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			General Introduction

			The medical community and especially rehabilitation professionals have always shown a keen interest in the use of electrical currents for therapeutic purposes as a result of some positive and sometimes surprising outcomes as per anecdotal reports. However, alongside a number of promising cases, some adverse events such as burns were also reported. Attempts were made to reduce such incidents by limiting the treatments to around 12 minutes, but patients still reported significant discomfort and pain when receiving this kind of therapy. 

			It is in this context that electrotherapy (and most other physical agents) were classified as supplementary therapeutic procedures, considering them to be additions to other “real” therapeutic interventions. 

			The development of today’s electrotherapy has been made possible through technological advances that now allow it to better match the characteristics and demands of human physiology. The experimental genius of Pierre Weiss, one of the pioneers of electrophysiology, illustrates the progress that has been achieved. At the start of the 20th century, he designed an electrical circuit through which the passage of current could be halted by firing a bullet with a known speed and target range. He was therefore able to apply electrical pulses for a very short time (< 1 ms), a feat unmatched by any other type of technological equipment at the time. It would take engineers another 75 years to catch up with the introduction of microchips, enabling electrical current to be “tamed” according to specifications known for decades! 

			Apart from this purely technical aspect, the effects of electrotherapy have also received an increasing amount of scientific validation. Search engines now list more than 8,000 articles from international scientific journals, solely using the keywords: “Electrical stimulation”. Naturally, not all of these articles are equally noteworthy but a clear emerging trend is the increasing number of potential indications, with promising effects for most of them. 

			For many years the technological limitations of electrotherapy devices and the resulting discomfort, especially when used for muscle stimulation, sidelined the technique for the most motivated patients. Athletes started introducing stimulation sessions into their rehabilitation programmes, which, although (very) painful, helped them to return to the field more quickly. Today, the comfort of the high-quality currents allows this technique to be used effectively in other patients such as children, the elderly or people who cannot participate in strenuous rehabilitation activities as a result of their condition. 

			Electrotherapy is no longer simply an add-on intervention. It is a technique that stands on its own and must be taught more extensively in training courses of the rehabilitation professions. Obtaining optimal therapeutic outcomes requires a good understanding of the technique as well as the instructions for use described in this publication. 

		

	
		
			CHAPTER I

			Areas of Application of Modern Electrotherapy

			The application of electrical currents for therapeutic purposes has evolved considerably over the past few decades. Advances in the field of electronics and a better understanding of electrophysiology have helped electrotherapy to become a standard therapeutic modality. 

			INTRODUCTION

			The use of electricity for pain relief dates back to Ancient Greece where physicians such as Dioscorides (40-90 BC) recommended that stingray barbs should be used to treat arthritis and headaches. In Roman times, the gout suffered by Emperor Claudius also benefited from ‘stingray therapy’, although the outcome of his treatment is unknown. 

			It wasn’t until the 18th century and the invention of the first capacitor that the electrical currents were able to be produced by a machine. Galvani used these in his experiments on frogs and discovered the transmission of nerve impulses. 

			Electrotherapy developed significantly from the end of the nineteenth century and throughout the twentieth century, with the rise of modern electronics. Unfortunately, in most cases its use failed to take into account the fundamental laws of electrical stimulation postulated by Weiss and Lapicque, even though these were known at the beginning of the 1900s. 

			This empirical approach resulted in a proliferation of trends with a wide range of different characteristics whose only common point was the application of huge amounts of electricity. Consequently, the therapeutic efficacy threshold was only reached on very rare occasions. 

			It was not until the 1980s that the joint advancement of both technology (use of the microchip) and physiology allowed a rational approach to the technique resulting in the perfectly safe and comfortable modern trends we now see - that is, techniques offering the necessary conditions to be effective. 
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									Figure 1 

									Electric ray: anatomical observation of Hunter (1773) 

								
									
									Figure 2

									Galvani, Comments 1791, Plate I 

								
									
									Figure 3 

									Start of the 20th century, before the miniaturisation of components 

								
									
									Figure 4

									Example of a portable stimulator from 2000 

								
							

						
					

				

			

			Figures 1, 2, 3 and 4: History of electrotherapy 

			2. Basic effects of electricity on living tissue 

			Electricity applied locally to any part of the human body is capable of producing three effects. 

			The first effect is burning, which can be either a serious or even fatal injury, as can still be seen in occasional household accidents. 

			The second effect of electricity is its transmission within a conductive medium. When two terminals of an electrical circuit are placed at two different points of a conductive medium at some distance from each other, an electron flow will travel through the conductive medium from one terminal to another, thereby creating an electrical field. 

			The human body, which is rich in water and electrolytes and particularly sodium and potassium ions, is a conductive medium that can be crossed by an electrical field. 

			The third and final effect of electricity is the one discovered by Galvani in 1763 in frogs. Electricity has the ability to trigger the physiological excitement of some living tissues such as nerves. 

			3. Therapeutic benefit of the basic effects of electricity 

			3.1 Burning = 0

			Even though there are some medical uses for the burning effect of electricity such as electrocoagulation, these have no role in rehabilitation. 

			Electrical burning is the result of an accumulation of electricity in the tissues. This causes a rise in temperature and eventually a burning-type tissue injuries when the temperature increase exceeds the tissues ability to disperse it. 

			The widespread use of non-polarised pulsed currents with a zero net voltage now guarantees perfectly safe applications, significantly decreasing the risk of burning, even with long-term treatments, which are sometimes required in electrotherapy for pain relief. 

			3.2 Electrical field = Iontophoresis

			Under the effect of a constant flow of electricity, negatively or positively charged chemical particles present in the environment are subjected to a dual repulsion-attraction phenomenon from the two circuit terminals (or electrodes). 

			A positive ion will be repelled by the positive electrode and attracted by the negative electrode. 

			Conversely, a negative ion is repelled by the negative electrode and attracted by the positive electrode. 

			This is the phenomenon of electrolysis that most of us know from our chemistry classes and experiments using salt water (brine). 
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			Figure 5: Electrolysis of brine 

			This same electrolysis principle is used to promote the penetration of drug ions or minerals into the tissues, namely for iontophoresis. 

			Direct current, also known as galvanic current, is used for this type of treatment. 
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			Figure 6: Direct/Galvanic current 

			3.3 Excitation or stimulation

			Under certain conditions, electricity is able to trigger a physiological phenomenon of excitation, i.e., it can trigger action potentials. 

			Nerve and muscle cells are the only tissues in the body that possess the unique physiological feature of being able to reverse their membrane potential and disseminate excitation. 

			To trigger an action potential, in 1901 a Parisian doctor and physiologist called Weiss discovered that the crucial requirement was the amount of electrical charge that needed to be applied to reach the excitation threshold. 

			This amount of electrical charge is provided by a current applied for a (very) short duration: the electrical pulse. 

			3.3.1 High excitability of nerve fibres 

			Nerve fibres (or cells) are very easy to excite, as they have a low excitation threshold, and only a small amount of electrical charge is required to trigger their excitation. The duration of the electrical pulses used for nerve stimulation or neurostimulation can be extremely short. The time is always less than half a millisecond (<0.5 ms) and will vary according to the type of nerve fibre to be stimulated. 

			It is also worth noting that such short pulse durations, which are now expressed more often than not in microseconds (µs), are only possible through the use of electronic components such as microprocessors - something that was impossible a mere thirty years ago.

			3.3.1.1 Sensory nerve stimulation: Analgesic Electrotherapy

			The stimulation of certain sensory nerve fibres has a positive effect on pain relief. This analgesic effect can be obtained with different stimulation protocols activating different neurophysiological mechanisms.  

			3.3.1.2 Motor nerve stimulation: Neuromuscular Electrical Stimulation 

			The high excitability of nerves is the reason why stimulation of the motor nerve of a muscle is preferred to direct stimulation of the muscle fibres, which requires, as previously stated, much longer electrical pulses to deliver the large amount of electrical charge required (and therefore the current is much less comfortable). 

			The main objective of neuromuscular electrical stimulation therapy is to impose muscular activity, usually for the purpose of developing or restoring muscle performance. 

			3.3.2 Low excitability of muscle fibres 

			Unlike a nerve fibre, muscle fibre (or the cell) has a high excitation threshold, which is therefore difficult to attain. To excite muscle fibres, large amounts of electrical charges need to be applied. 

			The threshold can be reached using long-duration electrical pulses lasting for tens of milliseconds. These durations are obviously much longer than those used for neurostimulation. 

			Consequently, the direct stimulation of muscle fibres is reserved for cases where peripheral nerve conduction is impossible, that is to say, in injuries or conditions affecting the motor nerve, when the muscle is denervated. 
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			Figure 7: Outline of modern electrotherapy 

			4. Optimal neurostimulation pulse 

			Direct (galvanic) current and pulsed currents using very long duration rectangular or triangular pulses are reserved for very specific indications: iontophoresis and treatment of denervated muscles. 

			Neurostimulation therefore represents the essential part of modern electrotherapy and is divided into two components: analgesic neurostimulation and neuromuscular stimulation. 

			In order to be referred to as optimal, the electrical pulse must fulfil two requirements: 

			
					Be effective 

					Be safe and comfortable 

			

			4.1 Efficacy of the pulse

			It is worth stating that the phenomenon of nervous excitement obeys the all-or-none law. 

			When a threshold value - 50 mV is reached, the membrane potential, which at rest is -70 mV, is reversed to achieve its excitation value, i.e. + 30 mV (action potential). 

			Consequently, there are no half-measures for the electrical pulse, either it provides a sufficient amount of electrical charges and triggers an action potential; or the amount of electrical charges it provides is insufficient and the electrical pulse remains ineffective, meaning it is incapable of triggering any action potential. 

			4.2 Safety and comfort of pulses 

			To be safe and comfortable, electrical pulses must firstly only provide the amount of electrical charge required to trigger excitation. Any excess electricity does not add extra efficacy and may cause discomfort or even electrical pain. 

			The rectangular shape of the pulse is the feature that allows the pulse to provide the greatest amount of electrical charge at a given intensity and for a determined duration. Any shape other than a rectangle will require a greater intensity or a longer duration to supply an equivalent amount of electricity. 

			Pulse durations as close as possible to the chronaxie of the nerve to be stimulated, guarantee the lowest energy of the electrical current and therefore provide optimal comfort for patients. 

			Another requirement is that the repeated application of the pulse should not cause an accumulation of electricity in the tissues (polarisation), which can result in burning.

			This may be achieved by using an electrical pulse composed of two identical phases but with an opposite polarity. This type of symmetrical biphasic or bidirectional pulse provides a non-polarised electrical current, with a zero average voltage, that removes the risk of burns and can also be used on patients with metal implants.  
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			Figure 8: Optimal pulse 

			4.3 Constant current generator

			The optimal stimulation pulse needs to pass through the tissues, especially the skin, to reach the nerve structures to be excited. 

			These tissues resist the passage of electricity and can differ considerably from one individual to another. 

			In addition, the resistance of tissue changes continuously, particularly during a stimulation session. 

			It is therefore necessary to work with a device offering specific technology that allows an adjustment of the voltage (V) to maintain a constant current as the pulse passes through different tissues. This allows the pulse to keep its shape and reach its target (the nerve) having retained all of its characteristics. 
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			CHAPTER II

			Analgesic Approach in Electrotherapy

			Although it has not always been the case, pain relief is now a therapeutic priority. It is in this context that electrotherapy for pain relief currently forms an integral part of the range of therapeutic tools available to medical staff to avoid or reduce the unpleasant sensory and emotional experience, according to the description of pain given in the Pain journal (1975). 

			1. Physiological outline of pain 

			Pain is an unpleasant subjective experience that is the first reason for seeking medical attention, which is logical since the primary function of pain is to alert us to a problem within the body. 

			1.1 Nociception and pain

			Nociception and pain are not synonymous: nociception is the process by which we detect an injury or malfunction affecting all or part of the body. This process involves specific receptors or nociceptors and ascending neural pathways that convey such information in the form of nerve signals to the central neurological structures. 

			Nociceptors, which are mainly multi-modal, can be activated by a variety of stimuli: mechanical (sting), thermal (burn), chemical (pH), etc. 

			Pain results from the integration of nociceptive information by the brain. Researchers have vainly attempted to identify a specific pain centre, since it is now known that a number of central structures are involved in sensory integration, including the brain stem, the thalamus, the primary and secondary somesthetic cortex as well as the insular cortex and cingulate cortex. 

			1.2 Pain modulation mechanisms

			The perception of pain is not only the consequence of the activation of the ascending pathways; it is the result of several neurological controls capable of reducing its intensity. 

			The first of these mechanisms is called the Gate Control theory. This is a filtering system for nociceptive information when it arrives at the medulla oblongata. 

			The second mechanism consists of a descending control of the pain through the release of endogenous opiate substances (endorphins, enkephalin, etc.). 

			The third main mechanism called DNIC (Diffuse Noxious Inhibitory Control) masks one type of pain with another type. The generalised inhibition of pain occurs in the medulla oblongata. 

			1.3 Different types of pain

			Acute pain is the body’s actual alarm system. It is especially useful and, as it involves Aδ (A-delta) fibres, has a fast conduction (4 to 30 m/s). These fibres are also able to discriminate between the topography and characteristics of the pain. 

			The signalling of chronic pain is delayed and diffuse; it is transmitted by type C unmyelinated fibres with a slow conduction speed (0.4 to 2 ms). 

			Pain due to excess nociception is the most common type of pain. It originates in an injury or dysfunction of the body but no neurological structures are impaired. 

			Neurogenic (or neuropathic or deafferentation) pain is experienced subsequent to nerve damage or nerve conduction abnormalities. 

			Psychogenic pain is a type of pain actually felt by the patient (different from simulated pain) and manifests itself in the absence of any injury or organic dysfunction. Most commonly, this type of pain results from a psychological condition, anxiety, depression, etc. 

			2. Analgesic electrotherapy: terminology 

			One of the difficulties encountered when tackling the chapter on analgesic electrotherapy is the lack of consensus on the meaning of the terminology used. 

			In particular, the term TENS (Transcutaneous Electrical Nerve Stimulation) may not have the same meaning for everyone. 

			For English language speakers, this term is used as a synonym for analgesic electrotherapy and not necessarily for a specific type of stimulation (which may be defined by a specific method of action and parameters). 

			In France, and more generally in other Latin countries, the word TENS is most often reserved (but not always) for a specific method of stimulation based on the Gate Control theory. 

			At times this confusion is further exacerbated by the fact that some people also use the term TENS to refer to any type of stimulation device. 

			Therefore the same term can refer to a stimulator, an area of application (analgesic electrotherapy), or a therapy with a well-defined analgesic target. 

			To clarify this article and make it easier to understand, the diagram below shows the terminology used and the general meaning given to each of these terms: 
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			Figure 9: Terminology 

			3. TENS

			3.1 Principle and effects 

			TENS stimulation is based on the Gate Control theory described by Melzack and Wall in 1965. 

			This theory focuses on the initial physiological modulation of pain at the first level of the ascending pathways, i.e. when information enters the posterior horn of the spinal cord. 

			This first level of modulation consists of a segmental control. It takes place at each vertebral level and results from an interaction between nociceptive (C and Aδ) and non-nociceptive (Aα and Aβ) afferents. 

			The convergence of all sensory information upon a common projection neuron causes competition between the information. We have all experienced this competition in the form of a need to rub a sore area after a knock. Our reflex means that a tactile sensation will then replace (or reduce) the painful sensation. 

			However, beyond this simple competition, an additional mechanism exists due to the presence of an interneuron inhibitor able to regulate the ‘opening and closing of the gate’, and this additional mechanism is itself influenced by the nociceptive and non-nociceptive nerve fibres. 

			The activation of tactile sensory afferents (Aβ fibres) will excite the interneuron inhibitor, which, in turn, will shut the gate and stop the nociceptive synapse from working. 
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			Figure 10: Diagram of the Gate Control theory

			The effect of TENS is to provide pain relief by reducing the volume of nociceptive information able to reach the central structures. 

			Theoretically, this analgesic effect is achieved quickly or instantly; however, it does not stop under the same conditions as soon as the stimulation ends. 

			In practice, it does not always happen in this way, as some pain can only be relieved after fifteen or twenty minutes of a TENS-type stimulation. 

			Similarly, the pain may not reappear as soon as the therapy is stopped but can sometimes only reoccur after several minutes or even several hours. 

			Each practitioner has experienced a few cases of patients suffering from degenerative diseases such as osteoarthritis, for instance, and whose symptoms significantly improved with three weekly sessions of TENS. 

			3.2 Methods 

			The way to obtain pain relief by using the Gate Control phenomenon is quite straightforward. Simply stimulate the Aß fibres with optimum electrical pulses (rectangular, biphasic and symmetrical) whose characteristics are adapted to the required physiology. 

			• High excitability = pulse of very short duration and moderate intensity

			The Aß fibres are the most easily excitable nerve fibres. A simple touch with the tip of a feather or even a breath of air is all that is needed to excite their highly sensitive mechanoreceptors and induce sensory perception. 

			Similarly, the electrical stimulation of Aß fibres only requires a very small electrical charge. The duration of pulses used in a TENS-type programme can be extremely short and should never exceed 100 µs (microseconds). 

			Pulse durations of between 30 and 70 µs are sufficient to induce the desired effect. They also offer the advantage of being more comfortable and allow a selective stimulation of sensitive tactile fibres. 

			In the same way, moderate electrical currents (expressed in milliamps) are generally sufficient for a TENS-type treatment. 

			• High conduction capacity = High frequency

			A high stimulation frequency is required to gain a maximum benefit from the competitive struggle between nociceptive and tactile information when it arrives at the medulla. 

			Depending on the author (but also probably on the individual in question), Aß fibres are capable of carrying between 50 and 150 or even 200 action potentials per second. 

			Frequencies around 100 Hz are therefore entirely appropriate for conducting meaningful TENS-type treatments. 

			3.3 Practical rules of use 

			3.3.1 Choice of a TENS programme 

			• TENS with constant parameters

			On condition it is carried out with the appropriate parameters described above, a TENS-type treatment can be conducted maintaining a constant pulse duration and frequency. 

			Some patients find this type of stimulation more comfortable and derive the most benefit from it, especially when they can choose between different pulse durations (or types of sensitivity). 

			If the efficiency is the same as with a modulated TENS, care must nevertheless be taken to regularly increase the intensity level to maintain the patient’s perception of paresthesia.  

			• Modulated/wobulated TENS

			Modulation and wobulation are synonyms; both these terms refer to the automatic variation in stimulation parameters during a TENS session. 

			This type of stimulation does not provide any additional therapeutic benefit, but has the advantage of avoiding or delaying the phenomenon of tolerance. 

			The most standard modulation is a variation of the frequency around 100 Hz, for example between 50 and 150 Hz over a cycle lasting a few seconds. 

