission of nociceptive information through 

peripheral A-delta and C nerve fibers. Thus, pain-

less stimulation of the peripheral nerve region re-

sults in a decrease in pain signals.51

PNS is applied to a specific nerve. In PNFS, an-

other technique, stimulation is performed not on a 

nerve but on a group of nerve endings at the sub-

cutaneous level. In PNFS, it is necessary to position 

one or more electrodes within the maximal pain 

zone. With this method, the small distal branches 

of the nerves are targeted within the subcutaneous 

space. PNFS produces paresthesia along a diffuse 

painful area that may not be associated with a spe-

cific dermatome or may not be well defined.52,53 

The purpose of PNS is always to produce pares-

thesia along the region innervated by the stimu-

lated nerve, while PNFS distributes paresthesia 

as an electric field around the active electrodes. 

When PNS is selected, a unidirectional paresthe-

sia along the stimulated nerve; when PNFS is se-

lected, a concentric stimulation should be sought 

in a specific area without radiation, held exactly in 

the painful area of the patient. PNS should be se-

lected if more specificity is needed depending on 

the location and type of pain, and PNFS should 

be selected if a broader paresthesia is sought. Re-

gardless of the application technique, the purpose 

of both techniques is to reduce pain by creating 

paresthesia.52 These techniques may also be used 

to complement other electrical neuromodulation 

procedures, such as SCS and DBS. In the litera-

ture, various names such as “hybrid” stimulation, 

spinal-peripheral neurostimulation, or triangular 

stimulation are used for the use of SCS combined 

with PNFS. PNS is also thought to be based on the 

Gate Control Theory of pain described by Melzack 

and Wall more than 40 years ago, similar to SCS. In 

terms of approved indications, SCS is much more 

accepted than PNS. Although PNS is considered 

a new technique in the continuity of treatment 

methods for resistant neuropathic pain, this is 

a misconception. PNS has been offering practi-

tioners an excellent modality in the treatment of 

neuropathic pain for more than 40 years.53,54

Studies mentioning the use of PNS on various 

specific neural targets are available in the litera-

ture. In one of these studies, treatment was per-

formed by targeting the Ulnar nerve with percu-

taneous implantation of a permanent stimulation 

electrode for chronic upper limb pain in 5 patients. 

After treatment, patients’ pain control increased 

and their quality of life improved in patients who 

were followed for 6 years.55 In another study, a case 

report on the management of persistent pain with 

uncertain pathology by percutaneous implanta-

tion of a permanent stimulation electrode via a 

stimulating needle into the Brachial Plexus follow-

ing a traction injury of the shoulder and Brachial 

Plexus was presented. After treatment, excellent 

pain control and unexpected beneficial sensory 

and motor changes were observed in the patient’s 

arms.56 In the study, the preferability of percuta-

neous implantation was emphasized because it is 

a simpler method than surgical implantation. In 

another case series using PNS for Brachial Plexus 

injuries, PNS implantation was applied to patients 

with posttraumatic Brachial Plexus trauma. The 

4-pole electrode tips are placed directly on the 

sensory peripheral branch of the main nerve con-

cerned, proximal to the lesion site. Assessments 

were made after 1, 6 and 12 weeks. Although all 

patients initially complained of severe pain in the 
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median and radial regions, all patients experi-

enced pain relief within a few minutes after treat-

ment. Patients in this study showed promising re-

sults by showing 76.2% and 71.5% pain reduction 

at 6- and 12-month long-term follow-ups, respec-

tively.57 Another study presented reports of two pa-

tients with Ulnar nerve neuropathy and found that 

both patients had at least 75% relief in pain scores 

6 months after Ulnar nerve PNS implantation. In 

addition, it has been reported that patients also 

experienced significant improvement in function-

al outcomes, achieved various achievements such 

as return to employment, the ability to perform 

daily life activities without any impairment, and 

improved quality of life.58 In a case report in which 

PNS was applied to a patient diagnosed with Mer-

algia Paresthetica, which refers to compression of 

the Lateral Femoral Cutaneous nerve, the patient’s 

pain decreased to 2 out of 10 with the use of gab-

apentin; after PNS implantation was applied as an 

alternative method, his pain decreased to 0 out of 

10. The patient also reported improved quality of 

life with better sleep and less drowsiness. The ap-

plication was made for 60 days and then the device 

was removed. It has also been reported that com-

plete improvement in pain continues 12 months 

after the device implantation date.59 Similar stud-

ies are available for neuropathic pain caused by 

Sciatic nerve, Median nerve, and Lumbar Plexus 

damage.51

Although PNS has shown tremendous clinical 

potential, as seen in the examples provided, there 

are also safety concerns and potential side effects. 

Stevanato et al. reported complications related 

to tendons, nerves, and vascular structures that 

caused distraction and translation of electrodes 

from the target nerves.57 It is also reported in the 

literature that side effects have increased hospi-

talization and the need for surgical intervention. 

Decongestant hematomas, seromas, skin erosions, 

pain and numbness, allergic reactions to surgical 

equipment, headache, and muscle cramps, as well 

as biological side effects, are also among the com-

plications of PNS.51 More study is needed to identi-

fy the best candidates for PNS, select the best pro-

cedure and the best equipment for each patient, 

and define adequate expectations for patients and 

pain specialists.54

Transcutaneous Electrical Nerve Stimulation (TENS)

TENS, which uses a small current to activate senso-

ry axons without triggering muscle contraction, is 

being applied in physiotherapy and rehabilitation 

programs to improve sensory feedback and adjust 

neural network pathways. Sensory feedback also 

plays an important role in the motor activity. When 

muscle is damaged, TENS can be used to temporar-

ily innervate the muscle to prevent muscle atrophy 

until it heals. However, it can also be used to pre-

vent the loss of strength in the innervated muscles 

as much as possible during immobilization caused 

by any reason. Non-invasive ES, such as TENS, has 

gained popularity in the treatment of neuropath-

ic pain over the past 10 years. TENS has high and 

low frequency modes. Low-Frequency TENS is 

defined as the transmission of pulsed currents in 

a burst mode of 10 Hz or lower. High-Frequency 

TENS, on the other hand, are typically used to de-

fine frequencies of 150-200 Hz. TENS can be used 

to relieve pain at a frequency as low as 2-10 Hz or at 

an ultra-high frequency. The frequency commonly 

used in clinical practice is 1-150 Hz. Low-Frequen-

cy TENS usually targets sensory nerves and does 

not produce a visible muscle contraction. If it is 

preferred for the treatment of neuropathic pain, it 

is usually applied at high intensities and close to 

the pain zone.1,7 

Some studies conducted in the rat model have 

shown that the TENS effect occurs through local, 

spinal, and supraspinal pathways. According to 

the results of these studies, Low-Frequency TENS 

(<10 Hz) appears to work through μ-opioid, GABA, 

serotonin, and muscarinic M1 and M3 receptors. 

Repeated stimulation with TENS results in tol-

erance. Due to this condition, it is reported that 

TENS may be using opioids, serotonin, and cho-

linergic neurotransmitters to affect the descending 

inhibitory pathways. Studies in the literature have 

reported that High-Frequency TENS shows the ef-

fect of delta-opioid receptors in the bloodstream 

and cerebrospinal fluid through increased levels 

of beta-endorphin and methionine-enkephalin.51 
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In one study, TENS was found to be able to cure 

72 non-cancer pain patients, including peripheral 

nerve pain that severely affects life lasting longer 

than 3 months. At the same time, many clinical 

studies have shown that TENS applied to the af-

fected sensory nerve branches (mainly Brachial 

Plexus, Median nerve and Radial nerve) under the 

armpit with an implanted electrode shows a signif-

icant improvement in pain after PNI, and implant-

able TENS has shown to be an effective method 

for peripheral nerve pain caused by upper limb 

trauma.1 Another study in which rats were subject-

ed to ES for 4 hours, mandatory treadmill training 

for 5 days, or a treatment program in which both 

treatments were combined after Sciatic nerve re-

pair, found that treadmill training and ES reduced 

neighboring neuropathic pain differently but pos-

itively before and after sciatic reinnervation. The 

combination of the two treatments has been indi-

cated to cause enhanced motor and sensory re-in-

nervation and strong agonistic effects in pain relief. 