			Some stimulators may also propose TENS programmes offering a modulation of the pulse duration and sometimes even the intensity. These two types of modulations have a common result, namely a variation in the amount of electrical charge (Q = I x t). However, one additional drawback is that they may trigger the simultaneous stimulation of other nerve fibres such as motor neurons when the amount of electrical charge increases. 

			3.3.2 Choice and placement of electrodes 

			In theory, it is possible to induce the Gate Control phenomenon, which is the segmental inhibition of pain, by exciting the Aß fibres on any part of their trajectory. In fact, provided that the stimulation frequency is identical, the flow of action potentials reaching the medullar relay is identical, regardless of whether the stimulation was applied to the metameric receptors, to the nerve trunk or the nerve root. 

			Stimulating the root by the means of surface electrodes is unrealistic in view of the depth of the nerve roots and the protection afforded by the bone of the posterior vertebral arch. However, the nerve root is the location neurosurgeons prefer for implanted devices. 

			Stimulation of the nerve trunk is possible even though most of these structures are also located in deep tissue over most of their trajectory. In some strategic areas, however, the nerve trunks lie closer to the surface and are more accessible to surface electrical stimulation. These areas are found in the anatomical hollows, namely the axillary and supraclavicular areas for upper limb; and the popliteal and inguinal areas for the lower limb. 

			For cases when this type of stimulation is the chosen or preferred option, two small electrodes (5 x 5 cm) can be used, placed side-by-side in the appropriate anatomical hollow. 

			Pragmatically, metameric stimulation is the easiest to use as all that is required is to cover the painful area with electrodes (often the largest sized one). 

			A distance not exceeding the width of two or three fingers between the electrodes will limit the level of intensity required to the most comfortable level. 

			It is also supposed that stimulation performed directly on the painful area has a greater psychological impact (placebo effect) than stimulation performed upstream and away from the pain. 
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			Figure 11: Examples of electrode placement for the shoulder, knee and ankle

			3.3.3 Adjustment of intensity

			The intensity needs to be increased gradually to ensure the stimulation fulfils its objective, namely that it excites the Aß fibres (or their receptors). 

			The rule of thumb is therefore to ask patients to indicate when they receive a sensation of paresthesia, which they can describe as a sensation of stinging, tickling or tingling; then, from this point, the intensity can be increased slightly (by a few milliamps) to obtain clear signs of electrically-induced paresthesia. 

			• Tolerance 

			This physiological phenomenon occurs in all individuals, since the stimulation is performed with constant parameters. It consists of a gradual disappearance of the perception of paresthesia after a few minutes of stimulation. 

			To avoid this phenomenon, increasing the intensity of stimulation by a few milliamps to maintain the perception of tingling by the patient is recommended. 

			Having to increase the intensity two, three or four times during a 30-minute treatment is very common. 

			• Always remain below the motor threshold

			In some cases, TENS-type stimulation may cause an unexpected motor response. 

			In fact, although the excitability threshold of motor neurons is relatively higher than that of sensory tactile fibres, any increase in intensity can cause this undesirable situation. 

			Unlike traditional neuromuscular electrical stimulation programmes (see Chapter 3) that offer an intermittent-mode stimulation with contraction phases alternating with resting phases, a TENS programme offers continuous stimulation at a high frequency. 

			The type of muscle response obtained when the stimulation exceeds the motor threshold could result in a strong tetanic contraction, which would persist until the intensity is reduced. This situation is not desirable, especially since the use of TENS-type treatment implies that the patient is already in pain. 

			Care must always be taken to remain below the motor threshold during a TENS session. 

			Some of the latest generation devices are fitted with a function to detect the occurrence of muscle contraction and will then automatically reduce the stimulation intensity, if necessary. This guarantees that the treatment will be carried out under optimal conditions and no harmful intensities can be reached, even when the patient is solely responsible for adjusting the intensity settings. 

			3.3.4 Position of the patient 

			In common with any analgesic treatment, patients are placed in the most comfortable position. 

			It is also worth pointing out that in view of the exclusively sensory stimulation imparted by TENS, the patient can exercise at the same time. This is mainly an interesting feature for patients with a prescription allowing them to hire or purchase a device for their personal use. 

			3.3.5 Duration and frequency of sessions

			TENS sessions lasting for only two minutes will not provide significant pain relief and therefore do not make much sense. 

			Sessions lasting 15 to 30 minutes usually occur either at the start of the rehabilitation session: the pain relief imparted then allows the patient to carry out exercises under better conditions, or at the end of the session to “erase” any painful symptoms after the rehabilitation. 

			When patients are able to use their own stimulator, they can repeat the number of TENS sessions “at will” depending on the progression of pain. 

			3.4 Indications of TENS

			As a result of the segmental mechanism of the Gate Control, the first requirement for indicating TENS is that the pain should be relatively localised. 

			A second general indication is that TENS can be used with all inflammatory conditions. TENS is actually neutral on a vascular level and is not likely to exacerbate an inflammatory situation that needs to be calmed down. 

			TENS will always be the preferred option for neuropathic (or deafferentation) pain and more broadly for all kinds of pain originating from any site other than in a muscle. 

			The conditions known to present pain that can be relieved by TENS include: 

			
					Neuralgia +++ 

					Phantom limb pain in amputees 

					Polyneuropathy 

					Shingles 

					Scar pain 

					Complex Regional Pain Syndrome, Type I 

			

			This last condition (formerly called algoneurodystrophy) deserves a special mention as TENS offers a very interesting and complementary method of action. 

			Aß fibres actually inhibit the sympathetic system whose hyperactivity is responsible for the vasoconstriction and pain, as well as the subsequent procession of harmful effects that result from this condition. 

			It is absolutely essential to limit the stimulation to Aß fibres alone using very short duration pulses (50 µs), to avoid the risk of stimulating other nerve fibres which may instead activate the sympathetic system. 

			Applying TENS to a patient suffering from algoneurodystrophy means action can be taken on two levels to: 

			
					Relieve pain by limiting the transmission of nociceptive information 

					Inhibit the over-active sympathetic nervous system. 

			

			4. Endorphin-release	

			4.1 Principle and effects

			An endorphin-release type of stimulation alleviates pain by using two methods of action, and therefore has two different effects. It is well established that the analgesic effect of endorphins does not appear immediately but takes effect after a delayed period of up to around ten minutes. This delayed effect is also described as lasting longer than TENS. 

			4.1.1 General effect: pharmacological 

			The first of these effects is the one that gives the name to this type of analgesic stimulation. This is a general effect that will affect the entire body. 

			This effect results from the descending pain control achieved by activating the release of natural opiates: endorphins (and also dynorphins and enkephalins). 

			These substances are polypeptides acting as neuromodulators. They attach to the morphine receptors, hence their name, and reduce the release of Substance P, a pain neurotransmitter. 

			Endorphins are produced mainly in the central structures (hypothalamus+++), but also in the posterior horns of the spinal cord. 

			4.1.2 Local effect: Vascular 

			The second effect is a significant increase in blood flow, achieved by reaching the motor threshold. Under such conditions, a low frequency of about 5 Hz causes muscle twitches that induce a phenomenon of mechanical pumping. Zicot showed that increased blood flow achieved by low frequency stimulation also resulted from a decrease in peripheral vascular resistance. 

			4.2 Methods 

			The primary aim of any endorphin-release type of stimulation is to excite the Aδ nerve fibres (discriminative pain) using optimal electrical pulses. 

			The excitability of Aδ fibres is lower than that of Aß fibres. For this reason, longer pulse durations, averaging around 200 µs, are used. 

			In terms of pulse frequency, efficiency is reported in the literature at a frequency ranging between 2 and 8 Hz. 

			When the motor threshold is reached, by adjusting the intensity appropriately, the stimulation can be extended to α motor neurons, thereby inducing a vascular effect - an effect which is only experienced slightly at lower frequencies. 

			For this reason, stimulation frequencies ranging between 4 and 6 Hz are currently preferred. 

			4.3 Practical rules of use 

			4.3.1 Choice of an endorphin-release programme

			
					Endorphin-release in standard mode 

			

			The standard mode consists of a permanent stimulation at, for instance, a frequency of 5 Hz. This means there are five pulses per second.  

			
					Endorphin-release in Burst mode 

			

			Most often, programmes of this type are called Burst (referring to an explosion). 

			This type of stimulation involves repeating two to eight times per second bursts of a few pulses (between 5 and 10). 

			This means that for a 5 Hz Burst programme, there will not be five pulses per second, but five bursts of ten pulses per second. 

			The burst mode was of particular interest some years ago, at a time when the electrical pulses used were very different and easily caused pain. The addition of several pulses made the stimulation more comfortable. 

			The interest of using this mode has waned considerably given that the use of optimal pulses now guarantees the highest level of comfort. 

			Some stimulators offer two types of endorphin-release programmes. It will be up to the patient who has tried both programmes to choose the one that is the most comfortable. 

			4.3.2 Choice and placement of electrodes

			For a long time it was thought that a higher number of endorphins were released if the stimulation was applied to one of the production sites, namely the posterior horns of the spinal cord. Consequently, for many years the recommendation was to place systematically large electrodes in the dorsal region, and this regardless of the location of the pain. 

			Today, the preferred option is to stimulate the place where the pain is located to benefit from the vascular effect in addition to the general effect. The effect obtained is not lower as by stimulating the peripheral afferents they will trigger the central mechanism. 

			
					Small positive electrode on the most painful area

			

			After locating the area of muscle contraction, which is the most painful when palpated, a small positive electrode (5 x 5 cm) is placed in this area. As back pain is the most frequent indication, small positive electrodes are usually placed at the level of the paraspinal muscles. 

			
					Negative electrode at the end of the painful muscle 

			

			Small or large (10 x 5 cm) depending on the region to be stimulated, the negative electrode will be placed at the end of the muscle taking care to avoid the tendon area.  

			4.3.3 Adjustment of intensity

			As is always the case, the intensity should be increased gradually until stimulating the Aδ fibres, which most patients feel is uncomfortable or even painful. This is a normal experience since the nociceptive fibres are being stimulated.

			Patients often describe the sensations as being like the prick of a needle or a hammer blow. However, the sensation is very individual and some patients, on the contrary, enjoy the sensation.

			By increasing the intensity to a slightly higher level, the motor threshold is reached and therefore a muscle response evoked in the form of individualised twitches. 

			This muscle pumping is the desired aim and therefore a priority objective when adjusting the intensities during any endorphin-release treatment. 

			Managing the increase in intensity between the sensory and motor thresholds can sometimes be difficult, as some patients may find the stimulation to be very uncomfortable. A gradual approach must be taken. Patients can remain at the same intensity for several minutes while the discomfort decreases (a sort of tolerance is observed). A TENS treatment can also be added to improve the comfort of the session. 

			4.3.4 Position of the patient 

			In common with any analgesic treatment, patients are placed in the most comfortable position. 

			Unlike a TENS treatment, an endorphin-release stimulation triggers a motor response; therefore, carrying out activities at the same time will be very difficult or even impossible. 

			4.3.5 Duration and frequency of sessions 

			An endorphin-release a session should not last less than 20 minutes (delayed effect). Beyond thirty minutes of stimulation, the amplitude of the muscle twitches will start to decrease due to the onset of muscle fatigue. 

			Two or even three daily sessions can be proposed. However, care must be taken to allow a minimum rest period of ten minutes between sessions.  

			4.4 Indications of the endorphin-release mode 

			The endorphin-release mode can be offered to relieve all pain with the exception of conditions for which a hyperaemic effect is undesirable. In particular, the endorphin-release mode must not be used during acute inflammatory phases and during the first days after any trauma (risk of aggravating the bruising). 

			Nevertheless, the main indication of an endorphin-release treatment is pain of a muscular origin and subsequent to a chronic contracture. 

			In fact, the strong local increase in blood flow caused by the endorphin-release type of stimulation can drain the acid toxins accumulated in muscle tissue and thus restore a correct pH to the tissue. The disappearance of muscular acidosis helps break the cycle of chronic contracture and provide very effective pain relief. 
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			Figure 12: Mechanisms of chronic contracture 

			All of the muscles of the body can be affected by a contracture mechanism that after a few days becomes chronic; however, at the postural muscles of the spine this phenomenon is particularly common. For this reason, endorphin-release treatments are now used primarily for neck pain, back pain and common lumbago. 

			An interesting phenomenon worth highlighting is the need to use increasing intensities to obtain muscle twitches as you descend the spine. Thus, stimulation at a cervical level requires very little intensity and is tolerated extremely well by the vast majority of patients. At a dorsal level, the intensity required is higher but still acceptable by most subjects. However, the treatment of lumbago requires the use of high intensities that few patients are able to tolerate with ease. It is at this level, that it is fairly worthwhile to associate a TENS-type programme with the therapy to make the endorphin-release treatment more bearable.  

			5. Muscle relaxant 

			5.1 Principle and effects 

			The principle of a muscle-relaxation treatment is based on neuromuscular electrical stimulation (NMES). Details of this treatment are given in a later chapter. 

			The principle is a simple one, an optimal electrical impulse triggers an action potential on the motor nerve that then transmits it to the muscle which, in turn, responds mechanically by a simple muscle twitch. 

			The particularity of the Muscle-Relaxation programme is to use a very low stimulation frequency, typically 1 Hz. 

			This type stimulation induces extremely individualised twitches (one twitch per second!). When repeated for around 20 minutes, it produces a decrease in muscle tone. 

			Curiously, this tonolytic effect was highlighted by Italian dentists who made an empirical discovery that this type of stimulation applied to the masseter muscles of their patients meant they opened their mouths, meaning it was easier to access their teeth for treatment. 

			5.2 Practical rules of use 

			All the practical rules of use such as the choice and placement of electrodes, adjustment of the intensities, position of the patient, duration and frequency of the sessions are in all respects identical to those applicable to the use of the endorphin-release treatment. 

			5.3 Indications for muscle relaxation 

			As reported previously pain resulting from chronic contractures was alleviated adequately through an endorphin-release treatment whose vascular effect was particularly beneficial in terms of draining the acid metabolites that engorge the muscle after 3, 4 or 5 days of contracture. 

			When the contracture is more recent, the accumulation of toxins is discreet, as acidosis not yet present, and this draining effect is therefore not as (or is less) essential. A muscle-relaxation programme is then preferred whose direct tonolytic effect will offer a greater efficacy. 

			6. Combination of two different analgesic treatments

			Even though each type of analgesic stimulation has, as we have just seen, specific indications, it may be sometimes beneficial to combine two types of treatments. 

			For example, adding a TENS to an endorphin-release therapy makes the treatment of lumbago much more bearable. 

			Conditions such as lumbago/sciatica and cervicobrachial neuralgia commonly combine two types of pain: 

			
					Paravertebral with chronic contractures that are effectively treated with an endorphin-release therapy 

					Neurogenic with neuralgic transmission, for which TENS is the preferred indication 

			

			The option to associate two different treatments (each with specific parameters) is not available on all devices; consequently, knowing about the technical characteristics of the stimulator is an absolute necessity. 

			Warning: Some stimulators without an electronic system capable of combining two treatments, sometimes offer ‘hybrid’ programmes that alternate for a few seconds (or minutes) the TENS programme followed by the endorphin-release programme for a few seconds (or minutes). However, this is not the same type of stimulation and the choice and placement of electrodes is problematic. In addition, a different adjustment of intensities is required for the two types of stimulation. 

			7. Analgesic electrotherapy in outpatients 

			Some patients with chronic conditions involving significant painful symptoms can obtain excellent pain relief during electrotherapy sessions carried out by their physiotherapist. However, these sessions are sometimes too far apart to provide long-term relief. 

			The first option for patients who have the means is to buy a stimulator providing adequate pain-relief programmes (generally medical devices bearing a CE marking). The cost of this type of device is a little over €200 or more depending on the other options available on the stimulator. 

			If the device is prescribed medically, another option available in France since 2000 is to obtain a refund for the rental or the purchase of a pain-relief stimulator when it is on the list of approved devices of the health insurance companies. 

			The prescription must be issued by a doctor working in a hospital where a pain management committee (CLUD, Pain Prevention Committee) is set up. Moreover, since 2009, any pain management specialist doctor may issue a prescription. 

			It is important that physiotherapists are informed of these provisions since they are the ones who spend the most time with patients and observe the effectiveness of the sessions that they have initiated. Physiotherapists can then advise their patients or refer them to a suitable prescriber. 
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			CHAPTER III

			Neuromuscular Electrical Stimulation  

			Theoretical foundation and common applications in rehabilitation

			After describing the characteristics of the optimal to stimulate nerve fibres, the following section presents the physiological basis of electrically induced muscle contractions. It should be remembered that this type of stimulation is feasible only for intact motor units and is therefore not suitable for denervated muscles. This issue will be addressed in another section.

			1. Physiology of muscle contractions 

			1.1 Basic mechanical response: the muscle twitch

			When a muscle fibre “receives” a unique action potential, it always responds in the same way, that is, it will briefly increase its tension, which has the effect of shortening it; after this, it will return to its original state. This brief response – lasting no longer than a fraction of second - is referred to as a muscle twitch. It differs from a real tetanic contraction, which always results from the summative effect of multiple twitches. 
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			Figure 13: muscle twitch

			1.2 Two types of muscle fibres 

			Skeletal striated muscles are composed of two large families of elongated cells: type I fibres and type II fibrers. These two types of fibres have different specific properties. 
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			The type II fibres presented in the above table are actually the IIb fibres, since there are also intermediate type IIa fibres.  

			Although it is usually assumed that humans have more type I fibres (≈60%) than type II (≈40%), we know that significant differences can exist between individuals. These differences can be explained by genetics, but also by the intensive practice of some sports and the type of training. 

			Finally, the type of fibre is not the same for all muscles. In fact, postural muscles with a tonic activity are very high in type I fibres. While muscles with a phasic activity (such as those found in the limbs) are composed of a mixture of type I and type II fibres. 

			Type I fibres are referred to as slow twitch fibres and type IIb as fast twitch fibres. In fact, the duration of their twitch is very different: for fast twitch fibres, it is very short (30 ms); for slow twitch fibres, it is much longer (100 ms). 

			
				
					[image: ]
				

			

			Figure 14: characteristics of type I and type II fibre twitches 

			1.3 Mechanisms of contraction

			The main purpose of most muscles is to move, and this movement can be achieved at variable resistances and different speeds. To satisfy each functional requirement, the muscle must adapt by using three mechanisms:

			
					Spatial recruitment 

					Temporal recruitment 

					Synchronisation 

			

			It is important to understand how each of these mechanisms is influenced by stimulation and determine the required stimulation parameters. 

			1.3.1 Spatial recruitment  

			When the strength of the contraction needs to increase, the number of motor units participating actively in the contraction also increases. This is the spatial recruitment mechanism. 

			During a voluntary contraction, the spatial recruitment operates according to Henneman’s size principle, which determines the order of activation of these motor units. 

			First the slow fibres are recruited. When all these are recruited, the activity of the intermediate fibres is added (type IIa). Finally, the fast fibres (type IIb) are called upon. 

			For this reason an exercise to develop maximum strength must always be carried out with resistance representing a high percentage (> 75%) of the maximum strength. 

			In electrical stimulation, spatial recruitment no longer obeys Henneman’s principle. The most superficial motor units are recruited first, then those located at a greater depth are activated as the intensity of the stimulation current increases. 
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			Figure 15: Diagram of electrically induced spatial recruitment

			As can be seen in the diagram above, and contrary to what is sometimes believed, electrical stimulation does not allow the recruitment of only slow fibres or only fast fibres. In fact, regardless of the level of intensity used, electrically induced muscle activity always applies to both types of fibres. 

			1.3.2 Temporal recruitment 

			The second mechanism of muscle contraction allowing the strength and/or speed of the movement to be adjusted is the discharge frequency of the central nervous system. As each action potential induces the same mechanical response, the muscle twitch and the repetition of action potentials will induce a succession of muscles twitches. When the frequency is sufficiently high they will merge together and create a tetanic contraction. 

			With neuromuscular electrical stimulation, it is the stimulation frequency, i.e. the number of electrical pulses per second (Hz) that will directly influence the temporal recruitment and therefore the strength of the contraction. 

			However, the different characteristics of slow and fast twitch fibres, particularly in terms of the duration of the twitch, justifies the use of different frequency ranges to induce the appropriate workload capable of developing the quality required. 
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			Figure 16: Temporal recruitment of slow twitch fibres 

			Below 10 Hz, slow twitch fibres can only respond via individualised twitches, which is inadequate for a significant development of their mechanical properties. The maximum tetanic contraction or the perfect tetanus of slow motor units is obtained with a theoretical frequency of 33 Hertz. 
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			Figure 17: Temporal recruitment of fast twitch fibres  

			The maximum tetanic contraction or the perfect tetanus of rapid motor units is obtained with a theoretical frequency of 66 Hertz. 

			1.3.3 Synchronisation 

			During a muscle contraction, the central command is initially synchronous. In the medulla oblongata, the Renshaw loop is responsible for a recurrent inhibition resulting in the synchronisation of motor units. 

			During voluntary activities, the contraction of muscle fibres is completely asynchronous for motor activities requiring little strength; it tends to become increasingly synchronous as the strength of the contraction increases. 

			The ability to synchronise motor units, also called intramuscular coordination, is an important component of performance in sports requiring strength and/or speed. 

			With neuromuscular electrical stimulation, electrically induced contractions are always synchronised, since stimulation of the motor nerve “short circuits” the Renshaw loop. This is considered an advantage to improve intramuscular coordination; however, it is also a drawback for functional electrical stimulation as the movements induced by stimulation are always very “robotic”, with no graduation in the contraction. 

			2. Architecture and parameters of a neuromuscular electrical stimulation programme 

			Some neuromuscular electrical stimulation programmes using only low frequencies (<10 Hz) may consist of a permanent stimulation. 

			These programmes are designed to improve muscle quality, but are used for indirect effects: i.e. vascular, analgesic, relaxant. 

			2.1 Structure of a neuromuscular electrical stimulation programme 

			For programmes imposing tetanic contractions, the working sequence consists of alternating contraction and resting phases. 
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			Figure 18: Architecture of a neuromuscular electrical stimulation programme 

			The rest imposed between contractions is an active rest, consisting of a low frequency that does not exceed 5 Hz, to promote increased blood flow, which is propitious for muscle recovery between two tetanic contractions. 

			Similarly, most of these programmes now offer a warm-up sequence that starts the programme and a recovery sequence at the end of the programme. These sequences lasting for 2 to 5 minutes also use low frequencies for their vascular or relaxing effect. 

			2.2 Stimulation parameters 

			2.2.1 Intensity 

			The intensity of the stimulation current (mA) is the only parameter that requires adjusting during the session. It is essential to always remember that the intensity directly determines the percentage of fibres (motor units) involved in the contraction. So, it is crucial to always increase the intensity gradually until reaching the maximum level the patient is able to tolerate. 

			2.2.2 Pulse duration 

			As explained above, a pulse duration equal to or close to chronaxie reduces the electrical energy to a minimum level, thereby guaranteeing optimal comfort during a neurostimulation session. 

			The chronaxie of motor nerves is between 200 and 400 µs and varies according to the region of the body. For this reason, and on most devices, the part of the body to be treated must be selected in order to adjust the length of the pulse using statistical values. 

			Some of the latest-generation devices feature a sensor integrated on the stimulation cable that measures the chronaxie of the motor nerve to adapt the duration of the pulse to the characteristics of the patient’s neuromuscular excitability. This measurement is carried out using a ten-second test at the start of each programme. Another benefit of the measurement is that it improves the comfort of the stimulation current, making it easier to use higher intensities. 

			2.2.3 Other parameters: workload 

			The nature or type of the electrically induced workload is determined by: contraction frequency, the duration of contraction, length of the resting period, as well as the number of repetitions (or the duration of the session). 

			DeVahl clearly demonstrated the existence of a relationship between the stimulation frequency and fatigue induced. In fact, the greater the frequency of contraction, the faster muscle fatigue will occur (fatigue is defined as an inability to maintain or reproduce the same level of strength for a given stimulation). 

			Consequently, for an effective session, this phenomenon must be taken into account when selecting the appropriate ON/ OFF ratio to avoid inducing fatigue too early in the session. 

			To illustrate such cases, treatment programmes for muscle atrophy and strengthening are presented in the following chapter. 

			3. Two basic programmes for neuromuscular stimulation 

			3.1 Treatment of muscle atrophy 

			When a muscle is not used, or is used less frequently, as is often the case during periods of immobilisation, its qualities will deteriorate. This mainly affects type I fibres (slow twitch). In fact, fibres that are normally in near-continuous use (16 hours/day) will “suffer” far more from this forced inactivity than type II fibres (fast twitch), which are solicited much more sporadically (a few minutes/day). 

			An electrical stimulation programme whose aim is to restore the muscle qualities of an atrophied muscle must be able to impose a workload tailored to the specific properties of type I fibres. 
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			Figure 19: Treatment of muscle atrophy  

			Thirty-three Hertz is the frequency that imposes the maximum tetanic contraction on slow fibres. These are resistant to fatigue, and can therefore support a training programme composed of long duration contractions (6 seconds) interspersed with relatively short resting times (6 seconds). 

			3.2 Strengthening  

			When the goal is to restore maximum strength, it is the type II fast fibres that require training by the means of an appropriate programme of work. 
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			Figure 20: Strengthening 

			Sixty-six Hertz is the frequency that imposes the maximum tetanus contraction on fast fibres. The fatigue of these fibres must be taken into account, by providing a contraction time that is not too long (4 seconds) and a resting time equal to approximately three times the duration of the contraction (12 seconds). 

			3.3 Order of use

			Conventionally, the treatment of a patient with muscle atrophy due to a lack of use will involve two stages: 

			
					Firstly, a recovery of muscular volume facilitated by the “Treatment of the muscle atrophy” programme 

					Secondly, maximum strength will be restored using the “Strengthening” programme 

			

			Some devices break down these programmes into two levels in order to slightly modify the stimulation parameters to allow a progression in the patient’s care. 

			4. Practical rules 

			4.1 Choice of programme 

			Neuromuscular electrical stimulation is not limited to the two basic programmes presented in the previous chapter. In fact, to respond to many pathophysiological peculiarities, these programmes can be broken down into multiple variants such as: 

			
					Patella syndrome programme: removal of all low frequencies from the basic programmes to avoid micro-shocks on the patella induced by the muscle twitches. 

					Anterior cruciate ligament programme: specific programme for rehabilitation after ACL ligamentoplasty: ischial/quadriceps co-contraction initiated on the hamstrings to prevent an anterior drawer syndrome. 

					Muscle injury programme: elongation of the tensioning slope to induce extremely progressive contractions in order to limit the stresses on fragile scar tissue. 

					Etc. 

			

			4.2 Placement of electrodes 

			The biphasic nature of the pulses used for neurostimulation allows a similar current to be supplied to the two poles. For this reason, these electrodes are no longer referred to as active and indifferent electrodes, as was the case with the former type of current. 

			However, the order of the two phases is different for each pole: a positive phase followed by a negative phase, for the positive electrode; and a negative phase followed by a positive phase, for the negative electrode. 

			From the above statement, it appears that the two electrodes are excitatory; however, the positive electrode may be slightly more excitatory, as evidenced by the strength-dynamometer measurements resulting from the stimulation. This means that a slight preference is given to the placement of the positive electrode. 

			A small electrode (preferably positive) is placed on the motor point of the muscle and another electrode (negative) at the end of the same muscle, taking care to avoid the end of the tendon. The surface of this electrode needs to be adapted to the morphology. 

			The motor point, corresponding to the neuromuscular junction or the motor endplate, is determined anatomically, though its precise location can vary by a few centimetres from one subject to another. Thus, it is often useful to specifically search for the motor point, which is very easy to do with a probe that reduces the surface of the electrode to around 5 mm2 and a stimulation sequence with low frequencies of around 5 Hz. 
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			Figure 21: Searching for the motor point 

			Moving the tip of the probe in the conductive gel helps to accurately locate the motor point(s) of the muscle to be stimulated. It is important to locate it as it will mean greater comfort and greater efficiency, and the muscle contraction will be optimal for the given level of intensity. 

			4.3 Adjustment of intensities 

			Neuromuscular electrical stimulation is a very effective technique on condition that electrically induced activity is imposed on a significant percentage of the muscle fibres. 

			The intensity must therefore always be gradually increased up to the maximum level the patient is able to tolerate. 

			For this purpose, the attitude of the therapist is essential. He or she must always seek to explain to patients why it is important to work with high intensities. The therapist must also motivate the patient and support their progression. 

			Therapists should be aware that with the exception of a few rare patients with an electricity phobia (on whom the technique should not be used!), everyone usually quickly gets used to the technique. 

			Therefore, it is quite rare that a new user is able to reach very high intensities from the start of first session; however, it is quite common to be able to increase the intensities rapidly used during the first 3 to 5 sessions. 

			For the same reasons, the intensity should not be adjusted just once at the start of the session. On the contrary, the intensity should be increased regularly throughout the session, for example every 3 to 4 contractions, allowing a clear progress to be observed between the start and the end of the session. 

			4.4 Position during the session 

			The stimulation of an internal muscle at maximum excursion very quickly becomes painful due to the resulting sensation of cramping. This is the reason why it is generally recommended to work isometrically by placing the stimulated muscle in the middle range. 

			This is the most comfortable position for the stimulation and it is therefore easier to increase the intensity to a higher level to recruit the highest number of muscle fibres. 

			It is necessary to fix the end of the underlying segment to avoid any movement resulting from a non-isometric contraction. 

			However, it should be noted that in certain specific situations this rule does not apply, and it is necessary to stimulate the quadriceps with a stretched knee (patella syndrome) or a bedridden patient. In the latter case, care should be taken to place a cushion in the popliteal fossa to improve comfort during the stimulation. 

			4.5 Frequency of sessions 

			Three weekly sessions are the minimum number to obtain meaningful results. A daily session is the ideal frequency and, for the most motivated patients, two sessions a day can be proposed. However, a resting period of at least one hour between two sessions should be planned. 

			5. Benefits of neuromuscular electrical stimulation

			As seen above, the first benefit of the technique is to propose a workload perfectly adapted to the specific objective, which is often more random during voluntary “muscle-development” exercises (evaluation of 1 RM, of 10 RM etc.). 

			The second major benefit of the technique is that the workload imposed during an electrical stimulation session is fairly considerable. In fact, unlike a voluntary activity, there are no cardiovascular (small increase in heart rate and blood pressure during electrical-stimulation training) or central fatigue limitations, and it places low stress on the joints (isometric work). 

			Moreover, a few years ago, neuromuscular electrical stimulation was considered as an interesting technique, but especially reserved for younger and sportier subjects. Most recent publications relate to deconditioned patient populations incapable of producing sufficient exertion due to systemic conditions (such as COPD, heart failure, etc.) on whom electrical stimulation can achieve very worthwhile results. 

			However, it is clear that neuromuscular electrical stimulation is only one technique among many others and it should always be used to supplement voluntary exercises such as proprioceptive or functional rehabilitation. 

			6. Combination of electrical stimulation and voluntary exercises 

			Except in very special cases such as coma patients when electrical stimulation is the only way of imposing muscular activity, we have seen that electrical stimulation should always be used to supplement other rehabilitation techniques. 

			It is worth restating that electrical stimulation can still be used “passively” with no participation from the patient. This may be an interesting strategy for patients who tire easily to allow them to devote their available energy to other more functional exercises. It is also an inevitable strategy for patients with little or no motivation, on condition that fairly low intensities are used. 

			It can be considered, however, that it is always beneficial, whenever possible, to involve the patient in the electrical stimulation session. This participation can take many forms and can be developed gradually, to increase the difficulty of the exercises. 

			To provide an example, a series of exercises to stimulate the quadriceps are given below: 
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									Exercise 1

									Electrical stimulation of the quadriceps 

									Isometric work 

									Fixed ankle 

									No active participation of the patient 
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									Exercise 2

									Electrical stimulation of the quadriceps 

									Isometric work 

									Non-fixed ankle 

									Voluntary isometric contraction of the hamstrings 
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									Exercise 3

									Electrical stimulation of the quadriceps 

									Isometric work 

									Co-contraction (voluntary+ stimulation) of the quadriceps 

									Voluntary contractions: gluteus, hamstrings, triceps surae, etc. 
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									Exercise 4

									Electrical stimulation of the quadriceps 

									Dynamic work: 

									- 100% concentric: 1 extension/contraction (seated rest) or 

									- 100% eccentric: 1 flexion/contraction (standing rest) or 

									- Combination: Concentric/eccentric 

									- Co-contraction (voluntary+ stimulation) of the quadriceps 

									- Voluntary contractions: gluteus, hamstrings, triceps surae, etc. 

								
							

						
					

				

			

			Figure 22: Electrical stimulation of the quadriceps + voluntary exercises 

			The combination of a voluntary exercise and neuromuscular electrical stimulation are much easier if the patient is able to personally trigger the electrically induced contraction. This is possible with some devices that allow the stimulation to be combined with biofeedback or that incorporate a sensor that detects the voluntary initiation of the contraction or movement. 
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			CHAPTER IV

			Role of Electrotherapy in the Rehabilitation of Central Neurological Conditions

			The previous chapters dealt with the basics of modern electrotherapy, the various pain-relief treatments through nerve stimulation and electrical stimulation to restore muscle quality. This chapter presents the various options for using electrotherapy for neurological rehabilitation. A considerable number of options are available due to the wide diversity of symptoms patients present when suffering from central neurological conditions.

			1. Introduction

			Thanks to the advances of both electronics and physiology over the past three decades, electrotherapy use has increased significantly as a treatment tool to facilitate treatment outcomes. 

			Electrotherapy is now commonly used to relieve pain or restore muscle quality after muscle atrophy, for instance. 

			On the other hand, the use of electrotherapy for neurological rehabilitation is far less widespread and physiotherapists are often not very comfortable with this technique and its potential effects on symptoms such as spasticity. 

			This article does not claim to be comprehensive. Its first aim is to shed light on the effects of electrotherapy on the recovery of motor skills, as well as on spasticity. Its second aim is to explore other avenues of use that could help improve some of the symptoms inherent to certain central neurological conditions. 

			Due to the special characteristics of the electrical currents used and the practical rules of use inherent to denervated muscles, peripheral conditions causing a denervation are addressed in Chapter 7. 

			After outlining the physiology, we will present the role of electrotherapy in the rehabilitation of patients with hemiplegia, then its role in relation to spinal injuries and, finally, its benefit in the treatment of patients suffering from a progressive disease such as multiple sclerosis. 

			2. Pathophysiology 

			2.1 Paralysis and Denervation 

			Nerve and muscle cells are the only two physiological that can be excited electrically. 

			An electrical pulse is capable of triggering a sudden reversal in the electrical potential of the membrane, provided that the amount of electrical charge (or electron) is sufficient to depolarise the membrane until it reaches its threshold value, from which point an action potential is triggered. 

			As the amount of electrical charge required to stimulate nerve cells is considerably lower than the amount required to excite muscle cells, nerve stimulation will always be preferred to induce an action from the muscle, provided that the muscle is innervated normally. 

			For this reason, in electrotherapy it is fundamental to distinguish between: 

			
					Purely central neurological conditions with integrity of the peripheral nervous system and in relation to which it is technically possible to stimulate the motor nerve 	Peripheral neurological conditions when the motor nerve can no longer be stimulated with the need to stimulate muscle fibres directly by means of very specific currents with much longer duration pulses than those used for neurostimulation. 



			

			The terms “denervation” or “denervated muscle” commonly used in electrotherapy jargon can be confusing and are understood by some persons as being synonymous with paralysis. However, this is not the case, since denervation is exclusively a peripheral condition; consequently, a paralysis of central origin such as, for example, hemiplegia is not a denervation. 

			2.2 Physiology of voluntary motivity 

			2.2.1 Neurological commands 

			The pyramidal or corticospinal tract originates in the motor areas in the cortex and contains central motor neurons that cross the midline below the medulla oblongata to end up at the anterior horn of the spinal cord where they encounter motoneurons. 

			Simply put, the quality of a voluntary neurological command will depend on: 

			
					Its ability to command all or the highest number of motor units (spatial recruitment) 

					Its ability to release action potentials at a sufficient frequency to obtain the maximum tetanisation threshold (temporal recruitment) 

			

			Transcranial magnetic stimulation (or TMS) is now a very good technique to evaluate the quality of central neurological commands. 

			The principle involves stimulating a clearly demarcated area in the brain using an electromagnetic field able to cross the skull in a painless way, and measure the motor potentials evoked. That is, the action potentials traversing the muscle in response to perfectly calibrated and reproducible brain stimulation. 

			Apart from a few rare therapeutic applications in psychiatry, where a number of therapeutic trials are currently underway for the treatment of depression, transcranial magnetic stimulation is only used for research and diagnostic purposes. 

			Most of the studies quoted as a reference used TMS as a tool to evaluate the efficacy of the electrical stimulation on nerve commands. 
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			Figure 23: Transcranial magnetic stimulation (TMS) 

			2.2.2 Muscle effector 

			The muscle is the effector organ of movement. The sliding action of actin and myosin filaments in the sarcomeres shortens the muscle and therefore brings it closer to its insertion point, thereby creating movement.

			If maximum strength is used as an indicator of muscle quality, the capacity of a muscle to generate high strength depends on its intrinsic structure and in particular: 

			
					Number of sarcomeres 

					Total number of muscle fibres 

					Percentage of fast-twitch type IIb fibres 

					Diameter (volume) of muscle fibres 

			

			The usual result of regular strength training is hypertrophy, which is an increase in the individual volume of muscle fibres. Hyperplasia, which is the increase in the number of muscle fibres, is only possible during growth and, particularly, in puberty where hormone levels are propitious to potential muscle building. Some body-builders who exercise to extreme levels can also experience this condition. 