The different effects of these treatments have been 

found to be associated with changes in the levels 

of neurotrophic factor mRNA in sensory and motor 

neurons.40 Another study in the literature, a physio-

therapy and rehabilitation method including TENS 

was applied in a 9-year-old pediatric patient with 

second Thoracic Longus palsy as a case report. In 

this study, 0.5-1 Hz Microcurrent around the sen-

sitive area for hyperalgesia, cranial electrotherapy, 

acupuncture, a non-interventional pulsed radio 

frequency at 133.000 Hz superimposed on a low 

frequency square Direct current wave with 2 Hz 

pulse pitch, low level laser, TENS with a frequency 

of 200 Hz and an amplitude of 80 ms for pain, di-

rect current for edema and inflammation, Faradic 

current to stimulate Deltoid, Trapezius and Serra-

tus Anterior muscles, approaches such as breath-

ing exercises and mirror therapy were applied over 

13 sessions. As a result, it was reported that this 

patient’s pain and paralysis completely recovered 

within 2 months, and that ES relieved pain, in-

creased neural conduction, and improved mobil-

ity. It was also emphasized that the combination 

of treatments applied effected accelerating heal-

ing in the nerve.60 High-Frequency TENS has been 

shown to be able to modulate Sciatic nerve activity 

and induce analgesia through increased serotonin 

release, in addition to blocking the cardiovascular 

and respiratory adverse effects of pain.51 The dif-

ference between Low-Frequency TENS (110 Hz; 

200 ms) and High-Frequency TENS (unmodulat-

ed 5-kiloHz; 200 ms) in terms of mechanical pain 

threshold, heat pain threshold, tactile threshold, 

and peripheral nerve conduction has not been 

found in the literature. However, patients may feel 

more comfortable with unmodulated 5-kiloHz 

currents. Some studies have shown that a Medi-

um-Frequency Alternating Current [10 kiloHz, 0.3 

seconds (s)] can be used to block unwanted senso-

ry and motor activities and speed up nerve repair. 

When the TENS and NMES effects were compared, 

the results showed that ES can increase muscle he-

modynamics. TENS can increase blood flow more 

than NMES.1 There are few studies evaluating the 

effectiveness of TENS, and existing studies lack the 

power to show this technique as a clear way to treat 

chronic pain.7

Interferential Current

Interferential Current (IC) is an example of burst 

modulated Alternating current with sinusoidal 

modulation, also known as kilohertz frequency al-

ternating current.61 In clinical practice, IC is used for 

main purposes such as reducing pain, increasing 

blood flow, increasing tissue healing, and reducing 

edema.62 IC uses a Medium Frequency current that 

penetrates deep into the muscles or joints.63 Two 

pairs of electrodes placed directly on the patient’s 

body are used for IC. During treatment, two sep-

arate electrical signals pass through the patient’s 

body between each pair of electrodes. These two 

electrical signals create an interference zone in the 

body.64 The frequency used is between 3500 and 

5000 Hz.65 By using two Medium Frequency Alter-

nating currents, an amplitude modulated resultant 

current in the range of 2-250 Hz is produced.66 Us-

ing the high-frequency current will reduce the im-

pedance and thus reduce the disturbance caused 

by low-frequency currents. At the same time, IC 

produces low-frequency effects in the deeper tis-

sues of the body, leading to the therapeutic effect 
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of low-frequency current therapy.65 IC can also 

be used for muscle stimulation in clinical prac-

tice. This reportedly more relaxed current reaches 

deeper tissues and induces more muscle torque 

than low-frequency pulsed currents. However, 

caution is important with regard to muscle power 

generation because IC has been shown to gener-

ate a high degree of maximal voluntary isometric 

strength of the knee extensors in a study in healthy 

subjects. The literature on IC treatment states dif-

ferrent parameters may have different physiologi-

cal effects. For example, 130 Hz is more sedative, 

0-100 Hz is more stimulating, 10-150 Hz increases 

blood flow, and 50-100 Hz produces sedative and 

spasmolytic effects. However, these claims seem to 

be based on the personal and clinical experiences 

of the authors rather than scientific evidence.61 In 

the literature, EA has been tested in many patient 

groups, especially compared with TENS, with the 

aim of reducing pain.66 However, when the litera-

ture on patients with PNI was searched, no studies 

were found.

Rehabilitation with an Electrical Stimulation of 
Neuromuscular Activation
NMES and FES are used to increase the strength, 

endurance, and functional use of skeletal muscle 

for various therapeutic purposes. More recent ev-

idence suggests that NMES directly increases the 

volume or total number of motor units and activa-

tion time of these motor units.19 However, IC and 

High-Voltage Pulsed Galvanic Electrical Stimula-

tion (HVPGS) can also provide neuromuscular ac-

tivation for amplification.

Neuromuscular Electrical Stimulation (NMES)

NMES is a general term describing a group of 

stimuli that use a pulsating alternating current to 

stimulate the innervated musculature.67 Forms of 

NMES practiced by physiotherapists include ap-

plying ES to muscles and nerves to produce mus-

cle contraction through depolarization of motor 

nerves. NMES is generally used for neuromuscu-

lar rehabilitation after nerve injury, prevent mus-

cle contracture or disuse during prolonged bed 

rest or immobilization, maintaining or improving 

range of motion, reduce muscle tone, facilitat-

ing muscle contraction, alleviating the need for 

orthotic assistance, and retraining muscle func-

tion are the main goals of the practice.67,68 NMES 

is often applied to superficial skeletal muscles by 

physiotherapists with the main purpose of trigger-

ing muscle contractions due to activation of motor 

neuron axons or intramuscular axonal branches.1 

With NMES, the intact peripheral nerve, which has 

a lower threshold for depolarization in the inner-

vated muscle, depolarizes. Then the contraction 

of the skeletal muscle begins. The current gets its 

name from this period.19 NMES typically uses an 

Alternating current. The modifiable properties of 

the current waveform are frequency and intermit-

tency or burst time. The strength of an NMES-in-

duced muscle contraction is partially determined 

by the frequency.69 NMES generally produces mus-

cle contraction at a frequency of 20-50 Hz and this 

frequency has been largely adopted in physiother-

apy and rehabilitation practice to restore skeletal 

muscle mass and function in PNI patients. As the 

frequency increases, so does the force of muscle 

contraction until a smooth, tetanic contraction is 

achieved.70 Intermittent stimulation is a common 

practice to maintain strength development and 

simultaneously increase comfort for patients. The 

duty cycle in therapy defines the actual on and off 

time of an NMES program and is usually expressed 

as a ratio of 1:2 (10 s on, 20 s off) or in percentag-

es such as 70%. Common clinical practices use a 

1:3 duty cycle as the standard, but this ratio can be 

modified to meet the needs of the patient as well as 

the goals of treatment.71 The three main limitations 

of NMES are; significant discomfort, limited spa-

tial uptake (which results in the formation of low 

excited tension and premature fatigue) and poor 

control of dosage. In particular, fatigue is a major 

limitation in NMES application. One of the caus-

es of fatigue with NMES application is that NMES 

changes the normal engine unit firing order. Con-

trary to normal human movements, motor unit 

firing in electrically induced contractions occurs 

primarily randomly rather than in fatigue-resistant 

units. Another cause of fatigue is that the super-

ficial electrodes divert current exactly below the 
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surface area of the electrode, reducing power and 

limiting the depth of penetration as the current 

travels through various subcutaneous tissue vis-

cosities that create resistance. Studies have noted 

that with superficial electrodes, superficial motor 

units of 10-12 mm can be reached, and only larg-

er motor units are detected from deeper tissues. 

Therefore, the activation of deeper structures is of-

ten not possible with standard surface stimulation. 

However, it should be noted that increased pulse 

width or amplitude can improve the current pen-

etration. Low frequencies produce a striking effect 

in which individual pulses can be distinguished, 

while higher frequencies are generally more com-

fortable as they soften the force response.71 How-

ever, high-frequency currents cause early muscle 

fatigue.1 Therefore, in general, low-frequency ES 

may cause less discomfort to the patient. To avoid 

fatigue or discomfort, continuous low-frequen-

cy stimulation is used, which typically produces 

smooth contraction at low force levels.71 Since ex-

cessive ES also causes muscle fatigue and weakens 

the effect of nerve healing, it is seen that low-fre-

quency ES is used to support nerve regeneration in 

most studies. Considering that high-frequency ES 

may both increase nerve damage and cause more 

fatigue, it has been reported that the ES method 

and frequency range should be standardized.1,72 

It is also thought that electrical nerve stimulation 

may be more comfortable and cause less muscle 

fatigue than electrical muscle stimulation.73 As for 

the depth of stimulation, a higher frequency could 

theoretically reach deeper tissue. However, if the 

frequency is higher, ES will be delivered during the 

period when the nerve is not responding. There-

fore, ES pulses should be adjusted according to 

the nervous tissue.68 In a study comparing sever-

al different frequencies and stimulation patterns, 

frequencies below 16 Hz failed to elicit a contrac-

tion strong enough to allow the Quadriceps Fem-

oris muscle to reach a target of 40º. However, it 

has been observed that tired muscle stimulated 

at low frequencies of 10-30 Hz can produce lower 

forces, a condition lasting 24 hours or longer; the 

same effect was not observed when the muscle 

was stimulated with higher frequencies.71,74 Anoth-

er study showed that high stimulation frequencies 

of 50-80 Hz applied to the hand muscles caused a 

rapid decrease in strength after about 20 s.71,75 In 

the study of Mang et al., when the Tibialis Anterior 

muscle was stimulated at 100 Hz, the activation of 

motor neurons was found to be highest compared 

with stimulation at 10 and 50 Hz.71,76 Adjusting the 

pulse width is just as important as the frequency. 

A study comparing pulse widths of 50, 200, 500, 

and 1000 µs when 20 Hz stimulation was deliv-

ered to the Soleus muscle found that wider pulse 

widths produced stronger plantar flexion contrac-

tions and additionally increased overall contrac-

tile properties.71 The position of the stimulation 

electrodes critically affects the path of the radiat-

ed current and its relative density along the sen-

sory and motor branches of the peripheral nerve. 

Therefore, stimulation through motor points main-

ly involves motor branch stimulation. Suboptimal 

electrode positioning, on the other hand, will re-

quire higher current levels to reach and stimulate 

the motor branch, and with it, more stimulation of 

pain-transmitting fibers will occur. Therefore, the 

appropriate placement of stimulation electrodes 

at motor points allows at least partial overcoming 

of the discomfort and limited spatial improvement 

from NMES limitations.77 Electrode placement is 

divided into monopolar and bipolar. For monop-

olar electrodes (cathode and anode), the cathode 

should be placed at the motor point of the target 

muscle. Bipolar electrodes, on the other hand, 

should be placed on the most bulging part of the 

muscle (belly) or on the proximal and distal ends 

of the muscle.68 Because depolarization of the pe-

ripheral nerve innervating the muscle results in 

contraction in healthy and innervated muscles, 

electrode placement should be consistent with 

the anatomical location of the peripheral nerve to 

the muscles being treated, i.e., the motor point of 

the muscle. Therefore, in NMES practice, bipolar 

electrode placement, in which the electrodes are 

placed directly on the muscle to be stimulated, 

is frequently used (Figure 36.6).19 It is important 

to correctly determine the motor point during 

practice. This process consists of muscle surface 

mapping using a stimulation pen electrode. For a 
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Figure 36.7  Monopolar electrode placement for the Abductor 
Pollicis muscle using a pencil electrode.

Figure 36.6  Bipolar electrode placement for forearm flexorsb

given electrical input, the region of skin above the 

muscle with the lowest motor threshold, that is, 

the skin region most responsive to ES, is identified 

(Figure 36.7). The motor point mapping procedure 

helps minimize the dose of current delivered and 

the level of discomfort due to the proper placement 

of stimulation electrodes. In this way it is ensured 

that the excited voltage of NMES is maximized. It 

is stated in the literature that it is advantageous to 

use such techniques in physiotherapy and reha-

bilitation practice because it is thought to increase 

both the stimulation efficiency and the patient’s 

compliance with the treatment.77

Although there are anecdotal reports of NMES 

being effective in studies questioning its efficacy 

after PNI, professional literature and data on NMES 

for the treatment of nerve injuries are still lacking. 

There is very little literature on the use of NMES, 

especially in children. There is a debate among 

physiotherapists as to whether NMES is appropri-

ate for children with dysfunctional and numb up-

per extremities. Another controversial issue is the 

timing of the use of NMES, since definitive data on 

the age of initiation of this modality and its effect 

on nerve regeneration are not available.67 It has 

been reported that ES [20 Hz, 3-4 Volts (V), 0.1 ms, 

60 min] applied to the Proximal Femoral and Fa-

cial nerves in rats promotes Femoral nerve regen-

eration but does not improve Facial nerve repair.78 

Therefore, it could be said that ES has different ef-

fects on different peripheral nerves. In addition, it 

has been reported in the literature that immediate 

ES is more favorable for neuromuscular recovery 

than delayed ES after surgical intervention. In the 

literature, it has been reported that not only nerve 

cells but also Schwann cells are affected by ES. It 

has been observed in studies that once a short-

term ES can transform M1 macrophages that cause 

inflammation into M2 macrophages that are ben-

eficial for repair, rapidly remove myelin residues, 

and improve neurological function.79,80 In cases 

where NMES is used for amplification, 50-75 burst 

or pulsed frequencies per second (Hz) are used ac-

cording to existing studies in the literature.81 Stud-

ies using NMES effectively suggest the maximum 

tolerable intensity that elicits a muscle contraction 

that is at least 50% of the maximum voluntary iso-

metric contraction of the stimulated muscle. If the 

maximum isometric contraction of the involved 

muscle is contraindicated, 30% of the maximum 

isometric contraction of the unaffected muscle 

was more appropriate. It is also recommended to 

increase the intensity for 2-3 s with rest between 

contractions to maximize comfort and limit fa-

tigue. Current research has used on:off cycles of 

1:5 (usually 10-15 s on and 50-120 s rest) for a to-

tal of 10-15 contractions.81 In a study conducted to 

demonstrate the effect of ES after Brachial Plexus 

injury (BPI), 11 children with BPI were prescribed 

regular physiotherapy and home exercise program 

after possible compression of the Musculocutane-

ous nerve and decompression. All patients were 

referred to a physiotherapy and rehabilitation 

program that included passive joint movements, 

weightlifting activities, appropriate games to en-

courage the use of the extremities, and NMES for 

the Biceps Brachii and Brachialis muscles in the 
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first postoperative week. The current was applied 

in 1 ms duration, 20 ms intervals and 25 interrup-

tions per minute for 10 min. The current density 

is increased until a visible contraction occurs that 

can be tolerated without any signs of pain. A sig-

nificant difference was found between the mea-

surements of Biceps Brachii and Deltoid muscles 

in the Faradic Threshold Test results of all children 

at the 3rd and 12th months after the program was 

applied 3 times a week for 8 weeks and 12 months 

of follow-up. Based on this study, we can say that 

NMES application should be included in the phys-

iotherapy and rehabilitation program after Mus-

culocutaneous nerve decompression.82 In another 

study aiming to evaluate the effects of NMES com-

bined with weight-bearing exercises on shoulder 

function and bone mineral density in children with 

BPI, alternative symmetrical biphasic flow was ap-

plied to the treatment group in addition to exercise 

therapy. The application was started with a current 

of 10 Hz, which gives the feeling of touch, and after 

the sensation was tolerated, it was increased to 30 

Hz to reveal muscle contraction. While the current 

was set to 300 µs, the intensity was increased slowly 

and gradually depending on the tolerance of each 

child. The current loop is set to be on for 10 s and 

closed for 20 s with a 1:2 period. When this cycle 

started to feel comfortable and no signs of fatigue 

were shown, a 1:1 cycle was started with 15 s on and 

15 s off. The treatment took 15 min. Although there 

was no significant difference between the groups 

at the end of the treatment, significant differences 

were observed when the pre- and post-treatment 

scores of each group were compared. Even when 

post-treatment scores were compared, significant 

differences were noted in favor of the study group.83

Functional Electrical Stimulation (FES)