			2.2.3 Effects of electrical stimulation on nerve command and muscle structure in healthy subjects 

			Before addressing in detail the different neurological conditions, it is worth looking at the recent research conducted on healthy subjects and intended to assess the improvement in nerve command and the improvement in the intrinsic muscle structure in response to regular training using electrical stimulation. 

			Many authors, particularly Gilles Cometti and the Dijon school, have demonstrated several times, and in different populations of sportsmen, strength gains of 20% on average after 3-4 weeks of training using neuromuscular electrical stimulation. 

			Nicola Maffiuletti showed that this rapid strength gain obtained after 16 sessions of stimulating the triceps surae was due to improved neuromuscular function, as no changes at the level of the muscle structure were observed. 

			J. Gondin confirmed these results in another study lasting 8 weeks during which the quadriceps muscles were stimulated at a rate of four weekly sessions. At the end of the first four weeks, the strength gains (+ 15%) were attributed to an improvement in neuromuscular function once again, with no changes to the muscle architecture. 

			However, the final tests carried out at the end of the eight-week electrical stimulation training programme highlighted a further improvement in the maximum strength gain (which reached 27%) and a significant increase in muscle volume and pennation angle, which were both observed via ultrasound. The author concluded that the strength gain after the electrical stimulation training programme could only be due to the rapid improvement in neuromuscular function and improvement in the structure of the muscle, although this latter change appears at a later stage. 

			These results are comparable with those reported by other studies, assessing different types of voluntary strength training. In particular, they formally establish that electrical stimulation is not merely a peripheral technique that acts solely on the muscle but a technique that also triggers beneficial adaptations on a neuromuscular level, contrary to many long-standing assumptions.

			3. Electrotherapy and hemiplegia

			3.1 Facilitation of motor recovery by electrical stimulation 

			3.1.1 Sensory stimulation 

			The stimulation of sensory nerve fibres is traditionally used for pain relief. The purpose of TENS is to stimulate tactile sensory fibres (Aβ) using a high frequency (around 100 Hz) to saturate the posterior horn of the spinal cord and thus block or limit nociceptive information entering the medulla level. 

			The endorphin-release targets the stimulation of Aδ fibres, which convey discriminative pain information, and has the effect of increasing the production of endogenous opiate substances. A low frequency of around 5 Hz is used and, provided the intensities are properly adjusted, twitch-type muscle responses will accompany the sensory stimulation (and causes a hyperaemic effect).  

			Several research projects conducted on hemiplegic patients reported a greater improvement in motor command in patients treated by sensory stimulation (in addition to rehabilitation), compared with patients in the control group who received only motor rehabilitation. 

			Some studies used a TENS stimulation: high frequency, intensity below the motor threshold, and electrodes covering the region of the paresis (in general, the hand or foot). Other studies, however, used an endorphin-release stimulation: frequency below 8 Hz, intensity sometimes reaching the motor and/or maximum tolerable threshold, with electrodes placed on the nerve pathways or acupuncture points. 

			Finally, in some studies, it was not possible to establish with any accuracy the actual stimulation parameters. 

			Interestingly, some studies (Yozbatiran) reported an improvement in motor skills immediately after the stimulation session, thereby highlighting that the “sensory awakening” induced by the stimulation facilitates motor commands. 

			Other studies focused more on the long-term effects of stimulation and the remote evaluations of a treatment that generally lasted several weeks. They all reported significant efficacy compared with the control groups, which did not receive stimulation or simply received a placebo stimulation (no current emitted). 

			Based on all of these studies reporting that sensory stimulation is beneficial for motor recovery, the following stimulation session could be offered for the rehabilitation of grasping skills in a hemiplegic patient: 

			
					Programme: Endorphin-release + TENS 	a device capable of delivering the 2 types of current on different channels is required. 



					Placement of electrodes: 	For TENS: 	4 large rectangular electrodes to cover the palm and backs of the fingers, hand and wrist 


	For the endorphin-release component: The endorphin-release, which also induces twitch-type muscle activity, should not be used on patients presenting with spasticity of the flexor muscles. 
	2 small electrodes on the posterior section of the forearm, on the fleshy part of the extensors of the wrist and fingers
	2 small electrodes on the anterior section of the forearm, on the fleshy part of the extensors of the wrist and fingers. 





					Adjustment of intensities: 	For TENS: 	Increase gradually until obtaining a clear perception of paresthesia 


	For the endorphin-release component:	Increase gradually until obtaining visible muscle twitches. 





					Timing of the electrotherapy sessions. 	Before each motor rehabilitation session to take advantage of the beneficial effect on neuromuscular function. 



			

			
				
					[image: ]
				

			

			Figure 24: Placement of electrodes for a “sensory” electrotherapy session for a hemiplegic hand   

			3.1.2 Neuromuscular electrical stimulation 

			Spasticity will be addressed in the next chapter. This chapter will outline the stimulation of paralysed muscles and muscles with paresis but not spastic muscles. 

			Like the sensory stimulation described above, several studies have clearly demonstrated that neuromuscular stimulation had a positive effect on the recovery of motor command. 

			The study conducted by TJ Kimberley stimulated the extensor muscles of the wrist and fingers of 16 hemiplegic patients for three weeks, while other patients received a placebo stimulation (no emission of current). It revealed both an improvement in the activation of the cerebral motor areas, as measured by a functional MRI, and a significant improvement in the grasping ability, as established by several tests (Box and Block Test and Jebsen Taylor Hand Function Test). 

			Another interesting approach (M. Popovic) showed that when quadriplegic patients were fitted with functional electrical devices allowing them to grasp objects, and despite suffering from severe impairment to their motor skills, they were able to use their hands far more effectively, even when the neuroprosthetic device was removed. Moreover, regularly using their hands eventually allowed them to improve their gripping ability, thereby restoring their independence and quality of life. 

			The assumptions about this improvement in motor command are similar to those outlined in the previous chapter. Neuromuscular stimulation is also responsible for significant sensory feedback, through the associated stimulation of sensory nerve endings, which possess a greater excitability potential, and also of the muscle-tendon receptors (Ia fibres of the neuromuscular spindles and Ib fibres of the Golgi receptors). 

			This sensory activation using electrical stimulation capable of promoting (or restoring) muscle control is also based on very long-standing indications of electrical stimulation for motor-excitation purposes, such as in cases of muscle wastage or the muscle control issues seen with pelvic floor (or perineal) rehabilitation. 

			Probably in order to further enhance the stimulation-induced sensory overload, it is quite usual in some countries such as Scandinavia to combine neuromuscular stimulation and joint mobilisation, which can be achieved by several methods. 

			The activation of kinaesthetic receptors is then added to the other afferent structures solicited by the electrical stimulation. 

			Consequently, it could be a good idea to adapt some of the rules pertaining to the use of neuromuscular electrical stimulation to benefit from this type of approach. For example, the following exercise could be proposed: 

			
					Stimulation programme: Muscle atrophy (35 Hz – 6 sec ON / 6 sec OFF) 

					Placement of electrodes:  	Two small electrodes (+) on the motor points of the vastus medialis muscle of the quadriceps 
	One large electrode with a dual output (-) at the proximal end of the quadriceps 



					Intensity:	Unlike the general rule which seeks to increase gradually the intensity until reaching the patient’s tolerance threshold (to recruit the maximum number of motor units), in this case, the aim is to increase the level of intensity until obtaining a slow extension of the knee, while still remaining bearable for the patient. 



					Associated action:	If the electrically induced knee extension is not complete, the physiotherapist can use a standard technique of passive mobilisation to achieve a tibio-femoral alignment at the end of the contraction. 
	The physiotherapist will then provide support, using the same hold, to return to the bent knee position, during the rest phase. 
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			Figure 25: Patient being stimulated and placement of electrodes  

			3.2 Neuromuscular electrical stimulation and Spasticity 

			The widespread use of electrotherapy on patients with spasticity has never been commonplace, probably due to several deeply entrenched beliefs that are now being questioned. 

			The first of these beliefs considered electrical current to be an irritating agent, on the same level as a bedsore or faecal impaction. Consequently, it should never be used on the muscle itself; and this proscription also applied to the entire segment or limb affected by the spasticity. Some extremists even went as far to say that its use on the entire body was inappropriate. 

			The second belief - and one not specific to electrotherapy - stated that strength training should be avoided in cases of spastic hypertonia, as it could aggravate the spasticity. 

			We will first examine the ways electrotherapy can be used to reduce spasticity before considering the benefits and limitations of electrically induced muscle strengthening in the presence of spasticity. 

			3.2.1 Reduction of spasticity by electrical stimulation 

			3.2.1.1 Stimulation of antagonistic muscles 

			The reduction of spasticity in a muscle by stimulating its antagonist is based on the reciprocal inhibition reflex. 

			During a stretch reflex, the excitement of sensory Ia fibres in the neuromuscular spindles which are sensitive to stretching, will activate the α motor neuron in same the muscle and shorten it for a very brief period. 

			However, the same Ia fibres are also in contact with an intermediate neuron (or inter-neuron) which has an inhibitory effect on the antagonistic muscle. 

			When rapidly stretching a muscle, the following occurs: 

			
					A shortening of the same muscle via the stretch reflex 

					A relaxation of its antagonist via the reciprocal inhibition reflex 
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			Figure 26: Reciprocal inhibition reflex 

			In neuromuscular electrical stimulation, an electrical pulse will excite the motor nerve and the sensory Ia fibres of the neuromuscular spindle, which also have a lower excitability threshold. The effect is to reduce the tone of the muscle antagonistic to the stimulated muscle. 

			The muscle antagonistic to the spastic muscle must nevertheless be stimulated carefully: 

			
					Do not stimulate the spastic muscle itself, especially in cases of significant spasticity. In fact, increasing the intensity to a high level may spread the stimulation to the spastic muscle, particularly when the muscle masses involved are not very large, such as the forearm for example. 

			

			Some electrotherapy devices allow the use of a Biofeedback system on the spastic muscle, which adjusts the stimulation intensity below the diffusion threshold 

			
					Do not apply low frequencies (i.e. below 10 Hz) that are insufficient to induce tetanic contractions, but which cause muscle twitches responsible for rapid and repeated micro stretching of the spastic muscle. Avoid such situations to ensure the stretch reflex is not activated. 

					Use a long increase in intensity ramp. Conventionally, and for comfort and safety reasons, electrical stimulation programmes use increase in intensity ramps of around 1.5 seconds. A ramp with a length of 4 to 6 seconds will induce an extremely gradual contraction and, consequently, a very slow movement that will not cause the spastic muscle to stretch suddenly. 
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			Figure 27: Increase in intensity ramps

			Most studies demonstrating the effectiveness of stimulation on the reduction of spasticity have highlighted the speed of the effect induced. K. Aydin showed that the reduction in spasticity was reached a maximum of 15 minutes after the end of the electrotherapy session. Consequently, it can be concluded that the technique should be used at the start of the rehabilitation session, to allow the patient to perform voluntary exercises under optimal conditions. 

			However, no studies have measured the duration of the decreased spasticity. Physiotherapists who regularly use this technique report fairly wide variations between individuals, with the delayed effect ranging from a few minutes to several hours. Moreover, a cumulated effect of the sessions also seems to exist, at least in some patients, resulting in a sustained reduction in spasticity. 

			Example of the treatment of spasticity affecting the extensor muscles of the wrist and fingers 

			
					Programme: muscle atrophy type: 35 Hz - 6 seconds ON / 6 seconds OFF with an increase in intensity ramp of 4.5 seconds  

					Placement of electrodes:  	Small electrode (+) on the fleshy part of the extensors 
	Small electrode (-) on the same muscles, at the muscle/tendon junction 



					Intensity 	Sufficient to increase the amplitude of the extension initiated voluntarily 
	If possible (depending on the patient’s tolerance) increase the intensity gradually until reaching the maximum extension amplitude of the fingers and wrist 



					Associated actions (depending on the simulator) 	The exercise is broken down into three stages 	1: active extension by the patient (depending on their ability) 
	2: superimposition of the electrically induced contraction, triggered manually 
	3: the movement is accompanied by the passive mobilisation from the therapist 





			

			At the end of the contraction, the physiotherapist can either support passively the hand and wrist to return to the baseline position, or maintain the posture for a few seconds in the extreme amplitude position. 
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			Figure 28: Reduction in spasticity of the extensor muscles of the wrist and fingers 

			3.2.1.2 Optimisation of botulinum toxin injections 

			
					Location of motor points 

			

			Although a doctor is responsible for prescribing and injecting botulinum toxin, physiotherapists who are experts in applying electrotherapy can suggest an effective tool to help identify accurately the motor points of the spastic muscle. 

			Botulinum toxin should be injected as close to the motor points as possible and their speedy and accurate location reinforces the effectiveness of the treatment. 

			The steps to follow are: 

			
					Programme: use a low frequency ranging between 3 and 8 Hz 

					Place an electrode (-) at the end of the muscle, and connect a stylus to the positive pole 

					Cover the appropriate area (fleshy part of the muscle+++) with a thin layer of a conductive gel 

					Very gradually increase the intensity to a low level, while moving the tip of the stylet in the gel, remaining in contact with the skin at all times 	A motor response of a muscle-twitch type will start when the tip of the stylet reaches the motor point. Mark this point with a skin marker pen to identify the optimal injection point. 
	Improvement of the therapeutic effect of botulinum toxin through electrically induce muscle activation 



			

			Preliminary animal studies reported that the effect of reducing spasticity appeared more quickly when botulinum toxin injections were followed by a session of muscle electrical stimulation. Based on these findings, S. Bayram demonstrated that injections of 100 units of botulinum toxin following by electrical stimulation sessions applied during the three days following the injections proved to be just as effective as injections of botulinum toxin using dosages four times higher (400 units). 

			The Bayram study used a specific stimulation protocol consisting of six sessions of 30 minutes per day, and a very low intensity only barely attaining the motor threshold. 

			Other teams reported very positive results with a single 30-minute stimulation session applied immediately after the injections of botulinum toxin, but at a higher intensity, to obtain clearly visible contractions. 

			3.2.2 Can you stimulate a spastic or potentially spastic muscle? 

			The first part of this section showed that the stimulation of the muscle antagonistic to the spastic muscle had a positive effect on reducing spasticity. Similarly, it has been established that a direct stimulation of spastic muscle (its motor nerve), carried out immediately after receiving an injection of botulinum toxin could maximise the effects of the treatment. 

			Before examining three specific situations (risk of spasticity - muscle spasticity - severe spasticity), the received wisdom that “muscle strengthening aggravates spasticity” must first be disregarded with an acceptance that the main focus is now on slowing down the functional impact of spasticity. And this means focusing on more than just the Ashworth score. 

			3.2.2.1 Does stimulation promote the transition to spasticity? 

			The benefit of neuromuscular stimulation on encouraging the recovery of motor control was outlined in Chapter 1.2. 

			However, it is worth determining whether neuromuscular stimulation started early after a stroke (e.g. on a flaccid muscle) could increase the risk of spasticity. This is an important issue. 

			Several authors (including T. Yan) have shown that not only does the early use promote motor recovery but, moreover, patients in the experimental group (electrotherapy sessions) presented on average a lower level of spasticity than those in the control ground (no electrotherapy). 

			It can now be concluded that the early use of neuromuscular electrical stimulation does not increase the risk of transition to spasticity, nor does it increase its severity. It does, however, promote motor recovery. 

			3.2.2.2 Muscle strengthening for spastic muscles 

			The current trend for the rehabilitation of hemiplegic patients tends to distance itself from the principles indicated by Bobath in which the inhibition of spasticity was the main therapeutic focus of the rehabilitation specialist. Other techniques such as those proposed by Brunnstrom, Carr & Shepherd and Perfetti required or even sometimes used spasticity to facilitate the recovery of motor patterns. 

			Today, functional results are an absolute priority, and it is not uncommon to refer to useful spasticity in relation to the quadriceps, for instance. 

			We now know that muscle strengthening does not usually result in increased spasticity. Several authors (including J. Carmick) have shown that neuromuscular electrical stimulation inducing contractions, and applied to the triceps surae and quadriceps of children with spastic diplegia, did not aggravate their spasticity but sometimes even reduced it. Moreover, very interesting functional benefits were obtained in terms of walking. 

			Alongside these publications, some therapists have reported a few rare cases in which neuromuscular stimulation seems to have triggered an increase in spasticity. However, the increase was only temporary and the patient recovered their original state within two to three hours after the end of the session. 

			In view of all these facts, the following pragmatic approach can be taken: 

			
					What muscle (spastic) could benefit from a gain in strength or endurance? 

			

			The quadriceps and in some cases the flexors of the fingers, which are used for grasping, could be prioritised. 

			
					Careful monitoring of spasticity in the hour following the end of the session should be systematically introduced after the first session, in order to detect any potential increase in spasticity and not resume the treatment, where appropriate 

					One option could be to halve the length of the stimulation session the first time, when elements indicate a tendency to increased spasticity. 

			

			3.2.2.3 Severe spasticity remains a contraindication 

			At one time or another all physiotherapists have treated a patient with a spectacular spastic condition, manifesting itself as an outbreak of often painful spasms in response to a vast range of different stimuli, from a simple touch on the skin, to a door slamming, or a lamp lighting up, etc. 

			In such cases, the common sense approach is to contraindicate electrical stimulation. For a spastic muscle, this is obvious; however, even in other cases the stimulation of the antagonistic muscle, whose effect - it is worth restating - is to reduce the intensity of spasticity in relation to the agonist muscle, may be impossible due to this type of spasm. 

			It is reasonable to consider that the stimulation of a spastic muscle spastic (its motor nerve) is contraindicated or undesirable when: 

			
					Minute and varied stimuli trigger muscle spasms 

					The spasticity is painful 

					The spasticity is responsible for abnormal positions of the joints 

			

			3.3 Electrotherapy and the hemiplegic shoulder 

			The lower dislocation of the humeral head is the most common complication in hemiplegic patients (25 to 41% depending on the series), and is frequently associated with type I Complex Regional Pain Syndrome (25 to 50% of cases) - sometimes even being considered as its cause. 

			The known causes are: The weight of the upper limb, often supplemented by spasticity of the pectoralis major muscle, combine to exert a downwards vertical force on the humerus, not counterbalanced by any opposing upward force of the same intensity, due to the hypotonicity of the levator muscles of the humerus. 

			Electrotherapy for the hemiplegic shoulder offers two major benefits: 

			
					Pain relief 

					Prevention of muscle atrophy to provide stability to the shoulder 

			

			3.3.1 Pain relief for the hemiplegic shoulder 

			Shoulder pain is a very common symptom that always complicates the rehabilitation of hemiplegic patients. The passive stretching of joint structures induced by the diastasis of the humeral head is responsible for the pain and initial inflammation. These symptoms are often followed by a type I complex regional pain syndrome, which is sometimes described or referred to as shoulder-hand syndrome. 

			As a reminder, the principle of a TENS stimulation is based on the Gate Control theory. 