FES is preferred for facilitating or increasing func-

tional movements, such as assisting in the dorsi-

flexion of the ankle or in the paretic Tibialis Ante-

rior muscles or wrist extensors.19 There are three 

types of stimulation methods for FES, called fully 

implanted, percutaneous, and surface stimula-

tions. Superficial stimulation is preferred due to its 

non-invasive nature. Conventional surface elec-

trodes are suitable for innervating large muscles 

close to the skin and use biocompatible gels that 

provide stability over the skin and uniform current 

distribution over the electrode surface. When us-

ing FES during walking, 30 min of stimulation can 

increase the stimulated motor potential of the Tib-

ial nerve, and the effect is known to last for at least 

30 min. The results of studies in the literature show 

that the combination of FES and exercise can lead 

to an increase in corticospinal excitability without 

cortical inhibition and further promote the affer-

ent of the central nervous system. The practice of 

ES along with exercise can more strongly promote 

peripheral axon regeneration and relieve pain af-

ter PNI. In addition to the coordination of various 

parameters to achieve the purpose of stimulating 

muscle and nerve recovery, excessive muscle fa-

tigue caused by FES will likely reduce the effect.1

It has been shown that the application of FES 

on the Ulnar and Median nerves is effective in the 

motor function of the upper extremities. After the 

FES practice on the proximal Ulnar and Medi-

an nerves, individual finger and joint grip move-

ments were observed using 24 finger movements 

to measure hand grip patterns. The results showed 

that FES can stimulate individual and coordinated 

movements. In this study, it was reported that FES 

can be used in the treatment of weak grip in ad-

vanced stages of nerve injuries.84

Promising results of FES on preventing muscle 

atrophy have been reported in studies conducted 

in animal models. If FES preserves muscle mass 

and prevents atrophy, it seems logical to promote 

neural reconnection by preserving muscle viability 

and enabling it to accept reinnervation. In addition 

to studies reporting that ES applied to the dener-

vated muscle helps reinnervation and functional 

recovery, there are also studies suggesting that ES 

has no effect on reinnervation. In an animal exper-

iment, FES was applied to 2 dogs for 6 weeks after 

resection and anastomosis of the Recurrent Laryn-

geal nerve. Two additional animals were included 

as the control group. The results showed that FES 

caused general suppression of reinnervation. The 

indication that FES suppresses reinnervation may 

have harmful effects on restoring normal muscle 



E
le

ct
ri

ca
l S

ti
m

ul
at

io
n

 A
ft

er
 R

ei
n

n
er

va
ti

on
 in

 L
at

er
 P

h
as

es

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

329

3636
Chapter

function. If the interaction occurs non-specifically, 

FES should not be used therapeutically or admin-

istered during muscle reinnervation. Alternatively, 

if reattachment suppression is specific to foreign 

nerve fibers then FES may provide a means to pro-

mote selective reinnervation of denervated mus-

cle. Because of the small sample size of this pre-

liminary study, the effects of FES on reinnervation 

need to be investigated more extensively before its 

clinical implications are fully understood.85

High Voltage Pulsed Galvanic Stimulation (HVPGS)

High voltage currents gained popularity in the 

1970s with the interest in using high amplitude 

currents.19 HVPGS is a monophasic pulsed electric 

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

double peak impulses (5–200 μs) at very high peak 

current amplitude (2-2.5 A) and high voltage (up 

to 500 V).86 HVPGS, like most monophasic pulsed 

currents, have such short pulse durations and long 

interpulse intervals that any charge deposited at 

the electrode-skin interface dissipates before caus-

ing permanent reverse polar effects. In HVPGS, an 

electrode is placed over the treatment area, this is 

the active or therapy electrode. The other electrode 

is placed away from the treatment area, this is the 

reference or dispersive electrode. Most devices on 

the market allow to select the polarity of the active 

or therapy electrode, positive or negative. Since 

the specific waveform properties of HVPGS make 

it possible to stimulate both sensory and motor 

nerves, current can be used for various clinical 

purposes such as pain modulation, skeletal muscle 

activation, and tissue healing.19 A study was con-

ducted on 20 rats to evaluate the effect of HVPGS 

on regeneration after PNI. The study included a 

control group with no injury, a denervation group 

with only Sciatic nerve injury, an intervention 

group in which HVPGS was applied to Sciatic nerve 

injury, and a placebo group that received HVPGS 

without injury. HVPGS and placebo groups were 

stimulated with a current of 30 min a day, 5 days 

a week, 100 Hz, a minimum of 100 V, 20 μs, and 

100 μs interpulse interval. The density of neural 

components, connective tissue, blood vessels, and 

macrophage areas were analyzed before injury and 

on days 7, 14, and 21 postoperatively. It has been 

reported that axon diameter, myelin sheath, and 

fibril thickness were higher in the HVPGS group 

than in the denervation group. According to the 

results of this study, HVPGS accelerates function-

al recovery, strengthens the maturation of nerve 

fibers, and accelerates neural repair by reducing 

macrophages and connective tissue area density.87 

Another study conducted with healthy male sub-

jects designed to determine the effects of HVPGS 

on muscle strength gained after 6 weeks of ES, the 

right Quadriceps Femoris muscles of subjects in 3 

different groups were electrically stimulated with 

a pre-set stimulator at pulse frequencies of 20 Hz, 

45 Hz, and 80 Hz, respectively. Left limbs served 

as controls. ES was administered three times a 

week for 6 weeks. For all groups, the duty cycle of 

the stimulator was set to 1:5 (10 s on, 50 s off), and 

the maximum tolerable voltage was monitored for 

each subject. A maximum of 10 contractions were 

allowed in each training session. At the end of the 

6th week of training, it was found that the right and 

left knee extension isometric strength increased by 

24% and 10%, respectively. The increase in muscle 

strength continued 3 weeks after training. Find-

ings revealed that the stimulator used in this study 

could increase the strength of normally innervated 

muscles, but none of the three selected beat fre-

quencies provided any clinical advantage.88 Since 

HVPGS can stimulate skeletal muscle, it can also 

be used for muscle retraining. HVPGS is perceived 

as painful by the patient because it requires a very 

short pulse duration and, accordingly, a high-in-

tensity stimulus. To date, there is insufficient evi-

dence to support the use of HVPGS to strengthen 

muscles despite its ability to stimulate skeletal 

muscle.19 There are also no studies on muscle 

strengthening or pain reduction in patients with 

PNI. Other waveforms, which are more suitable for 

muscle activation and strengthening, are preferred 

in the current literature. New studies are needed 

on the use of HVPGS in PNI.