			The convergence of all sensory information at the level of the posterior horn of the spinal cord results in a sort of competitiveness between the information. TENS seeks to increase this competition by saturating the posterior horn of the spinal cord with much pleasanter information than pain information, thereby selectively stimulating the sensory tactile Aβ fibres. 

			In addition to the analgesic effect induced by the “Gate Control”, the inhibiting effect on the sympathetic system resulting from the stimulation of Aβ fibres is of particular interest. 

			Therefore, a TENS treatment used on a patient presenting with shoulder-hand syndrome, will act in two ways: 

			
					Providing pain relief by inhibiting nociceptive information from entering the medulla oblongata 

					Inhibiting the hyperactivity of the sympathetic system 

			

			In practice, this type of treatment is easy to set up by following the steps detailed below: 

			
					Programme: TENS Gate Control 

					Stimulation parameters: 	Very short duration pulses: 30 to 60 µs 
	High frequency: 80 - 120 Hz or frequency modulation within the same range 



					Placement of electrodes 

			

			3 channels are used to combine the effects of the direct stimulation of the painful territory and that of the nerve trunks 

			
					4 large electrodes will cover the shoulder stump 

					2 small electrodes are placed at the subclavicular space

			

			
					Intensity:	Firstly, increase the intensity on the nerve trunk until the paresthesia in the entire shoulder is achieved. 
	Secondly, increase the intensity on the two other channels until the patient perceives an additional sensation of tingling under the large electrodes. 



					Duration and frequency of sessions: 	One session of 20 to 30 minutes every day 



			

			When the range of symptoms is more suggestive of a shoulder-hand syndrome, a fourth stimulation channel can be added to cover the hand using two additional large-sized electrodes. 
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			Figure 29: Placement of electrodes for algoneurodystrophy of the shoulder 

			3.3.2 Prevention of the lower dislocation of the humeral head 

			Hypotonicity and muscle atrophy of the deltoid and supraspinatus muscles contribute massively to a lower dislocation of the humeral head. 

			In such cases, the purpose of neuromuscular electrical stimulation is to prevent muscle atrophy and preserve satisfactory muscle tone in the muscles to ensure they are able to resist sufficiently an opposing force dragging the humerus down: namely, the weight of the more or less inert limb and spasticity of the pectoralis major. 

			Several studies (including Chantraine) endeavoured to replace the absence of voluntary activation of these muscles by a functional electrical stimulation applied for a period of six hours a day, which was difficult to achieve in practice. 

			In addition, such a lengthy daily application requires low intensity stimulation levels, just high enough to reach the motor threshold. 

			Shorter neuromuscular electrical stimulation sessions have proven to be equally effective in preventing muscle atrophy of the quadriceps, as demonstrated by Ardvisson. 

			It could be reasonably expected that shorter sessions lasting around 30 minutes but using significantly higher intensities (though still tolerable for the patient) would be able to effectively maintain the muscle quality of the shoulder abductors and thus prevent the lower dislocation of the humeral head. 

			It is also worth noting that the stimulation of the shoulder abductors will produce an interesting effect by reducing the spasticity of the adductors and the pectoralis major. 

			When the spasticity is significant, it may be preferable to select stimulation parameters suitable for the treatment of spasticity, as explained in Chapter 2.1.1. 

			3.4 Functional electrical stimulation  

			One of the specific features of functional electrical stimulation or FES is that the electrically induced muscle contraction will have a functional use as it is responsible for or involved in the development of a movement. In general, it will be a gripping movement for the upper limb or a movement involved in walking for the lower limb. 

			This distinguishes it from standard neuromuscular electrical stimulation used solely for training and usually consisting of isometric contractions. 

			The most important aim of FES is to replace or assist an impaired motor function such as walking for paraplegic patients or different grasping techniques for tetraplegic patients. 

			Many research teams are working on developing such tools, sometimes called neuroprosthetics. Some of these techniques involve the surgical implantation of electrodes. 

			The two main difficulties facing researchers are the consequence of the spatial recruitment mode inherent to electrical stimulation: 

			
					No turnover of recruited fibres, thereby inducing early fatigue 

					Inevitable synchronisation of motor units, meaning that fluid movements are currently impossible 

			

			Despite this, some FES are available on the market and can be used easily on hemiplegic patients. The best known are devices that stimulate the dorsiflexors of the foot, synchronised with walking. A sensor placed under the foot in the shoe triggers the stimulus when the impaired foot lifts off the ground. 
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			Figure 30: Functional electrical stimulation for walking and the dosrsiflexors of the foot 

			A few minor adaptations of standard electrical stimulation have also taken place. For instance, allowing a movement to happen or associating in a synchronised manner a target movement, such as grasping an object, with the stimulation of the flexor muscles of the fingers. Such adaptations are moving closer to what could be considered as functional electrical stimulation. 

			4. Electrotherapy for spinal injury patients 

			Many of the electrotherapy applications detailed in the previous section and used for the treatment of hemiplegia can be used for the rehabilitation of patients with paraplegia or tetraplegia subsequent to trauma. 

			Only a few specific points specific to spinal injuries will be added to the sections focusing on the recovery of motor functions and the treatment of spasticity. 

			Finally, some very specific indications of electrotherapy will be detailed in the following sections, namely: 

			
					Prevention of bedsores 

					Prevention of constipation 

					Physical training for paraplegic patients 

			

			Given the specificity of the stimulation currents used for denervated muscles, this chapter will only discuss purely central spinal injuries, excluding cases of associated peripheral injury syndromes. 

			4.1 Neuromuscular electrical stimulation and motor recovery 

			Unlike hemiplegic patients, paraplegia or tetraplegia patients have no difficulty in producing a cortical command for movement. However, the total or partial disruption to the corticospinal tract means that the command does not reach the muscle effector organs. 

			Even though the sensory feedback induced by the neuromuscular stimulation is always beneficial to promote the motor recovery of the spinal-cord-injury patient when such a recovery is possible, this particular aspect of the stimulation is probably less important than when the command function is altered, as is the case with hemiplegia patients. 

			The ability of patients with spinal cord injuries to recover a motor function will obviously depend on the severity of the injury to the spinal cord and it goes without saying that electrical stimulation is not able to influence the prognosis. 

			4.1.1 Electrical stimulation for muscles with paresis or during recovery 

			While recovering motor functions, electrical stimulation is a useful technique to help with muscle strengthening. 

			Muscle atrophy programmes (frequency 30/40 Hz - ON: 6 sec/OFF: 6 sec) must first be used to restore muscle volume before switching to programmes whose aim is to restore the quality of fast fibres (frequency 60/70 Hz - ON: 4 sec/OFF: 12 sec) and which focus on developing muscle strength. 

			The difficulty for the physiotherapist will be to determine which muscles should be stimulated as well as the management of the time available for electrical stimulation sessions. 

			At least three sessions a week should be scheduled for the same muscle group. However, daily sessions are always preferable. 

			When the quadriceps has a hope of recovery, it must be considered as the priority muscle. The physiotherapist in agreement with the patient will then establish a timetable and schedule for the electrotherapy sessions. 

			For partially affected muscles, and even for muscles when all hope of recovery has been abandoned, electrical stimulation can play a very important role in developing the healthy part of the muscle and triggering what is sometimes called compensatory hypertrophy. This is particularly worthwhile when there is a significant pool of functional motor units, allowing an interesting potential for improvement. Conversely, in most cases a score below two on the muscle testing scale will not yield very significant results. 

			4.1.2 Electrical stimulation of the trunk muscles 

			The initial trauma is often responsible for fairly extensive fractures to the vertebrae generally requiring surgery and immobilisation for lengthy periods, sometimes exceeding the resuscitation period. 

			Spinal postural muscles, even those not directly affected by the spinal cord injury, suffer from this forced inactivity and respond in a negative manner by becoming atrophied. 

			There are many reasons for restoring quality to the trunk muscles in patients with spinal cord injuries: 

			
					Active stabilisation of the spine, which may be affected by painful after-effects stemming from the accident 

					Sitting is the main or only daytime position 

					Fixation of the spine to facilitate the development of an optimal autonomy with the upper limbs 

			

			Depending on the level of the injury, the stimulation will target either the dorsal, lumbar or cervical region. A core-strengthening exercise for the abdominal and lumbar region can be proposed using electrodes placed in specific positions. 

			It is worth restating that postural muscles (with tonic activity) are composed almost exclusively of type I (slow) muscle fibres; consequently, stimulation frequencies of around 35 Hz are sufficient to make them work effectively. 
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			Figure 31: Placement of electrodes for the stimulation of paraspinal muscles and the abdominal and lumbar core strength  

			4.2 Electrotherapy and spasticity in paraplegic/tetraplegic patients 

			Spasticity of the lower limbs that dominate over the extensor muscles can sometimes serve as a brace and allow the patient to walk in cases of major motor deficit. 

			It is always essential to evaluate any useful spasticity that should be maintained and determine any harmful spasticity that can be reduced by various means including electrotherapy. 

			The principles detailed in Chapter 2.1 for the rehabilitation of hemiplegic patients can also be used to reduce spasticity in spinal cord injuries. 

			Due to the generally bilateral nature of symptoms and spasticity, a stimulator with four channels is required to treat spasticity of two muscle groups (left and right) during the same session. 

			For example, spasticity of the adductors can be treated as follows: 

			
					Programme: spasticity with long increase in intensity slope and no low frequency 

					Electrodes: on each hip 	1 small electrode (+) on the tensor fasciae latae and another small electrode (+) on the gluteus medius 
	1 large electrode with a dual output connected to the 2 outputs (-) of the two channels above 



					Intensity: increase the intensities of the four channels at the same time until obtaining a visible/palpable muscle contraction of the hip abductors 

					Position: sitting in the wheelchair 
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			Figure 32: Placement of electrodes for the stimulation of the hip abductors inducing a reduction in the spasticity of the adductors  

			4.3 Prevention of bedsores and electrotherapy 

			Bedsores in paraplegic or tetraplegic patients are always a serious complication and are the primary reason for hospital readmission in patients with spinal cord injuries. Bedsores should be treated preventively by regularly alleviating the pressure points, particularly when they affect the ischiatic region. 

			Non-ambulant paraplegic and elderly patients become high risk if the muscle failure affects their upper limbs or they suffer periarticular pain in the shoulder, meaning that they are unable to shift their position to relieve the pressure points in their buttocks or hip area. 

			Neuromuscular electrical stimulation can contribute effectively to the prevention of bedsores in the ischiatic and sacral areas and the buttocks. It acts in two complementary ways: 

			
					Prevention of atrophy in the gluteal muscles allowing a muscle cushion of satisfactory thickness to be retained 

					This prevention can be achieved through one or two electrical stimulation sessions per week. 

					Activation of vascularisation in the gluteal region through a low frequency programme (4-8 Hz), which causes a significant hyperaemic effect through the activation of the muscle pump and reduces peripheral vascular resistance. 

			

			These sessions should be carried out be daily, ideally during the middle of the day with the patient lying down. In fact, stimulation performed in a sitting position does not allow the buttocks, which are crushed when seated, to perform an effective mechanical pumping action. 

			4.4 Facilitating intestinal digestion by electrical stimulation 

			Many healthy subjects who have tried to stimulate the muscles of their abdominal belt for various purposes (fitness, cosmetic, etc.) have noted that their intestinal digestion speeds up and they have an urge to defecate. 

			Constipation and problems passing stools are frequent and common concerns of patients with spinal injuries due the neurovegetative injury affecting intestinal mobility and the decrease or absence of abdominal-pelvic muscle activity. 

			A Belgian pilot study (Hascakova-Bartova) on patients with spinal cord injuries highlighted this acceleration of digestion in patients in the experimental group who received a daily session of electrical stimulation for the abdominal muscles daily over an eight-week period. 

			In this study, the stimulation parameters did not appear to be a determining factor. A frequency of around 25-35 Hz capable of inducing significant tetanic contractions in muscle fibres with tonic activity (type I) performed well and allowed fairly long contractions (5-7 sec) interspersed with short rest periods (4-6 sec). 

			4.5 Additional support for core body strength exercises using neuromuscular electrical stimulation 

			Empowering patients with spinal cord injuries is one of the therapeutic priorities depending on the level of the injury. 

			The development of the muscle potential above the injury must be accompanied by general fitness training. Working specifically on the depressor muscles (triceps, pectoralis major, latissimus dorsi and teres major) is always a priority due to the role of these muscles in transfers and locomotion, when such movements are possible. 

			General functional exercises such as assisted walking, pedalling and performing physical and sports activities such as swimming, wheelchair racing, team sports, etc. are part of the core body strength programme for patients with spinal cord injuries. 

			In addition to its often very positive psychological impact, neuromuscular electrical stimulation, which in this case is used on healthy muscles, can be very useful for: 

			
					Increasing the workload of priority muscles 

					Developing maximum strength, especially in depressor muscles 

					Improving muscle endurance, that is the ability of a muscle to reproduce or maintain a high percentage of maximum strength (endurance strength) 

			

			This involves stimulation programmes adapted to the physical preparation of athletes: strength, resistance, explosive strength, endurance that can be offered to paraplegic patients during the core body strength-building phase. 

			For patients who are more sports-minded, some may even become regular and high-level competitors, an active recovery programme may be offered to facilitate the recovery of the scapular muscles, after competitions or intensive training sessions. 
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			Figure 33: Mark Herremans, wheelchair triathlete, in training 

			5. Role of electrotherapy in a progressive disease such as multiple sclerosis  

			In common with other rehabilitation techniques, electrotherapy used on patients with progressive neurological disease, should always have two main objectives: 

			
					Maintain and/or optimise patient autonomy 

			

			And/or 

			
					Improve the patient’s quality of life, which can be defined in many ways. However, it should take into account the overall physical, emotional and social well-being of the patient. 

			

			In situations where patients have lost - and sometimes for a long time - control over their muscles, the first time they see their hand or foot moving again, or able to contract their quadriceps or any other muscle with the help of a pair of electrodes, they often experience an extraordinary emotion and an inordinate hope of recovery. 

			Electrical stimulation can therefore be perceived by patients or their nearest and dearest as a ‘miracle’ technique capable of restoring a previous state of independence. 

			Unfortunately, this is absolutely not the case and it is therefore essential to explain to patients in the simplest terms possible the principle and aims of this treatment. Such explanations will avoid patients suffering unnecessary disappointment. 

			5.1 Neuromuscular electrical stimulation and maintenance of motor autonomy 

			In the relapsing-remitting form of multiple sclerosis (MS), remission, at least partial remission of the neurological condition following a crisis, is possible. Unfortunately, during course of the disease patients generally experience a progressive worsening of their conditions, suffering crises from which they find it increasingly hard to recover. 

			However, electrical stimulation has a role to play during phases of remission to restore the quality of muscles impaired during flare-ups. 

			A muscle atrophy programme (30 Hz - ON: 6 sec/OFF: 6 sec) is entirely appropriate for this phase of recovery. 

			5.1.1 Neuromuscular electrical stimulation and spasticity 

			As discussed in Chapter 2.2.1, in most cases spasticity is not increased by stimulation. Nevertheless, therapists should always monitor the progress of the condition, especially after the first few sessions. 

			If a worsening of the spasticity is observed, and if the patient experiences any discomfort, it is best to stop the treatment. 

			Warning: severe spasticity with spasms and withdrawal reflexes is a contraindication to the stimulation of the muscle concerned. 

			5.1.2 Neuromuscular electrical stimulation and fatigue 

			Fatigue is always a consideration during the rehabilitation of an MS patient. Nowadays, however, it is no longer the primary concern of the therapist (and a source of anxiety for the patient!). Rehabilitation programmes now offered to MS patients are more intensive than a few years ago, although longer rest periods between exercises and avoiding over exhaustion are still conditions to be respected. 

			Fatigue after physical activity may have a central or peripheral cause. Central fatigue (i.e. difficulty in maintaining the same level of neurological command) manifests before peripheral fatigue (i.e. fatigue of the muscle itself), which is mainly of a biochemical nature caused by a slowdown in calcium exchanges. 

			Electrical stimulation completely removes the central fatigue element, as it bypasses the cortical command. It is therefore only capable of inducing peripheral fatigue. 

			A French study was conducted on patients with facioscapulohumeral muscular dystrophy (FSHMD) to evaluate the effectiveness of neuromuscular electrical stimulation and measure the fatigue induced by stimulation sessions. The results showed an improvement in muscle strength and activities of daily living, as well as the absence of objective signs (no increase in CPK) and subjective signs (no fatigue reported by the patient) of fatigue. 

			It can therefore be deduced that neuromuscular electrical stimulation probably does not cause any particular fatigue - even less fatigue that voluntary exercises, which induce central fatigue. 

			5.2 Electrotherapy and Quality of Life 

			Another objective that becomes all the more important as their autonomy dwindles is the quality of life of patients with progressive conditions such as MS. The benefits to be derived from electrotherapy have mostly been addressed in this article, namely: 

			
					Decrease in spasticity by stimulation of the antagonistic muscle 

					Pain relief  	Endorphin-release therapy for back pain which is a common complaint among non-ambulant patients 
	TENS Gate Control for joint pain in areas such as the shoulder, frequent in patients who use a manual wheelchair 



					Prevention of ischiatic and buttock pressure ulcers 

					Facilitate digestion 

					Activation of circulation using low-frequency programmes 

					Etc. 

			

			6. Conclusion

			Electrotherapy should no longer be limited to pain relief or standard muscle strengthening, particularly in terms of the rehabilitation of patients with central neurological conditions, who present with a wide and varied range of symptoms that also differ from patient to patient. 

			Many indications have produced very promising results and deserve to be more widely known by physiotherapists. Despite the successes, these techniques are still used far too infrequently. 

			After reading this article many fellow physiotherapists will probably think that it is very interesting but 30 minutes of muscle strengthening, followed by the same period for sensory awakening, and then another 30 minutes for spasticity – if on top of that they have to add aiding digestion and preventing bedsores or even some pain-relief therapy, they would need to keep their patients for five hours just to do electrotherapy!

			Naturally, not all electrotherapy indications will be performed on the same patient. It is also obvious, as electrotherapy will always be used in conjunction with other techniques, therapists will have to choose carefully the best solution based on the specific case of each patient.

		

	
		
			CHAPTER V

			Benefits of Electrotherapy in The Rehabilitation of Vascular Conditions and Exertion Deconditioning Syndromes

			The previous chapters have sought to highlight the latest advances in technology over the last thirty years and the direct implications on the most common indications of electrotherapy, namely pain relief, restoring muscle quality after immobilisation, etc. This chapter will tackle the less well-known indications but for which extremely positive results have been reported in an increasing number of scientific publications, and which merit the attention of physiotherapists.

			1. Electrotherapy and vascular conditions

			1.1 Effects of an electrical current on blood flow

			1.1.1 Effects of direct current and polarised currents

			The hyperaemic signs of an electrical current were observed at a very early stage, from the very first applications of direct (or galvanic) current or the former polarised currents (Bernard’s diadynamic currents, Trabert current, etc.). The release of heat, which increases with the length of application of such currents, is due to the local vasodilation effect resulting from superficial blood flowing towards the electrodes. 