Conclusion
ES is a non-destructive, clinically applicable meth-

od to increase nerve regeneration and senso-
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rimotor functional recovery.89 ES applications in 

re-innervated muscles are often aimed at pain and 

strengthening the weak muscle and increasing its 

function. Although the most preferred current by 

physiotherapists for pain is TENS, if it is preferred 

for the treatment of neuropathic pain, it is usually 

applied close to the pain area and at high intensi-

ties (150-200 Hz). The most frequently preferred 

current by physiotherapists for muscle strength-

ening after PNI is NMES with a frequency of 20-50 

Hz. Although several studies have reported posi-

tive results for ES application in the reinnervated 

muscle in the early and later stages, the applica-

tion parameters and timing of ES for PNI are still 

controversial. At the same time, there is a need to 

better distinguish the safety limits for the stimula-

tion of peripheral nerves.29 Although ES is useful 

in the treatment of PNI, it also has side effects. For 

example, it can lead to bending of the axon and its 

cell architecture, and edema.90 In addition, studies 

have shown that long-term ES causes decreased 

skeletal muscle excitability and abnormalities in 

the neuromuscular junction.8 Furthermore, stim-

ulation of innervated skeletal muscles may have 

adverse effects on surviving asynchronous nerves. 

If the stimulated nerves are connected asynchro-

nously to the muscle, ES may compromise func-

tional reinnervation.91,92 It may also be argued that 

targeted rehabilitation or concurrent therapies, 

such as Restrictive Compulsive Movement Ther-

apy, are needed to strengthen and activate new 

ES-stimulated circuits.31 Therefore, there is a need 

for new studies on the use of ES in PNI.
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Introduction
The diagnosis of neurological diseases or nerve 
damage is made by anamnesis, clinical symptoms 
and electrophysiological tests.1,2 The definitive 
diagnosis of peripheral neuropathies is made by 
electrophysiological tests. These tests are frequent-
ly used to detect the integrity of the peripheral 
nerve-muscle complex and to determine nerve 
conduction velocity.2,3 The purpose of using elec-
trophysiological tests is to determine the amount 
of motor and sensory nerve fibers and the motor 
fiber conduction velocity of the nerve, thus deter-
mining the current function of the nerve.1,2 Elec-
trophysiological test methods are examined in two 
groups as invasive and non-invasive test methods. 
Needle electromyography (n-EMG) is given as an 
example of invasive electrophysiological tests. The 
transmission rate, amplitude and latency of the 
stimulus are recorded with the n-EMG method.3,4

There are non-invasive electrophysiological 
test methods frequently used by physiotherapists 
in the evaluation of peripheral neuropathies and 
determination of nerve excitability character-
istics.1,5,6 Non-invasive electrophysiological test 
methods include methods such as Strength–Du-
ration Curve (SDC), Faradic Test, Accommodation 
Ratio, Rheobase, and Chronaxie. Since these meth-
ods are non-invasive, they can be tolerated more 
easily by patients.6,7 In addition, other advantages 
are that it is more common in clinics, its cost is low, 
and it allows the motor excitability thresholds of 
the peripheral nerve to be obtained.8 Studies have 
shown that non-invasive methods provide infor-

mation about the excitability of the nerve and pro-
vide the opportunity to reliably monitor the nerve 
healing process.1,3,6,8 In addition, it seems to be ad-
vantageous over n-EMG, as it can be used to deter-
mine the severity of peripheral nerve involvement 
and to objectively evaluate nerve healing after a 
surgery or injury.8,9 Researchers reported that the 
combined measurement of non-invasive meth-
ods showed 100% sensitivity for n-EMG results for 
acute phase and complete denervation, and 86% 
sensitivity for subacute phase and partial denerva-
tion.8 There are a limited number of studies in the 
literature investigating the relationship between 
invasive electrophysiological tests and non-inva-
sive electrophysiological tests.1,8,9

The widespread availability of non-invasive 
electrophysiological test methods in physiother-
apy and rehabilitation clinics, the easy detection 
of individuals with peripheral nerve injury, the 
opportunity to objectively evaluate the extent of 
degeneration and regeneration in the nerve, and 
denervation or reinnervation occurring in the 
muscle are among its very important advantages. 
Therefore, it also allows the planning of the treat-
ment specific to the existing recovery phase of the 
patients or the evaluation of the effectiveness of 
the treatment applied. In this section, electrophys-

iological evaluation approaches will be explained.

Denervation Process
Neurapraxia is the mildest form of peripheral 

nerve injury. They are usually compression-type 

injuries in which the axon is not damaged, caus-



E
le

ct
ri

ca
l S

ti
m

ul
at

io
n

 f
or

 R
e-

In
n

er
va

te
d

 M
us

cl
es

334

VV
Part

Clinical Key for Electrical Stimulation in Physiotherapy and Rehabilitation

ing temporary conduction block with mild de-

myelination.10,11 Transient conduction blocks are 

caused by segmental demyelination. This level of 

injury has a good prognosis, usually without sur-

gical treatment.12 However, if chronic compression 

causes progressive dysfunction in myelin-produc-

ing Schwann cells, the impact has the potential to 

progress to involve the axon and connective tis-

sues.13

Axonotmesis is a second level injury and shows 

the clinical picture in which the axon is affected but 

the connective tissue layers surrounding the nerve 

are preserved to varying degrees. Wallerian De-

generation occurs at this level. It refers to the dete-

rioration of the axon and myelin structures located 

distal to the region where the axonal continuity is 

interrupted over time. Functional recovery can oc-

cur within months without the need for surgery.14 

Regeneration takes place along the endoneurium 

by axonal regrowth. Sprouting in the endoneural 

tubes continues at 1-2 mm per day. It takes as long 

as 14 days to degenerate. The distal portion of the 

nerve remains excitable and can transmit impulses 

before degeneration occurs. Therefore, complete 

evaluation of the lesion may not be possible for up 

to 3 weeks after nerve injury is suspected.15

The degree of involvement in third-level axo-

nometric injuries is higher than in second-degree 

injuries. The perineurium is not affected, but the 

endoneurium and Schwann cells are affected. Pro-

tection of the perineurium allows nerve shoots to 

progress within a fascicle. Recovery at this level of 

injury depends on the ability of the axons to extend 

beyond the lesion site and find the endoneural 

tubes. Functional recovery in this type of nerve in-

jury can vary from very mild to complete loss.

The fourth-degree injury includes Schwann 

cells, endoneurium and perineurium. At this lev-

el, the integrity of the axon is impaired, except for 

the epineurium. Scar formation within the nerve 

prevents the nerve fibers from re-connections. The 

prognosis is poor.

The most severe injury is neurotmesis type in-

jury. An injury at this level results with the loss of 

integrity of the axon and all layers of connective 

tissue. Healing through regeneration cannot occur 

without surgical intervention in neurotmesis type 

injuries. Seddon and Sunderland classifications 

are shown in detail in Table 37.1.10,11,16

The time required for complete healing will de-

pend on the location of the lesion and the length of 

the nerve that needs to regrow. The regrowth rate 

is somewhat variable, at first up to 5 mm per day 

faster, but is generally considered to average 1-2 

mm per day. When nerve fiber degeneration oc-

curs, the normal response is reduced or lost, and 

the changes become evident 3 or 4 days after inju-

ry. Changes in the reaction obtained with stimulus 

over the muscle can be observed before the end of 

the 1st week.

Table 37.1  Seddon and Sunderland classifications in peripheral nerve lesions.10,11,16

Seddon 
Classification

Sunderland 
Classification

Histological Features of a Peripheral Nerve 
Lesion Anatomical Lesion

Neuropraxia Level 1
There is myelin damage and anatomical deterioration, 
but the nerve is physiologically preserved

Myelin damage.
No axon damage

Axonotmesis

Level 2
There is damage to the axon, but the endoneurium 
and perineurium are preserved.

Axon

Level 3
There is damage to the axon, but the perineurium is 
preserved and the epineurium is damaged.