			Although the heat thus released is not devoid of therapeutic benefit, particularly in terms of its analgesic effect, other physical means such as ultrasound, for example, now allow a better quality thermal effect to be induced (more in depth), while considerably reducing the risk of burning that is always a feature of an electrical current. The thermal effect of electricity has now understandingly been superseded by other safer and more effective techniques. 

			1.1.2 Effects of low frequency neuromuscular stimulation

			Low stimulation frequencies are those below 10 Hz that induce a muscle response composed of twitches in a healthy subject. In fact, below 10 Hz per second, with each muscle twitch being able to end (return to the resting tension), any repetition will only manifest by the means of a succession of individualised twitches and never by a tetanic contraction. 

			The research carried out by Rigaux and Zicot best highlights the increase in arterial flow following low frequency neuromuscular stimulation. Doppler ultrasound measurements of several healthy subjects highlighted a significant increase in arterial flow from a frequency of 3 Hz; a steady increase was reported for all individuals up to a frequency of 7 or 8 Hz, attaining a level 2.5 times higher than the values for arterial flow at rest. A plateau was reached after attaining this level; permanent stimulation also became too uncomfortable and some subjects were unable to tolerate it. 

			No increase in the heart rate and blood pressure was reported during the stimulation, indicating that the increase in flow was solely due to the decrease in peripheral vascular resistance. 

			1.1.3 Effects of tetanising neuromuscular stimulation 

			Above 10 Hz, muscle twitches no longer have enough time to end and are added together, this is the phenomenon of temporal summation, which translates into tetanic contractions. 

			Neuromuscular stimulation capable of generating tetanic muscle contractions is also able to increase blood flow in the stimulated area, but to a lesser extent than at low frequencies due to the need to use an intermittent stimulation mode (ON/OFF). Care must also be taken to avoid working with too lengthy contraction and resting times, to generate an effective muscle pumping exercise. 

			1.1.4 Effects of TENS sensory stimulation

			The analgesic effect of TENS is obtained through the Gate Control mechanism. The stimulation is limited to the superficial sensory channels (Aβ fibres). For the most conventional applications, namely the direct stimulation of the sensory receptors in the painful area, the vascular effect is deemed be nil, meaning that TENS is the preferred technique when there is a dual aim of providing pain relief but not inducing an adverse hyperaemic effect. 

			However, stimulation sites located near major nerve trunks can induce an increase in distal blood flow by inhibiting the activity of the sympathetic nervous system, as shown by several authors including Owens. However, these are very specific indications (Raynaud syndrome, complex regional pain syndrome, etc.) and for most indications, a low frequency neuromuscular stimulation is preferred when the aim is to induce increased blood circulation. 

			1.1.5 Influence of neuromuscular electrical stimulation on the heart rate

			Apart from a few exceptions, all research carried out to monitor hemodynamic changes during neuromuscular electrical stimulation sessions concluded that no significant changes to the heart rate and blood pressure occurred, regardless of the working rates (either low frequencies or tetanising frequencies). 

			However, the situation may differ in unusual stimulation conditions: simultaneous stimulation of a large number of muscles or muscle groups, patients in a very poor state of health, invasive stimulation with electrodes implanted in sympathetic centres, etc. 

			The standard contraindication of never applying stimulation to the sides of the neck is justified due to the presence of the vagus nerve and the carotid sinus, which both reduce the heart rate. 

			1.2 Venous return disorders

			1.2.1 Heavy legs syndrome

			Occasionally, heavy legs syndrome is due to a transient venous return failure in the absence of any organic lesion of the veins. Triggered by heat, standing or sitting for prolonged periods as well as by premenstrual hormonal changes in women, this condition manifests as a painful sensation of heaviness in the lower limbs and is often accompanied by contraction-type muscle pain and sometimes even by cramps in the calves. 

			The electrical stimulation presented in this chapter offers a great advantage of combining two recognised ways of removing the painful sensation of heavy legs; firstly, by having the person lie down in a supine position with their lower limbs elevated and, secondly, through the stimulation-induced activation of the muscles. 
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			Figure 34: Position with elevated lower limbs 

			Different stimulation sequences can be applied to induce, firstly, a marked increase in blood flow (≈ 8 Hz), followed by an analgesic effect through the release of endorphins (≈ 5 Hz) and then, finally, a relaxant effect though maintaining effective vascular activation (≈ 3 Hz). 

			The triceps surae will be stimulated using the standard placement of electrodes; the intensity will be increased to cause visible muscle twitches. 
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			Figure 35: Placement of electrodes on the triceps surae  

			1.2.2 Venous insufficiency without oedema 

			Venous insufficiency is a condition affecting the walls of the veins and the valves, including the deep and perforating veins, which are no longer able to stem the reflux of venous blood. The stasis and the hypertension associated with progressive hypoxia of the intima (the inner layer of the wall) leads to a progressive dilation of the veins resulting in visible varicose veins, insofar as the superficial veins are concerned. 
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			Figure 36 : Popliteal vein varices

			If the condition is not too severe, the venous insufficiency is not accompanied by oedema or discreet oedema that disappears at rest or even when placing the lower limbs in an elevated position. 

			In these cases, the purpose of the stimulation is twofold:  

			
					To increase the (arterial and venous) blood flow to promote the oxygenation of tissues and the tunica intima of the veins. This is achieved by a low frequency stimulation of around 8 Hz. 

					To empty the deep veins through short tetanic contractions (35-65 Hz) induced in all of the leg’s muscles. 

			

			Placing electrodes on the nerve trunks of the two branches of the sciatic nerve (tibial nerve and common peroneal nerve) will stimulate all of the leg muscles.  
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			Figure 37: Placement of electrodes on the common peroneal and tibial nerves 

			The intensity of the stimulation will require a separate adjustment for each sequence of the programme in order to obtain: 

			
					Clearly visible muscle twitches during the increase of blood flow phase 

					A comfortable but significant tetanic contraction during the drain phase. 

			

			1.2.3 Venous insufficiency with oedema 

			At a more advanced stage, a major failure of the valves will cause excessive pressure in the blood, in the way that liquid leaks out from the vascular system into the interstitial space to form a soft oedema, which tends to increase when remaining in a standing position. 

			When the oedema is significant, low frequency stimulation must be avoided to not increase the perfusion pressure in the capillaries, or further reduce the peripheral resistance, which tends to aggravate the oedema. 

			However, a sequenced stimulation of the leg muscles then the thigh muscles is able to generate a type of active pressure therapy that helps empty the deep veins and effectively drain the oedema. 

			Stimulation must only be initiated on all of the leg muscles. For this, use the same placement of electrodes as the positions applicable to cases of venous insufficiency without oedema. 
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			Figure 38: Active pressure therapy using a sequenced stimulation 

			After about three seconds, the stimulation will begin jointly on the quadriceps and the hamstrings while being maintained on the leg muscles to stem the regurgitation.  

			1.3 Arteriosclerosis obliterans of the lower limbs (AOLL) 

			The gradual reduction of the calibre of the arteries is responsible for asphyxia in the tissues located downstream due inadequate irrigation and oxygen depletion. Among the four stages of the Leriche and Fontaine classification, only stages II and III can actually benefit from treatment with neuromuscular electrical stimulation. In fact, stage I is asymptomatic and has no functional impact; stage IV involves necrosis requiring an emergency admission and surgery. 

			Intermittent claudication is the primary sign of stage II AOLL; the shorter the distance of pain-free walking, the greater the arterial obstruction. 

			In stage III, obliteration is such that distal hypoxia is permanent, even at rest, and the patient suffers from bedsores and has an extremely limited walking capacity. 

			1.3.1 Electrical stimulation and oxidative capacity of muscles  

			Damage to the arterial wall does not allow the electrical stimulation to act in a sustained manner on the blood flow and the oxygen supply reaching peripheral distal structures such as the muscles. 

			For the latter, the chronic depletion of blood flow and the resulting permanent state of hypoxia leads to atrophy of the intramuscular capillary network and the progressive loss of the oxidative power of the muscle fibres. The muscle is negatively affected in two ways: the smaller the quantities of oxygen it receives, the greater the difficulty it has to consume this precious molecule. 

			It is in relation to this last point - the ability of the muscle to consume oxygen - that electrical stimulation is able to exert a positive effect, as demonstrated by several authors including Hudlicka. 

			The development of the network of capillaries, mitochondria as well as oxidative enzyme activity are positive changes reported after a few weeks of treatment; and they all help patients with artery conditions to improve their walking ability significantly. 

			1.3.2 Electrical stimulation options for AOLL patients 

			
					Stimulation parameters 

			

			While young healthy subjects are able to tolerate a permanent low frequency stimulation of 8 Hz for 20 to 30 minutes extremely well, patients with arterial conditions are unable to tolerate such stimulation due to a severe deterioration in their muscle quality, which causes significant fatigue. 

			Therefore, the best option is an intermittent stimulation mode with a muscle activation phase induced by a frequency of about 8 Hz for approximately 20 seconds, followed by a resting phase lasting for around the same time. 

			
					Placement of electrodes 

			

			As described for cases of venous insufficiency, the placement of electrodes should allow a simultaneous stimulation of the muscles of the posterior compartment and the anterolateral compartments of the leg. (Figure 36). 

			
					Position of the patient 

			

			In order to associate the beneficial effect of gravity on the arterial circulation, place the patient in a comfortable sitting position, with the knees half bent. 

			
					Adjustment of intensities 

			

			muscle quality, it is crucial to increase the intensities up to the maximum limit the patient is able to tolerate in all cases. The physiotherapist should explain the merits of this approach to the patient (spatial recruitment of motor units) and encourage them to progress regularly during each session and from one session to another. 

			
					Frequency of sessions 

			

			Daily sessions are preferable, at least during the initial treatment, which must last for at least 4 weeks, but can extend up to 8 weeks. 

			After this, a maintenance treatment consisting of one or two weekly sessions can be offered to the patient to maintain the acquired results. 

			1.4 Post-traumatic oedema  

			1.4.1 Drainage of post-traumatic oedema facilitated by electrotherapy

			The beneficial effect of electrotherapy to facilitate the drainage of a post-traumatic oedema has long been recognised. This effect can be obtained through different types of currents and stimulation modes. 

			Galvanic current, which is no longer used for reasons explained earlier, was able to induce a thermal effect and produce local vasodilation. 

			A polarised current (monophasic pulses) causes similar effects while minimising the risk of burning and promoting the flow of liquids from the positive electrode to the negative electrode. 

			However, these are standard muscle neurostimulation currents with demonstrated superiority and have been used perfectly safely to drain a post-traumatic oedema. 

			Low frequency stimulation composed of different sequences, such as those used to relieve heavy legs, will be applied at the same time to the muscle masses in the infiltrated region and to those in the segment immediately upstream. 

			Another option is to use a muscle activation mode or to alternate tetanic contractions and active rest phases using a low frequency below 5 Hz. For example, this type of stimulation is obtained with a programme used for the treatment of muscle atrophy and often has the dual purpose of facilitating the resorption of the oedema while initiating early muscle rehabilitation exercises. 

			1.4.2 Prevention of post-traumatic oedema 

			The methods of combating the formation of traumatic oedema are now well known: ice, rest, elevation of the injured limb and compression initiated as soon as possible after the trauma and maintained or repeated during the first 72 hours to reduce the size of the oedema and speed up the healing and rehabilitation process. Within this framework, a polarised current or direct pulsed current (i.e. consisting of monophasic pulses) can be used during the first hours after the trauma, alternating with the application of ice. 

			Rectangular pulses of a duration equal to 150 µs and with a frequency of 120 Hz are currently the preferred option. The intensity should be adjusted to just below the motor threshold. 
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			Figure 39: Stimulation parameters for the prevention of post-traumatic oedema

			The anti-oedema effect is obtained with the negative electrode, meaning that the injured area should be covered with one or two large negative electrodes. Positive electrodes are placed on the upper segment of the injured limb. 
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			Figure 40: Placement of electrodes for ankle oedema after a sprain 

			The mechanisms of action of a monophasic current are still hypothetical. Karnes dismissed the theory of a vasoconstrictor effect. A local reduction in the protein concentration through an inhibition of the molecular organization and/or a reduction in membrane permeability now seem to be the two most likely hypotheses. 

			Taylor demonstrated a measurable effect after a single session of 30 minutes, but it seems that significant and lasting results are impossible to obtain with 3 or 4 daily sessions, initiated during the first 72 hours after the initial trauma. 

			1.5  Wound healing

			The vascular effect of electrotherapy is naturally extremely beneficial for speeding up the healing process. Although the highest number of studies relate to the healing of chronic wounds such as varicose ulcers, some publications also report very positive results for ruptured Achilles tendons and others for bone fractures. 

			Low frequency stimulation is thought to produce the greatest benefits to promote healing, even if other modes of stimulation, such as TENS, also seem to enhance the vascularisation of the wound. 

			An interesting Swedish study was able to show a 40% increase in general vascularisation and a 23% increase in wound healing when using low frequency stimulation (2 Hz) compared respectively with 12% and 17% for TENS stimulation (100 Hz). 

			The positioning of the electrodes must respect the specific rules of neuromuscular stimulation (small size electrode on the motor point) and they must be placed on the muscles surrounding the lesion, for example the buttocks for a sacral bedsore or on the muscles located immediately upstream of the wound. 

			For physiotherapists, the most common indications are probably for muscle injuries and chronic tendinopathies. In such cases, the injured muscle or the relevant muscle for the injured tendon will be stimulated using a low frequency of around 5 Hz or around 8 Hz for sportier patients. Following a muscle tear, the treatment can only be started after a delay of 72 hours. 

			1.6 Prevention of vascular complications by electrical stimulation

			1.6.1 Prevention of bedsores 

			As detailed in Chapter IV in reference to spinal cord injury patients, electrical stimulation probably deserves to be used more often to prevent bedsores, including bedsores in the ischiatic area and on the buttocks in high-risk patients. 

			A thirty-minute stimulation session applied to the gluteal muscles using a low frequency (5-8 Hz) can be offered around mid-day, for example, when non-ambulatory patients are taking a nap. 

			Another potentially beneficial strategy could be to use neuromuscular electrical stimulation to maintain the homoeostasis and volume of the gluteal muscles in order to preserve their role as natural cushion. 

			1.6.2 Prevention of venous thrombosis 

			The significant increase in blood flow resulting from a low frequency neuromuscular stimulation, but also to a lesser degree by the regime of tetanic contractions is able to improve venous return and reduce venous stasis, as demonstrated by Man in subjects placed intentionally in a standing position. 

			Several studies have also confirmed the positive hemodynamic consequences of electrical stimulation in the period immediately after surgery following hip or knee replacements. 

			Most publications stress that patients tolerate the technique extremely well. The stimulation is carried out either only on the triceps surae or on the triceps and the muscles of the anterolateral compartment of the leg, stimulating the tibial and common peroneal nerve trunk. (Figure 37). 

			As is always the case to obtain a vascular effect, the intensity should be increased gradually until a clearly visible muscle response is obtained, while remaining comfortable for the patient. 

			2. Electrotherapy and exertion deconditioning syndromes 

			The term “exertion deconditioning” can be applied to many situations resulting from fairly severe and prolonged restrictions to carrying out physical activity. It is mostly used to describe difficulties in adapting to exertion following progressive neurological conditions (such as MS, etc.), chronic pain syndrome (lower back pain, fibromyalgia, etc.) or some visceral deficiencies. 

			This article will only consider heart, respiratory and kidney failure, as electrical stimulation has already demonstrated promising results for such conditions. 

			2.1 Benefits of the neuromuscular electrical stimulation in patients with Chronic Obstructive Pulmonary Disease (COPD)

			Severe muscle alterations are regularly observed in patients with chronic respiratory failure. Such alterations are caused partly by a sedentary lifestyle and/or the functional impairment imposed due to a failure to adapt to exertion but also, and primarily, to the actual myopathy itself, i.e. the structural impairment to the muscle fibres, which does not stem from the lack of use.  
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			Figure 41: Muscle atrophy in a COPD patient 

			Whereas muscle mass in patients with COPD is now considered as a ‘barometer of life’, with a vital five-year prognosis closely correlated to their peripheral muscle strength, the figures speak for themselves: the quadriceps of stable COPD patients present on average a 50% reduction in endurance and a 30% deficit in terms of strength, which inevitably reduces the ability of patients to perform the activities of daily living. 

			The identified causes of this myopathy include inflammatory peaks, oxidative stress, medications used (corticosteroids+++) and nutritional imbalance. These conditions are especially severe during decompensation phases, which explain the 20% loss of strength that appears in the third day of a phase of exacerbation. In the absence of a specific therapy for the muscles, recovery is almost zero since the strength of the quadriceps is only increased by 6%, three months after the decompensation phase. 

			A meta-analysis from 2005 clearly demonstrates that an appropriate early re-training programme, initiated from the start of the decompensation phase was effective in reducing the risk of mortality by more than a half (55%) in the year following the exacerbation episode. 

			Electrical stimulation is the preferred technique in this context, as it allows both a quality activation of the muscles by adopting a workload tailored to the pathophysiology of the stimulated muscles and in terms of quantity by avoiding cardiovascular solicitation and dyspnoea. Nowadays this is a comfortable technique to use even if it is not very pleasant. 

			The quadriceps is stimulated using programmes commonly used to treat muscle atrophy (35-50 Hz). The patient is placed either in a sitting position when possible, or in most cases in a supine position. In this case, it is advisable to avoid fully extending the knees (which greatly affects the comfort of stimulation) by placing a pillow under the popliteal hollows or by adjusting the bed in order that the patient’s knees are bent to around 30°. 
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			Figure 42: Quadriceps stimulation session of a COPD patient 

			The gains obtained after receiving training for four to six weeks by electrical stimulation are extremely promising. Firstly, on a segmental level: the strength and endurance increased by at least 35%; secondly, on a functional level, as tests on the field and in the laboratory all showed a significant improvement in tolerance to effort in patients who had received stimulation compared with patients in the control group. 

			The major benefit is to improve the quality of life as witnessed on the different questionnaires (MCQ, MRF-28, etc.).  

			Neuromuscular electrical stimulation is an essential “starter” technique for the most severe COPD patients to restore their muscle potential to a level sufficient to start global retraining exercises.  

			2.2 Endurance training via electrical stimulation in heart failure patients

			The functional limitation of patients with heart failure results from closely interlinked pathophysiological mechanisms between the ventricular dysfunction and peripheral modifications associated with the deconditioning syndrome. 

			Skeletal muscle abnormalities are some of the primary peripheral modifications and are both morphological and functional. A decrease in muscle volume and in the density of intramuscular capillaries, a drastic reduction in the percentage of type I muscle fibres and the density of mitochondria are responsible for the gradual loss of the oxidative capacity of muscles and an alteration of the aerobic metabolic pathway. 