Myelin, axon and endoneurium

Level 4
There is damage to the axon, but the epineurium is 
preserved and the perineurium is damaged.

Axon, myelin, endoneurium, and 
perineurium

Neurotmesis Level 5
With the axon damage, all the connective tissue layers 
surrounding the nerve are damaged.

Axon, myelin, endoneurium, perineurium, 
and epineurium

Level 6 MacKinnon classification. All structures have varying levels of influence. It is difficult to treat.
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The important criteria for the prognosis of the 

degeneration reaction are as follows:

•	 Recovery is expected in 6 weeks in the Partial 

Degeneration Reaction.

•	 Recovery is expected in 6 weeks in the Com-

plete Degeneration Reaction.

•	 In Definite Degeneration Reaction, recovery is 

not expected before 1-2 years or there is never a 

return.17,18

Faradic Current
Faradic type current is a short-term interrupted di-

rect current with a pulse duration of 0.1-1 ms and 

a frequency range of 50-100 Hz, used to stimulate 

the innervated muscles. The term Faradism was 

formerly used to denote the type of current pro-

duced by the first Faradic coil, and is the current 

that varies chaotically with each cycle consisting of 

two unequal phases:

1. 	 Low-intensity long-term current.

2. 	 High intensity short-time current.

Faradic spirals have now been replaced by elec-

tronic stimuli, which have almost the same physio-

logical effect but different waveforms. The proper-

ties required to produce these physiological effects 

are impulses with a frequency of 50-100 Hz and a 

duration of 0.1-1 millisecond (ms).19

Faradic type current provides impulses with 

a duration of 0.1-1 ms and a frequency of 50-100 

Hertz (Hz). These cause tetanic contraction of the 

innervated muscles, but due to the short duration 

of the stimuli with a Faradic helix, it is difficult or 

impossible to obtain a response from the dener-

vated muscle. However, with modern stimuli, a 

response from denervated muscles can usually be 

obtained with impulses of this duration, as more 

output and a more tolerable form of current are 

produced from the old device.19-21

Intermittent direct current is used for pulses of 

about 100 ms duration, which are generally repeat-

ed 20 times per minute. These parameters gener-

ally cause rapid contraction of innervated muscle 

fibers while slow contraction of denervated fibers. 

If the temperature is below the innervated muscles 

respond slowly, while the contraction of the dener-

vated muscle becomes faster as the temperature 

rises.21-23

Interrupted Galvanic Current
It is called long duration current, starting from at 

least 1 ms up to a maximum of 300 or 600 ms. In-

terruption is the most usual variation of direct cur-

rent, the flow of current starts and stops at regular 

intervals. The rise and fall of density can be abrupt 

and can be of rectangular, sawtooth, triangular and 

trapezoidal type.19,21

The impulse in which the current gradually ris-

es is often called “selective” because contraction of 

the denervated muscle can often be produced with 

a current density that is insufficient to stimulate 

the motor nerve. It often happens that the longer 

the denervation takes, the slower the increase in 

current density required.21,24

Usually, an impulse of 100 ms duration is used, 

which requires a frequency of 30 Hz. However, as 

the duration increases, the frequency should be re-

duced. To eliminate the danger of chemical burns, 

reverse current wave, i.e. depolarizing pulses that 

also reduce skin irritation, should be used.21,23,25

Degeneration Reaction
Both Galvanic and Faradic currents are used to de-

termine the extent of the Degeneration Reaction.

•	 Partial Degeneration Reaction: The response 

to Faradic current decreases in the nerve, more 

current is required. Response to Galvanic cur-

rent is normal in muscle and nerve.

•	 Complete Degeneration Reaction: Response 

to Faradic current cannot be obtained in the 

nerve. Response to Galvanic current is normal 

in muscle and nerve (7-21 days).

•	 Definite Degeneration Reaction: Response to 

Faradic and Galvanic current cannot be taken 

in the nerve. Response to Galvanic current is 

protracted in the muscle.18,25,26

Faradic Excitability Test
Faradic Excitability Test (FET) is performed using a 

Faradic current, which is an asymmetrical biphasic 
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pulse varying at a frequency of 50 Hz. The duration 

of a Faradic pulse is typically 1 ms, which causes 

contraction of all innervated skeletal muscles. Tet-

anization does not occur because it is applied in-

termittently 25 times in 60 seconds (s). Thus, con-

traction with Faradic current is accepted as a sign 

of re-innervation after denervation. Lower thresh-

old values are interpreted as better innervation of a 

muscle. FET should be done firstly for the healthy 

side than the injured side. According to the com-

parison, decisions were given for the type of excit-

ability.27,28

•	 Hyperexcitability (degeneration)

•	 Hypoexcitability (regeneration)

•	 Inexcitability (complete degeneration)

Rheobase and Chronaxie
Quantitative stimulation became possible with the 

device that Hoorweg invented in 1892 and called 

the Galvanometer, in which current and voltage 

values can be measured precisely.29 As a result of 

his experiments in the same period, Georges Weiss 

was able to estimate the current and load by cal-

culating the resistance of the circuit and measur-

ing the voltages.30 Louis Lapicque investigated the 

excitability of nerves and muscles of vertebrates 

and invertebrates at the same time. Unlike oth-

er researchers, his aim was to create a theoretical 

model. Lapicque introduced two terms that made 

the physiological mechanism of the hyperbolic 

Strength–Duration relationship intelligible, which 

had already been published by Weiss in 1907.31 It 

is the concept that he called the “basic threshold 

value” in his work until that day, and that he called 

“rheobase (the basis of the current)” after that day. 

The rheobase shows the intensity of the sudden 

onset and long-lasting current excitation thresh-

old.32 In the same study, Lapicque defined the time 

required to obtain minimal contraction at twice 

the rheobase intensity as “chronaxie”.32

In order to create an action potential in the mo-

tor or sensory fibers of the peripheral nerve, the 

applied current must reach the minimum thresh-

old current value. Otherwise, the action poten-

tial does not occur. The rheobase is equal to the 

smallest 1000 ms rectangular wave pulse intensity 

(expressed in milliamperes [mA]) that causes the 

excitable tissue to respond with minimal apparent 

contraction.33 The duration of the application also 

affects the threshold level. As the application time 

of the current gets shorter, the required threshold 

stimulus current density increases.34 Rheobase 

is defined as the minimum current intensity re-

quired for a very long-lasting stimulus to generate 

the stimulus. Rheobase, in other words, is the stim-

ulation intensity required to stimulate a nerve fiber 

with the longest stimulation time and to reach the 

threshold level of the stimulus.7,35 The normal val-

ue of the rheobase is between 2 and 8 mA. There 

are differences between normal rheobase values of 

various muscle groups.22,34 For example, it is 5mA 

for Deltoid muscle, 4mA for Frontalis muscle, and 

8mA for Abductor Digiti Minimi muscle. In dener-

vation, the rheobase may be less than that of the 

innervated muscle and is often elevated when re-

innervation begins. Rheobase varies considerably 

in various muscles, skin resistance and tempera-

ture. The elevation of rheobase may be due to fi-

brosis of the muscle.36

Chronaxie is the duration of the shortest im-

pulse to produce a response with twice the current 

of the rheobase. If a constant voltage stimulator is 

used, the chronaxie of the innervated muscle is sig-

nificantly less than that of the innervated muscle, 

with the former less and the latter more than 1 ms. 

Rheobase and chronaxie refer to measures of excit-

ability of nerve axons, and fibers with low chronax-

ies have high excitability.37,38 Rheobase and chro-

naxie values reach higher values than the normal 

range in case of injury to the peripheral nerve that 

is large enough to cause denervation.37,39 The mean 

chronaxie value of a completely healthy muscle 

with inversion is 0.4 ms.22 When denervation oc-

curs in the muscle, the chronaxie value rises above 

1 ms.22,37

Axonal excitability values are affected by phys-

iological conditions. Age, temperature, subdermal 

adipose tissue, skin conductivity, edema, fatigue, 

reinnervation, partial denervation, and full de-

nervation status can be given as examples of fac-

tors affecting rheobase and chronaxie values.37,40,41 

It is stated that stimuli with short pulse durations 
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Figure 37.1   Triangular and rectangular wave currents.44

during application can be tolerated more easily 
compared to long pulse durations.42 Electrodiag-
nostic tests are usually performed with a square 
wave intermittent Galvanic current. Because the 
shortest pulse duration and the lowest current in-
tensity can be achieved with a rectangular wave-
form. For this reason, the rectangular waveform is 
accepted as the optimal form in order to reach the 
threshold level in the shortest and most comfort-
able way.37,43

Accommodation Rate
The accommodation factor is applied to determine 
the muscle’s ability to adapt to the slowly increas-
ing intensity of the triangular stimulus. To define 
the accommodation coefficient, it is necessary to 
establish the triangular pulse intensity lasting 1000 
ms, as well as the accommodation threshold val-
ue, which means the lowest value of the rheobase 
(Figure 37.1).44 Normal neuromuscular excitability 
is determined in the range of 3-6, a value below 
3 indicates a decrease until the ability to adapt 
is completely lost, a value above 6 indicates in-
creased adaptability.37,45,46

The accommodation rate allows to determine 
the muscle’s ability to adapt to a slowly increasing 
triangular pulse intensity relative to a rectangular 
pulse over their duration of 500 ms with minimal 
apparent contraction. Values in the range of 1.6-2.5 
indicate that the adaptability of the muscle is nor-
mal, the capacity of accommodation increases in 
the range of 3-4, and decreases from 1.5 to a value 
of 1 when the adaptability is completely lost.45,46

Strength–Duration Curve
The Strength–Duration Curve (SDC) shows the 
relationship between the magnitude of the stimu-

lus change and the duration of the stimulus. Plot-

ting an SDC requires stimulating a muscle with a 

constant pulse duration current ranging from 0.01 

to 300 ms at the motor point and recording the 

current power in mA required to elicit threshold 

twitch contraction (Figure 37.2a).44 Obtained mA 

values and used pulse duration (ms) are plotted on 

the SDC graph on the X and Y axis, respectively.47 

SDC was historically applied to evaluate nerve in-

juries from the 1930s to the 1960s before the wide-

spread use of EMG and nerve conduction testing.47 

SDC is one of the methods of assessing the severity 

and subsequent healing of a nerve injury. Provides 

a graphical representation of the integrity of the 

muscle-nerve complex. Although electrophysio-

logical assessment techniques have become more 

complex over the past three decades, SDC remains 

useful, still a reliable index of muscle/nerve func-

tional integrity.47,48 The curve provides valuable in-

formation about the excitability state of the nerve 

lesion. It should be done 21 days after the nerve 

injury.

In case of partial denervation of the muscle, it 

is necessary to reach a high stimulation thresh-

old for the deinnervated muscles. It is possible 

that partial denervation is concealed by intact 

axons with a lower threshold level with complete 

innervation.37,49 Indeed, the amount of muscle fi-

ber that is not specifically affected by stimulation 

cannot be demonstrated using SDC. The slope of 

the SDC gives information about the excitability of 

the axon and the integrity, quality and quantity of 

the axon. The curve shifts to the left when the axon 

is more excitable (Figure 37.2b).44 This indicates 

that the same responses can be obtained at lower 

stimulus intensity. In cases where the curve shifts 

to the right, it is concluded that the axon can be 

stimulated more difficult (Figure 37.2c).5,6,44,47 The 

time constant obtained from SDC is equal to the 

chronaxie and constitutes the time-dependent pa-

rameter of axonal excitability. Studies are based on 

different impulse times to evaluate rheobase and 

chronaxie.5,6,47,50 This situation can be an obstacle 

to the determination of the optimal diagnostic 

method.
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Figure 37.2  Strength-Duration Curve A. SDC in normal muscle, 
B. SDC in denervated muscle, C. SDC in re-innervated muscle.44

Normal Innervation
When all nerve fibers innervating the muscle are 

intact, the SDC normally has a shape character-

istic of the innervated muscle. This is because all 

impulses of longer duration require the same stim-

ulus strength to produce a response, while those of 

shorter duration require an increase in the strength 

of the stimulus with each shortening of the dura-

tion.47-50

Partial Denervation
The shorter the impulses, the more difficult the 

denervated fibers respond. Thus, stronger stim-

ulation is required. The characteristic curve ob-

tained when some of the nerve fibers supplying a 

muscle degenerates while others are intact clearly 

indicating partial denervation. The right side of the 

curve is similar to the denervated muscle, and the 

left side is similar to the innervated muscle, and a 

bend is seen at the junction of the two parts.47-50

 Complete Denervation
When all the nerve fibers supplying a muscle de-

generate, the duration of stimulation produced is 

characteristic of full denervation. For all impulses 

of 100 ms duration or less, the intensity of the stim-

ulus must be increased each time the duration is 

decreased, and impulses of very short duration do 

not respond. Thus, the curve rises steeply and is 

more to the right than a normally innervated mus-

cle.47-50

Galvanic Tetanus Ratio
In square wave Galvanic current, it is the ratio of 

the current intensity at which maximum contrac-

tion is achieved to the current intensity at which 

minimal contraction is achieved (rheobase) 

(Figure 37.3).48 Due to accommodation in the nerve, 

the tetanus current intensity is several times great-

er than the Galvanic current intensity under nor-

mal conditions. Since there is little or no accom-

modation in denervated muscle, both values are 

close to each other.37,51

Galvanic tetanus ratio in normal muscle: 3.5-

6:1

Galvanic tetanus ratio in denervated muscle: 

1:1

Galvanic tetanus ratio in regenerated muscle: 

2-20:1

Pfluger’s Law
In 1858, Pfleuger first discovered that a healthy 

muscle could be stimulated with less current, with 

the cathode rather than the anode. In addition, 

while being stimulated with the cathode; when the 

circuit is closed (CCC), the axon becomes more 

excitable compared to the open circuit (ACC). If 

physical anode and cathode are applied on hu-

man nerves, physiological anode and cathode are 

formed under them. When the current is closed, 

excitation occurs at the physiological cathode. 

However, the intensity of the current is higher at the 

physiological cathode, which is the starting point 

A

B

C
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Figure 37.3  Rectangular wave Galvanic currents of different intensities used to determine the Galvanic Tetanic Ratio.

of the closing contraction. However, the closing 

contraction begins at this point. When the inten-
sity of the current is increased, the same situation 
is observed at the physiological cathode. Accord-
ing to Pfluger’s Law, strong currents are required at 
the physiological anode to generate excitation, and 
excitation also occurs at the physiological anode.52

Accordingly, by examining 4 variations, he 
came to the following conclusion;

CCC>ACC>AOC>COC
•	 Cathodal closing contraction (CCC): contrac-

tion of muscle at the cathode upon closure of 
the electric circuit.

•	 Anodal closing contraction (ACC): contraction 
of muscle at the anode upon closure of the elec-
tric circuit.

•	 Anodal opening contraction (AOC): contrac-
tion of muscle at the anode upon opening of the 
electric circuit.

•	 Cathodal opening contraction (COC): contrac-
tion of muscle at the cathode upon opening of 
the electric circuit.44

In the case of degeneration, the opposite situ-
ation occurs, which is expressed as the “Erb Phe-
nomenon”.52

Polar and Apolar Stimulation 
Law
The Polar Stimulation Law is valid for direct cur-

rent and low frequency currents. Depolarization 

and action potential take place under the cathode. 