			The exertion retraining offered as part of cardiac rehabilitation improves tolerance and therefore the prognosis of heart failure patients. 

			However, in common with COPD patients, a significant number of patients are not able to follow rehabilitation programmes due to the severity of their heart failure or co-morbidity factors, which sometimes severely restrict their ability to do physical exercises. 

			Electrical stimulation imposing muscle activity without any significant stress on the cardiovascular system is therefore the preferred technique to improve muscle performance in the most severely affected heart failure patients, thereby facilitating their access to adapted physical training programmes. 

			In particular, several publications have emphasised that the combined use of two techniques (physical training + neuromuscular stimulation) have yielded very promising results in terms of the improvement in tolerance for exertion and the quality of life. 

			Improved endurance obtained by electrical stimulation often raises questions that can be resolved through the application of the Fick equation for maximum VO2. 
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			Figure 43: Fick equation for maximum VO2

			The body’s oxygen consumption depends, firstly, on cardiac performance in relation to which peripheral muscle stimulation has no effect and, secondly, on the specific capacity of the muscle to be able to use this oxygen: this is called the oxidative capacity of muscles, which can be developed very effectively by using appropriate electrical stimulation. 

			The quadriceps muscles are a priority due to their functional dominance and mass. The workload induced by the stimulation is achieved through long-term contractions (around twenty seconds) but with a partially tetanising frequency (10-15 Hz), the resting period must be at least equal to the duration of the contraction or even up to twice this time. 

			The sessions should be long enough, about an hour. This length seems to be very well tolerated by the vast majority of patients. An additional benefit of the technique is that it is easily performed at the patient’s home after a short training period. 

			2.3 Electrically induced muscle training in chronic renal failure patients  

			After the interest shown by pulmonologists and cardiologists in the benefits of neuromuscular electrical stimulation to restore the muscle qualities of their patients and help improve their tolerance to exertion, kidney specialists are now showing an interest in the potential offered by the technique for their chronic kidney failure patients. 

			Despite some differences in the genesis of events leading to the decreased muscle performance and impaired functional capacity when exerting, kidney failure patients experience the same symptoms as COPD and heart failure patients. That is an exertion-deconditioning syndrome that disrupts their quality of life and exposes them to cardiovascular complications that, for such patients, represent a crucial factor for their prognosis. 

			The major disruptions to the muscle and protein metabolism linked to the kidney dysfunction are primarily responsible for the harmful effect on the muscle quality of patients with kidney failure. 

			An interesting multi-centre study is being conducted in several hospitals and dialysis clinics in the Western region of France to highlight the benefits obtained after three months of using electrical stimulation by kidney failure patients, at a rate of three weekly stimulation sessions during their haemodialysis sessions. 

			The type of stimulation used is the standard treatment of muscle atrophy (35 Hz - ON/OFF: 6 sec/6 sec), applied as usual on both quadriceps. 
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			Figure 44: Stimulation in chronic renal failure patients

			The results are not yet known but tolerance levels have already proven to be excellent (no patients have abandoned the study). The expected results are an improvement in tolerance to exertion as objectified by a stress test and the 6-minute walk test, increased muscle strength and an improvement in the quality of life shown on the various validated questionnaires.  

			3.CONCLUSION

			Beyond the mere hyperaemic effect, which is correctly attributed to electrotherapy but is not specific to the technique, electrotherapy is able to induce other effects, as detailed in this chapter, and improve very significantly many circulatory disorders. The use of electrical stimulation in deconditioned patients appears to be extremely promising in combating peripheral muscle dysfunction inherent to each underlying condition (COPD, heart failure, kidney failure); it also improves the overall well-being by increasing tolerance to exertion and the quality of life of severely deconditioned patients. 
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			CHAPTER VI

			Electrotherapy and Rehabilitation for Urinary Incontinence

			1. A modern technique for a recent indication 

			Duchenne de Boulogne, one of the pioneers of electrotherapy, appeared to have made the connection between stimulating the pelvic floor muscles and the treatment of urinary incontinence at the end of the 19th century; however, it was only in the 1950s with the research carried out by Kegel, an American gynaecologist, that the first benefits of exercising the pelvic floor muscle post partum were highlighted. This paved the way for the introduction of electrical stimulation for the treatment of urinary incontinence. 

			Twenty years later, after preliminary work on animal subjects, a sensitive electrical stimulation device capable of inhibiting the action of the detrusor muscle was developed in Sweden. 

			In France, at the end of the 1970s Alain Bourcier popularised pelvic-perineal rehabilitation by introducing fairly early on intra-vaginal electrotherapy; however, only prototypes or very expensive devices were developed, which also delivered the rough-and-ready types of current that were specific to that era. 

			It was only in August 1985 with the introduction of the Evin Law in France that pelvic-perineal rehabilitation was added to the skills required from physiotherapists, meaning that this technique is now part of their education. 

			2. Anatomical and physiological features 

			2.1 Functional anatomy     
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			Figure 45: Sagittal section of a female pelvis 

			
					Urine is produced continuously. It is the result of the filtering of blood entering the kidneys through the renal arteries. Urine fills the bladder drip by drip through the ureters, which possess an effective system of anti-reflux valves. 

					The role of the bladder is to transform the continuous flow coming out of the kidney filtering system and to provide temporary storage. The stored contents are then released in a voluntarily and controlled manner after a brief passage through the urethra. 

					The bladder is like a hollow muscle (called the detrusor) whose internal and external walls are mucosal and conjunctival respectively. The volume of the reservoir is around 0.5 L but its size can increase significantly under exceptional circumstances. 

					In common with other organs located in the true pelvic region, the weight of the bladder is supported in its orthostatic position by the soft tissues closing the inferior pelvic floor hiatus, namely the perineum or pelvic floor. 

					The perineum (from the Latin meaning ‘near the route of evacuation’) is composed of aponeuroses and muscles organised in different planes; it is separated from the pelvic cavity by the pelvic diaphragm, which itself is formed by various strands of the levator ani muscle. 

					The urinary or urethral sphincter is a circular muscle located within the urethra; it is composed of smooth fibres controlled by the autonomic nervous system and striated fibres, which can contract voluntarily. 

					Women have three orifices in their pelvic floor. These are, from front to back: the urethra, the vagina and the anus. 

			

			2.2 Filling and urination phases

			The bladder and sphincter are controlled alternatively by the automatic and voluntary systems. This complex system is innervated by three sets of peripheral nerves: orthosympathetic, parasympathetic and somatic under medulla oblongata (D12 -S4) and central control. 

			A normal pattern with average hydration is considered as passing urine 3 to 5 times during the day, with a volume of 300-400 ml and a flow rate of approximately 25 ml/s, and no nocturnal urination.    

			2.2.1 Filling phase 

			This is a long phase; it lasts for several hours and is fully automatic until the filling of the bladder reaches a certain level. 

			During the filling phase, the elasticity of the bladder wall and the relaxation of the detrusor allow the bladder to progressively distend to contain an increasing volume of urine, while the intravesical pressure remains low. 

			When the bladder is half-full, a need to urinate starts to be perceived; this need will become increasingly urgent as the filling continues. The tonic activity of the smooth and striated muscle fibres in the urethral sphincter ensure no leakage occurs, with an increasingly pronounced voluntary participation to control the increase in intravesical pressure. 

			This voluntary activation is accompanied by a synergistic contraction of the perineal muscles whose baroreceptors inhibit the contraction of the detrusor; this is Mahony’s no. 3 reflex (detrusor inhibition reflex) 
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			Figure 46: Mahony’s reflex

			2.2.2 Emptying phase 

			The emptying phase is short; it takes about 30 seconds and is initiated by a voluntary mechanism. 

			When the need to urinate becomes urgent and urination becomes materially possible, the urethral striated sphincter relaxes voluntarily while the smooth muscle fibres of the sphincter relax to allow the urethra to open. The detrusor then contracts under the influence of the parasympathetic nervous system until it is completely empty. 

			Under normal conditions, urination does not require any abdominal effort and may be interrupted and then resume at any time on a voluntary basis, leaving no post-urination residue. 

			Satisfactory urination is defined as urination that is easy, fast, painless and complete. It requires the correct synergy between the bladder and sphincter. 
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			Figure 47: Filling and emptying phases 

			3. Special features of electrical stimulation for the pelvis/perineum

			This article deals only with female urinary incontinence, with the exception of incontinence related to neurological conditions. 

			3.1 Vaginal probe 

			The specific anatomy of the perineal muscles requires an endocavity stimulation that will be performed using a vaginal probe. However, one specific indication (bladder instability) may be achieved through transcutaneous stimulation applied remotely, as described in Chapter 5.3. 

			
					Prescriptions:

					Remember that a vaginal probe is strictly for individual use

					Different types of vaginal probes 

			

			There are several types of probes. The difference is: 

			
					The position of the electrodes (rings or side plates) 

					The surface area of the electrodes 

					The presence or absence of physiological curvature 

					Manufacturers sometimes offer two different lengths 
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			Figure 48: Standard vaginal probes with rings or side strips 

			
					Maintenance of the probe

			

			Carefully clean the vaginal probe before and after each use, preferably using an antibacterial, anti-fungal and antiviral solution for maximum hygiene. Between sessions, always keep the probe in its sealed packaging and only use it on a single patient. 

			
					Placement of the probe

			

			Insert the probe after coating it with a reasonable amount of conductive lubricant gel. 

			The correct positioning of the probe is an important first step that will influence the effectiveness of the treatment. Some probes are fitted with an adjustable collar, which allows you to easily retrieve the correct positioning of the probe at each session. 

			An unpleasant feeling perceived at the level of the retro-pubic or sub-umbilical region is a sign that the probe is inserted too deeply and is coming into contact with the cervix. 

			Conversely, an uncomfortable tingling sensation perceived at the level of the labia majora or periclitoral region indicates that the position of the probe is too external. 

			3.2 Position of the patient 

			The most frequently used position is with the patient in a half-seated position, with their trunk at an angle of around 35°, and a pillow placed under the head to avoid any contraction of the abdominal muscles. 

			In this position, the patient’s legs will be slightly bent from the hip, with the knees bent at a right angle, and the feet hip width apart with a slight exorotation of the hips. 

			It is known that patients presenting with poor (tonicity and/or perineal contractility or who have vulvar laxity will tend to expel the probe, especially during contraction phases. This may require the probe to be held manually in place by either the patient, avoiding all unwanted contractions, or by the physiotherapist, which is fairly restrictive. 

			This tendency to eject the probe during the electrical stimulation is lower with the latest-generation probes that respect the physiological curvature of the vagina. 

			3.3 Variability in the stimulation intensity 

			All therapists who perform pelvic-perineal stimulations have observed that the same patient using a stimulation with identical parameters can reach intensity levels that vary considerably (a difference of once, twice or three times the intensity) and from one session to another, for an experience that is comparable in all other aspects. 

			This phenomenon is caused by two factors: firstly, a variation in tissue impedance ofthe mucosa), meaning that the moisture of the environment will be greater or lower depending on the time of the patient’s menstrual cycle. 

			Secondly, spreading conductive gel on the probe will inevitably cause a partial short-circuit - an effect that is more or less pronounced between the two electrodes. 

			It is therefore important to educate the patient to rely on their own sensations rather than on a number shown on the device. 

			3.4 Specific contraindications 

			
					A pacemaker or implanted defibrillator 

					Pregnancy 

					Menstruation 

					Gynaecological infections 

					Progressive tumour in the pelvic area 

					Electrophobia 

			

			An IUD, even with a copper ring, is not a contraindication when using the present-day non-polarised currents (zero average voltage). 

			4. Electrical stimulation and stress incontinence 

			4.1 Stress incontinence 

			Any hypertension at the level of the abdomen translates into increased pressure on the walls of the bladder and the urinary tract. 

			Under normal conditions, the correct positioning of the bladder neck on the DeLancey musculoaponeurotic belt places the urethra in a good position for the sphincter closing pressure to control the increase in abdominal bladder pressure. 

			If this hammock-like structure releases, there is a potential for the neck of the bladder to collapse and the urethra to become mobile (cervical cystoptosis), causing excessive pressure in the proximal part of the urethra, which the sphincter is not always able to control. 

			4.2 Purpose of stimulation and choice of parameters

			The purpose of this stimulation is twofold: 

			
					Restore the correct tonicity to the perineal muscles to tighten the DeLancey hammock and thereby providing a better position to the cervix/urethra. 

					Strengthen the striated sphincter to ensure a complete occlusion of the urethra in all circumstances, particularly in the event of a sudden increase in bladder pressure. 

			

			In addition, a specific benefit of electrical stimulation now recognised is that it allows the patient to recover the use of muscles over which she had temporarily lost control. This sensory-motor stimulation induces significant sensory feedback, which facilitates the re-training of the motor. 

			These two objectives are aimed at type I slow muscle fibres (perineal tonicity) and type IIb fast fibres (sphincter strength), which justifies the usual choice of a frequency of 50 Hz, with a resting period twice the length of the contraction. 

			A higher frequency of around 75 Hz may be preferred to target strengthening exercises and the speed of contraction, in this case, however, the contractions must not be too long (4 seconds maximum) and the resting period extended to three times the length of the contraction. 

			4.3 Other practicalities 

			
					Electrodes:	using a vaginal probe is the rule except when this is not possible (young age, religion, psychological context, etc.) 
	stimulation carried out with surface electrodes is a possible option, although the efficiency will be lower. The most frequently used placement is to position a small electrode (positive) known as a ‘butterfly’ on the median raphe between vaginal and anal orifices, with a large (negative) electrode on the sacrum. 



					Intensity adjustment: 	As is always the case for a stimulation aimed at restoring muscle quality, the maximum intensity tolerated by the patient should be used, though always remaining below the pain threshold. 



					Associated exercises:	Voluntary co-contractions are usually requested from the patient 
	This superimposition of two modes of contraction will take place as soon the patient’s condition allows and complying with a standard rate of progression taught by the therapist (1 contraction out of 4, then out of 3, then out of 2, etc.) 



					Duration and frequency of sessions: 	Between 20 and 30 minutes 
	3 sessions per week 
	For 4 to 6 weeks 



			

			5. Electrical stimulation and bladder instability or urge incontinence 

			5.1 The conditions 

			Patients often perceive this condition as being more distressing, as leaks can occur completely unpredictably and the volumes can be significant. 

			Bladder instability is defined as untimely detrusor contractions during the filling phase. 

			The major clinical sign is a pressing need to urinate that can only be controlled for a few seconds and results in leakage, which can frequently be abundant when the patient is not materially able to empty her bladder in a controlled manner. 

			Leakage can occur at any time of the day or night. 

			5.2 Purpose of stimulation and choice of parameters 

			The aim of electrical stimulation in these cases is to activate the Mahony reflex no. 3 (or the detrusor inhibition reflex). For this, the sensory/motor stimulation must induce a low strength activity to the perineal muscle structures. 

			A frequency of around 10 Hz is conventionally used for this indication. Up to 10 Hz, the frequency is too low to cause a tetanisation of the muscle fibres and the muscle response will consist of a succession of twitches which does not induce (or hardly induces) any muscle fatigue and therefore allows the stimulation to occur in continuous mode. 

			If a slightly higher frequency is used (but never more than 20 Hz) stimulation causes a partial tetanic contraction that can lead to unwanted muscle fatigue. To avoid this undesirable situation, the stimulation will be provided in intermittent mode, with the stimulation lasting for at least 15 seconds, followed by an OFF period of the same length or a little longer. 

			5.3 Other practicalities 

			
					Electrodes:	As for treatment of stress incontinence, a vaginal probe can be used in the absence of the usual exceptions (young age, religion, psychological context, etc.) 
	Stimulation at the level of the sacral roots is also sometimes proposed, but is only effective with electrodes implanted at the level of S3 and by chronic stimulation. 
	Unilateral stimulation of the tibial nerve (from the internal popliteal sciatic nerve) which stems out of the L4-L5-S1-S2 and S3 roots, also called neuromodulation, can also inhibit the contraction of the detrusor by changing the integration of afferent and efferent responses at the level of the sacral micturition centres. 



					For this type of stimulation, two small sized electrodes (5 x 5 cm or Ø = 5 cm) will be used. The first is placed just above the internal malleolus. The second is placed the width of approximately four fingers above the first electrode. 
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			Figure 49: Stimulation of the tibial nerve - Neuromodulation

			
					Intensity adjustment:	Stimulation in this case is not intended for strengthening; consequently, the intensity does not need to be increased to a high level. The aim is for the patient to perceive a well-pronounced and comfortable sensation that is often similar to a kind of vibration.



					Associated exercises:	Even if it is still possible to ask the patient to perform voluntary co-contractions, the mechanism of action of this type of stimulation, which is essentially sensory, does not require any associated exercises. 



					Duration and frequency of sessions: 	Between 20 and 30 minutes 
	3 sessions per week 
	For 4 to 8 weeks. In some cases, depending on the conditions that cause the problem, the sessions will need to be repeated at a schedule that will depend on the case. 



			

			6. Electrical stimulation and mixed incontinence 

			6.1 The condition 

			Mixed incontinence combines stress incontinence and bladder instability. 

			Leakage can involve low volumes and occur during an episode of sudden hypertension at the level of the abdomen (coughing, laughing, lifting a load, etc.). It can also involve larger volumes and occur unexpectedly after a compelling and sudden need that is uncontrollable. 

			It is estimated that mixed incontinence represents approximately 25% of all urinary incontinence in women. 

			6.2 Purpose of stimulation and choice of parameters 

			As the stimulation goals and methods are different for the treatment of stress incontinence versus bladder instability, the treatment of mixed incontinence by electrical stimulation can be carried out in two ways: 

			
					By applying the two types of treatment alternatively, having four sessions a week with two sessions using each method 

					By using a mixed stimulation, which is possible with some devices. When using an alternating stimulation, the following rhythm applies: 	A short contraction phase (4 to 10 sec) at a frequency of 50-75 Hz 
	A long sensory-motor stimulation phase, at a frequency of around 10 Hz 



			

			Although described as mixed, one type of incontinence can sometimes dominate significantly over the other type. When this is this case, the therapist may prefer to use electrical stimulation tailored to the patient’s actual symptoms. 

			6.3 Other practicalities

			When the stimulation involves the alternation of the two stimulation methods, the choice of electrodes and the intensity settings will be the same as the description given in chapters 4.3 and 5.3 

			When the treatment is performed using a mixed stimulation, the following practical rules apply: 

			
					Electrodes :	Mixed stimulation is only performed effectively using a vaginal probe



					Intensity adjustment 	It is important to set the intensity separately during the contraction phase and the sensory-motor stimulation phase	Use the maximum intensity during the contraction phase; however, the stimulation must remain comfortable
	Adjust the intensity to allow the patient to perceive well-pronounced but painless tingling sensations and/or vibrations during the low-frequency phase. 