The Apolar Stimulation Law is valid for medium 

frequency currents. Depolarization and action po-

tential occur under both poles.44

Du-Bois Reymond’s Law
When a current is applied to the nerve suddenly, 

the nerve can be stimulated with approximately 1 

V, while the stimulation threshold of the nerve can 

reach up to 5 Volts (V) when the current is grad-

ually increased. Therefore, since the slow applied 

current increases the excitation threshold of the 

nerve, more amplitude current is required to ex-

ceed the threshold. The rise time of the current 

should be less than 60 ms in order to avoid accom-

modation while stimulating the nerve with direct 

current. The duration of the stimulus must be long 

enough so that the latent period, action potential 

and healing can occur.53,54

Abnormal Reactions
Longitudinal Reaction
When the muscle is stimulated, the contraction is 

not taken from the motor point, but slightly below 

the motor point.55

Remark Reaction
When the muscle is stimulated, the response is 

protracted rather than suddenly.44
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Myotonic Reaction
It is generally seen in myotonia congenita disease. 

When the muscle is stimulated, although the flow 

is interrupted, the muscle remains contracted for 

a while.56

Myasthenic Reaction
It is mostly seen in Myasthenia Gravis disease. It 

manifests itself with fatigue very quickly. The first 

few responses when the muscle is stimulated are 

fine. However, after a while the answer decreases, 

becomes difficult and disappears.57

Electromyography
Electromyography (EMG) is used to read myo-

electric signals through electrical measurements. 

These myoelectric signals are generated from mo-

tor neurons, which are part of the central nervous 

system. Because EMG signals are dependent on 

neuromuscular activity, they can be used to diag-

nose muscle injury, nerve damage, and muscle 

dysfunction due to neurological and muscular 

dysfunction. EMG, which is usually performed 

together with nerve conduction studies including 

sensory nerve conduction, motor nerve conduc-

tion, and late responses, can be quite painful, un-

comfortable, and time consuming.58

Sensory Nerve Conduction Studies
Standard sensory conduction studies are per-

formed by giving supramaximal stimulus to the 

nerve from one point and recording the com-

pound nerve action potential from the other point. 

A supramaximal stimulus is a stimulus of sufficient 

intensity to initiate an action potential in all ax-

ons of the nerve that is stimulated. Since the com-

pound nerve action potential is the simple sum of 

the action potentials of all axons in the nerve, the 

peripheral sensory action potential can provide 

information about various disease processes. By 

making use of the anatomical features of periph-

eral sensory neurons, we can divide clinical sen-

sory impairment into two categories as pregangli-

onic and postganglionic, depending on whether 

the pathological process of sensory dysfunction is 

distal or proximal to the sensory neuron cell body. 

In preganglionic disorders (eg, radiculopathies, 

cauda equina lesions, and posterior cord disease), 

the sensory cell in the dorsal root ganglion is not 

significantly damaged and its distal axon remains 

intact. In these diseases, even if the clinical sen-

sory function is markedly impaired, the sense is 

normal in electrodiagnostic studies. Postganglion-

ic diseases damage the sensory cell body, axon or 

associated Schwann cells; these diseases result in 

direct or indirect axon dysfunction. If the damage 

is severe in these diseases, electrical sensory stud-

ies may be abnormal.

In sensory nerve conduction studies, infor-

mation such as sensory nerve action potential 

(SNAP) conduction velocities, SNAP amplitudes 

and shapes are obtained in various segments of 

the nerve. Analysis of SNAP amplitude, shape, 

distal latency, and conduction velocity provides 

specific information about the number, type, and 

myelination status of sensory axons functioning in 

various segments of the nerve.59

The SNAP measured in routine electrodiagnos-

tic studies is a complex derivative of the sum of the 

longitudinal currents created by the action poten-

tial of each sensory axon in the nerve, and its value 

varies between 2 and 100 mV, depending on the 

features of the nerve.60

Motor Nerve Conduction Studies
Motor nerve conduction studies are performed by 

stimulating motor nerves and the resulting com-

pound muscle action potential (CMAP) is recorded 

from the muscle. Any process that damages the an-

terior horn cell, its axon and associated Schwann 

cells, neuromuscular junction, or muscle cells af-

fects motor neurotransmission studies results. Un-

like in sensory neurons, where peripheral lesions 

can be preganglionic or postganglionic, in motor 

neurons all lesions occur distal to the cell body, in 

axons, and may affect axon function.

In motor nerve conduction studies, nerve con-

duction velocities in various segments, CMAP 

amplitude and shape are examined, as in sensory 

nerve conduction studies. Interpretation of motor 



E
le

ct
ro

ph
ys

io
lo

g
ic

al
 T

es
ts

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

341

3737
Chapter

conduction velocity and CMAP form is the same as 

for sensory nerves, but there is a significant differ-

ence in interpretation of CMAP amplitude. Unlike 

SNAP, CMAP amplitude determines primarily the 

density of muscle fibers innervated by axons, not 

the number of axons. These two parameters are not 

always strongly correlated with each other.

With motor nerve conduction studies, we can 

obtain information about motor nerve action po-

tential conduction velocity, CMAP amplitude and 

shape in various segments of motor axons. By an-

alyzing the amplitude, shape, distal latency, and 

motor nerve conduction velocity of CMAP, specific 

information is obtained about the myelination sta-

tus of motor axons functioning in various segments 

of the nerve, the number of innervated and pro-

cessed muscle fibers, and the functional status of 

the neuromuscular junction. CMAP amplitudes for 

frequently studied muscles vary between 2 and 25 

millivolt (mV), varying from muscle to muscle.61,62

Late Responses
Due to technical difficulties in selective stimu-

lation of nerves and roots close to the spine, it is 

difficult to assess nerve conduction velocity in the 

most proximal parts of peripheral nerves, such as 

the proximal plexus and roots. When the need to 

examine these parts of the peripheral nerves arises, 

a group of nerve conduction studies called “late re-

sponses” are performed. These studies include the 

H-reflex and F-response, so named because their 

responses appear much later than the direct CMAP 

response. For now, we can define these nerve con-

duction studies as the nerve action potential initi-

ated distally (in the sensory axon for the H-reflex, 

in the motor axon for the F-response) and spread-

ing proximally, initiating a motor neuron action 

potential at the spinal cord level and recording it as 

a muscle response by transmitting it distally.

The H-reflex or H-response is the electrical an-

alog of the muscle stretch reflex with the contri-

bution of muscle spindles. This reflex is obtained 

by distally stimulating the afferent fibers from the 

muscle spindles, which go to the spinal cord and 

initiate the monosynaptic stretch reflex and stimu-

late a motor response in the relevant muscle.63 Nor-

mally, the mean H-reflex latency in the population 

is 29.8 ± 2.74 ms and there is a difference between 

1.0 and 2.0 ms between the two sides, depending 

on the sensitivity criteria used. If the main concern 

is S1 radiculopathy, a difference of more than 1.5-2 

ms between the two sides is considered in favor of 

this diagnosis.64,65

The F-response or F-wave is the action poten-

tial initiated by a stimulus, reaching the proximal 

anterior horn cell body along the motor axon, trig-

gering a new discharge in the same anterior horn 

cell.64,66 The action potential generated by this dis-

charge goes distally and stimulates a muscle action 

potential. Like the H-reflex, the F-response is useful 

as a long-distance nerve conduction study that ex-

amines the proximal segments of nerves, plexuses, 

and roots. Unlike the H-reflex, it can be obtained 

from almost all muscles, so it is superior in terms 

of applicability. The ease of obtaining F-respons-

es depends on the excitability of the anterior horn 

cell and thus the effects of central nervous system 

on the anterior horn cell.66 F-response latency is a 

highly variable phenomenon, when the examiner 

stimulates the nerve multiple times in the same 

study, the shortest and longest F-latency for a par-

ticular muscle may differ by 3-6 ms.67 The right-left 

difference of the F-response latency in the normal 

individual is approximately 2 ms for the upper ex-

tremity and 4 ms for the lower extremities.65
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