			

			7. Electrical stimulation and post-partum rehabilitation

			Electrical stimulation in a post-partum context should only be considered under certain conditions: 

			
					After a period of 6 to 8 weeks 

					No peripheral nerve injuries 

			

			The stimulation will use similar or equivalent settings as those used for stress incontinence: 50 Hz, contraction of 5 seconds, then a rest for 10 seconds. 

			The goal is to restore proper pelvic floor/sphincter tone and, in particular, to enable the young mother to regain control over her pelvic floor, as this is an essential step to recovering the correct coordination between the abdomen, bladder and sphincter. 

			8. CONCLUSION

			In common with its other indications, electrical stimulation applied in the context of urinary incontinence requires a good understanding of the pathophysiological mechanisms inherent to such conditions. Two specific methods are available for treating these kinds of urinary conditions, requiring different practical rules that the physiotherapist must know and apply. As is always the case, electrotherapy is only a supplementary procedure on top of other rehabilitation techniques used by the physiotherapist. 
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			CHAPTER VII

			Electrotherapy for Denervated Muscles

			The application of an electrical current to the environment of a muscle devoid of peripheral nerve control is probably one of the trickiest areas of electrotherapy. This is primarily for historical reasons, since for many years the proponents and opponents of this kind of therapy sometimes clashed vigorously during fairly sterile debates on the issue, given the lack of any real scientific evidence. It could also be down to a lack of understanding of both the pathophysiology of peripheral nerve damage as well as the basic principles of electrotherapy. Before presenting the different options available for treating denervated muscles using electrotherapy, it is essential to examine the benefits to be gained from stimulating a denervated muscle.

			1. Summary of the physiological processes of traumatic denervation and nerve regeneration

			Seddon proposed the simplest grading system for traumatic nerve injuries and classified them into: 

			Neurapraxia

			This condition usually corresponds to a mild nerve compression and does not have an impact on the continuity of the axon or its sheaths. It consists of an extremely localised demyelination between two or more nodes of Ranvier resulting in a conduction block. The prognosis for neurapraxia is favourable as long as the compression disappears within a reasonable time. The usual recovery time is 6 to 8 weeks and corresponds to the time required to repair the myelin sheath. 

			What is referred to in the English-speaking world as “Saturday-night palsy”, or “honeymoon palsy”, is an excellent illustration of radial nerve neurapraxia; in this case the patient suffers a paralysis after supporting their partner’s head on their arm for a prolonged period. 

			Axonotmesis

			This is a disruption of the nerve cell axon; however, the axon sheath and endoneurial tubes remain intact. It also sometimes results from a prolonged compression. 

			The distal section of the axon degenerates quickly over the course of just a few days (Wallerian degeneration). Almost immediately axonal regeneration will start from the proximal bud, at an average rate of 1 mm per day. The prognosis is generally good, since the risk of misdirection is not normally an issue when functional endoneurial tubes remain in place. The recovery time will depend principally on the extent of the initial injury and the re-growth distance. 

			Neurotmesis 

			According to Seddon’s classification system, neurotmesis involves a disruption to all nerve components, sometimes with associated losses of substance. 

			The distal end of the nerve breaks down (Wallerian degeneration) and axonal regeneration will occur but generally without a satisfactory functional outcome since, in the absence of a sheath, the axon will be misdirected and use either the neighbouring sheaths or become tangled up like a ball of wool to form a neuroma. 

			Surgery can transform a neurotmesis into an axonotmesis whose functional prognosis is much better. 

			Sunderland proposes another classification that divides these nerve injuries into intermediate stages depending on the extent of damage to the different sheaths (endoneurium, perineurium, epineurium). However, all authors recognise the almost constant mosaic-like injury to the same nerve, i.e. these are injuries in which various anatomical lesions coexist to varying degrees. 

			2. Influence of electricity on nerve regeneration 

			2.1 Study results 

			Many studies have sought to determine whether the application of a stimulating current was beneficial to promoting nerve re-growth or was actually harmful by inhibiting or slowing down the regeneration process. 

			However, the stimulation parameters used in the various studies differed considerably. In fact, some studies stimulated the muscle fibres by means of long duration pulses at very low frequencies, while others stimulated the nerve using very short pulses at tetanising frequencies. 

			In addition, the human populations studied rarely or never presented with homogeneous nerve damage (axonotmesis, neurapraxia, etc.). 

			The published results are inevitably heterogeneous, sometimes indicating a tendency to improve re-growth while, in contrast, other studies concluded that this kind of stimulation was ineffective or even had a detrimental effect on the re-growth mechanisms. 

			A recent review of the literature (T. Gordon, 2009) highlighted a fairly positive effect of electrotherapy. However, what are the real issues involved? 

			2.2 Interesting questions 

			Stimulation of muscle fibres  

			When muscle fibres are stimulated directly, the electrical pulse triggers an action potential which travels along the muscle fibres until reaching the T-tubules. The pulse never reaches the motor neurons, which in the case of denervated motor units never reach the motor endplate. Under such conditions it is unclear how a stimulation of this kind would affect nerve regeneration in one way or another.  
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			Figure 50a: Stimulation of a muscle 

			Nerve stimulation downstream from the injury 

			In terms of the stimulation of the motor nerve, it is worth restating, firstly, that the nerve does not transmit the electrical pulse to the muscle; the electrical pulse only triggers an action potential which is identical in all ways to the one initiated by a voluntary command (+30 mV). The electrical pulse does not therefore spread beyond its application point. When stimulation occurs close to the motor point (as is the rule for neurostimulation), the action of the electrical pulse will occur downstream from the nerve stump. Once again in this situation, it is hard to conceive that it would have any effect on re-growth.   
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			Figure 50b: Stimulation of the nerve upstream from the injury

			Nerve stimulation upstream from the injury 

			When motor neurons are stimulated at the level of the nerve trunk upstream from the injury, healthy motor neurons are able to transmit the electrically induced action potentials up to the muscle fibres they command. The resulting motor response obtained can only originate from the innervated part of the muscle. As for the ‘amputated’ motor neurons, the electrical pulse will trigger an action potential that spreads up to the nerve stump where it comes to a dead end. The question remaining is to determine the extent of any beneficial effect of these nerve inflows on the nerve re-growth process. We still do not know whether the effect is to speed up, slow down or prevent the re-growth. These same issues also apply to voluntary contractions, as when a patient attempts to contract the denervated muscle this will activate its nerve command, whose action potential reaches the end of the amputated axon in the same way. It still remains unclear whether rehabilitation exercises consisting of voluntary solicitations of a denervated muscle should not be performed since they inhibit nerve regeneration.   
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			Figure 50c: Stimulation of the nerve downstream from the injury

			2.3 Purpose of the stimulation 

			In view of the current lack of scientific evidence demonstrating either a positive or an adverse effect of muscle stimulation on the quality and speed of motor recovery following peripheral nerve injury, it seems advisable to conclude that this technique is not able to influence nerve re-growth. 

			However, the stimulation of the denervated muscle fibres is the only way to impose a mechanical activity on muscles deprived of peripheral commands. 

			On the one hand, this electrically induced muscle activity will contribute to maintaining an acceptable trophic status, in combination with other rehabilitation techniques (such as passive mobilisation, massages, heat, etc.); while, on the other, it will help limit muscle atrophy and maintain the contractility of muscle fibres. 

			Sclerosis of the muscles, which corresponds to the irreversible loss of contractile units (sarcomeres) appears on average between 12 and 18 months after a muscle is no longer used. It is always a catastrophic situation that compromises the functional outcome of a muscle even when positive nerve regeneration occurs after a delay. The purpose of electrotherapy for denervated muscles is therefore to reduce muscle atrophy and maintain contractility to promote a good functional recovery when the outcome of nerve regeneration is positive. 

			3. Electrophysiology of nerves and muscles

			Despite being the only excitable structures able to reverse the electrical potential of their membrane and then propagate this signal, or action potential, along their structure, the excitation properties of nerves and muscles differ considerably.  
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			Figure 51: l/t curves of the nerve (in black) and muscle (in red)  

			The stimulus required to trigger an action potential in a muscle fibre is considerably higher than the stimulus required to trigger the same phenomenon in a nerve fibre. 

			In terms of an electrical pulse, the quantity of electrical charges required to excite a muscle fibre is therefore several hundred times greater than the charge required to excite a nerve fibre. This requirement means that much longer duration pulses are required to stimulate a muscle than those required to stimulate a nerve. 

			3.1 Neurostimulation pulses cannot excite muscle fibres

			For nerve stimulation, average pulse durations of 200 µs (0.2 ms) are commonly used  for pain relief electrotherapy and neuromuscular stimulation (between 30 and 400 µs). 

			Such short durations are ideal for stimulating different nerve fibres while ensuring optimal comfort levels and effectiveness; however, the muscle fibres cannot be stimulated directly. 
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			Figure 52: Failure of neurostimulation pulses to stimulate muscles  

			Anaesthetists are well aware of this phenomenon as they use nerve stimulation to assess the effectiveness of curarization or its reversal. Curare, which is commonly used in anaesthesia, triggers a “reversible therapeutic paralysis” by temporarily blocking the synapses. An absence of muscle response to a nerve stimulation test demonstrates an effective curarization, while a muscular response indicates that the curare is not or is no longer effective. 

			The l/T curves of a nerve and muscle also clearly show that the use of a rectangular long-duration pulse (tens of ms) can be used to stimulate muscle fibre, but this is inevitably accompanied by the stimulation of motor neurons. Consequently, it is never possible to determine the respective contribution of the nerve stimulation and muscle stimulation to the mechanical response obtained.  

			
				
					[image: ]
				

			

			Figure 53: a rectangular long-duration pulse also stimulates the innervated part of the muscle 

			3.2 Pulses required to stimulate muscle fibres directly 

			3.2.1 Totally denervated muscles 

			When the denervation is total, the denervated muscle fibres are stimulated using a rectangular long-duration pulse. 

			The optimal pulse duration is the length equivalent or close to the chronaxie. This time can be evaluated using an electrotherapy device with a “manual” mode allowing the user to select pulse durations ranging between 5 ms and 1 second. 

			After selecting the maximum pulse duration, apply the stimulation to the fleshy part of the muscle and gradually increase the intensity. The first muscle response is obtained when the rheobase is reached. After this, select a pulse duration of a few tens of milliseconds and increase the intensity up to twice the rheobase. When the muscle responds, repeat the action by reducing the pulse duration by 5 or 10 ms. If there is no response, use a pulse with a longer duration. 

			Another method is to use a 100 ms pulse duration considered to be the “average” chronaxie of denervated muscle fibres. 

			3.2.2  Partially denervated muscles 

			While a rectangular long-duration pulse is sufficient to stimulate the muscle fibres of a completely denervated muscle, this is not the case for partial denervation. 

			In fact, as seen in Chapter 3.1, a rectangular pulse also stimulates (and first of all) healthy motor units. 

			It is worth taking advantage of a physiological phenomenon called accommodation, which occurs when an electrical current is installed gradually rather than instantaneously as is the case with a rectangular pulse. This event consists of a leak or an elevation of the excitation threshold, the rheobase. This phenomenon occurs rapidly for nerve fibres (20 to 30 ms); it occurs later for muscle fibres (between 100 and 300 ms). 

			Figure 54 shows that a triangular pulse with an appropriate slope helps stimulate the denervated muscle fibres without first exciting the intact motor neurons or the still innervated muscle fibres. 
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			Figure 54: selective stimulation of denervated fibres using a triangular pulse 

			Determining an appropriate slope is essential, since an inadequate slope will not allow any stimulation, while an excessively steep slope means that the innervated structures will be reached first of all. 

			Some devices are fitted with an automatic slope detection mode which is obtained using an automatic increase in intensity (+ 0.5 mA after each pulse), with a fixed pulse duration (100 ms). The physiotherapist must then monitor the first incidence of a motor response that occurs when the denervated part of the muscle is stimulated, and then save this data by pressing a button on the device. 

			3.2.3 Other features of stimulation currents for denervated muscles 

			
					Balanced pulses 

			

			To prevent the accumulation of electrical particles in the tissues (polarisation phenomenon) it is customary to reverse the direction of the current: a first phase with a determined polarity will be followed immediately by a second phase perfectly symmetrical but of opposite polarity. This is common practice with modern neurostimulation currents (symmetrical biphasic compensated pulses). 

			As a result of the very long duration (≈ 100 ms) of the triangular or rectangular pulses used to stimulate denervated muscle fibres and in order not to double this duration and further increase the discomfort of such treatments, the use of monophasic alternating pulses is preferred to obtain a zero average electrical current. These currents can then be used near metal implants. 
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			Figure 55: biphasic compensated pulse and balanced current  

			
					Very low frequency 

			

			A common characteristic of a denervated muscle is high fatigability which results in the gradual weakening of its mechanical response to electrical stimulation. 

			A very low frequency such as 0.5 Hz, that is to say one pulse every two seconds, helps limit fatigue. If, despite this very low frequency, the motor response diminishes (as sometimes occurs with very long-standing cases of denervation), it may be wise to space the pulses even further apart, that is to select a stimulation mode consisting of 1 pulse every 4 or 5 seconds, or possibly spaced even further apart when this is an option on some high-quality devices. 

			
					Duration of sessions 

			

			Probably as a consequence of the extreme fatigability of denervated muscles, it was long considered that a given number of motor responses (4, 6 or 10 depending on the author) should not be exceeded, and the opposite to fatigue - namely rest - was the cornerstone of many therapeutic approaches. We now prefer longer treatments, lasting around eight minutes but with very low frequencies, to impose a very low work rate but one that is nevertheless adequate to achieve the desired effects. 

			4. Practical user guidelines for the stimulation of denervated muscles 

			4.1 Choice and placement of electrodes

			A former custom, specifically for the treatment of denervated muscles (and still used today) was to use a stylet-type instrument to perform punctiform stimulation. This seems very odd, as the aim of such stimulation is either to search for a localised area to obtain a mechanical muscle response - this is the motor point corresponding to the motor endplate - or to stimulate individual muscle fibres subject to the essential condition of having a long enough pulse duration. 

			However, the motor endplate (motor point) no longer exists for denervated motor units. If there is a response, it can only come from the innervated part of the muscle, and this reflects a partial injury. 

			The individual stimulation of muscle fibres is not really worthwhile as its sole purpose it to extend an unpleasant therapy just a little longer. 

			The recommended approach is now to place two flexible silicone electrodes coated with conductive gel on the fleshy part of the muscle, ensuring the electrodes cover the largest possible surface area of the muscle.  
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			Figure 56: placement of electrodes for the stimulation of the denervated muscle fibres 

			The benefit of silicone electrodes is 1) they are frequently sold by the metre, which allows to cut them to the proper size and, 2) they are more conductive when coated with a sufficiently thick layer of gel. This is an important point, as the trophic skin disorders that accompany long-standing denervations change the electrical resistance of the skin, which can reach high values and thus exceed the tolerance limits of the usual adhesive electrodes. 

			Silicone electrodes are held in place using medical adhesive or a light dressing. 

			4 .2 Adjustment of intensities 

			For the same reasons as those applicable to the stimulation of a normally innervated muscle, the intensity determining directly the spatial recruitment is to be increased gradually throughout the session but should still remain tolerable for the patient. 

			This is essential to try to recruit the largest number of muscle fibres in the deep muscle. 

			Remember, it is the high quantity of electrical charges administered with each pulse (and necessary to reach the threshold of excitation of the muscle fibre) that is responsible for the discomfort of the treatment. Patients often perceive the treatment as painful when they have no associated hypoesthesia. 

			For patients who have severe sensitivity disorders, it is recommended stimulating the healthy side up to the limit of the tolerable threshold first of all, and then gradually applying the same level of intensity to the injured side. 

			For the stimulation of partially denervated muscles, triangular pulses should be used, making sure to determine, as mentioned earlier, the appropriate slope to avoid stimulating the healthy motor units. 

			If the intensity is increased beyond the appropriate level for obtaining a correct slope, the slope will become straighter and the pulse may reach innervated structures. It is therefore necessary to have a device that is able to remember and store the correct slope, and then lengthen the duration of the pulse whenever the intensity increases.  

			4.3 Frequency of sessions 

			The purpose of electrotherapy sessions is to preserve muscle trophicity and contractility of the denervated motor units. A result that is only achievable with very regular sessions, even daily whenever possible. 

			In some countries like Switzerland, patients are able to rent an electrotherapy unit to treat denervated muscles. After receiving training from a physiotherapist, they then undergo two sessions daily. The recommendation is to carry out one session in the morning and one in the evening. 

			5. Usual clinical approach 

			Before determining the type of stimulation suitable for a patient who has suffered a peripheral neurological injury, it is essential to “classify” the injury or condition into one of the following four situations: 

			
					Total denervation with hope of recovery 

					Partial denervation with hope of recovery 

					Total denervation outside of the recovery period 

					Partial denervation outside of the recovery period 

			

			There is no real consensus about the period during which recovery is possible, although the theoretical time is fairly easy to evaluate. Calculate the re-growth distance, i.e. the distance between the level of the injury and the muscle’s motor endplate, then divide this distance in centimetres by 3, which corresponds to the average monthly rate or nerve re-growth (1 mm per day, or 3 cm per month). 

			For example, damage to the radial nerve as a result of a fracture to the middle of the humeral diaphysis affects the nerve at a distance of about 20 cm from the motor points of the epicondyle muscles. The theoretical time for reinnervation is therefore 

			20 ÷ 3 = 6 to 7 months. 

			This obviously refers to growth in a straight line and occurring at an average rate. It is always prudent to extend this theoretical period, as all therapists have had cases that have sometimes recovered very late and well past the theoretic times given above!

			The nature of the initial injury or condition is also an important element when evaluating the length of time required to achieve a reasonable recovery. 

			5.1 Total denervation with hope of recovery 

			In this case, the denervated muscles must be stimulated using long rectangular pulses. 

			The goal is to maintain the best possible trophicity and the contractility properties of the denervated muscles while waiting for a favourable outcome. 

			Regularly reassess the motor capabilities as, if the condition is moving in the right direction, some motor units may have recovered and the patient will become a case of partial denervation. 

			5.2 Partial denervation with hope of recovery 

			The analytical stimulation of denervated fibres requires the use of triangular pulses whose slope needs to be determined and maintained at a fixed level throughout each session. 

			The goals are identical to those used for total denervation: maintaining trophicity and contractility until achieving a recovery that is as complete as possible. 

			The innervated part of the muscle may also benefit from working by the means of electrical stimulation, which will be carried out using the standard neurostimulation programme for the treatment of muscle atrophy. 

			5.3 Total denervation outside of the recovery period 

			This situation, which is not the best for the patient, is the easiest for the therapist, since no electrotherapy with an excitation/motor purpose is required. 

			In fact, the race to maintain an acceptable and above all long-term trophicity is lost in advance, as the muscle will not recover its innervation. 

			Other techniques can sometimes be put in place, including attempting to develop replacement techniques; however, this issue goes beyond the remit of this chapter. 

			5.4 Partial denervation outside of the recovery period

			The muscle in this case has some functional motor units: the innervated part, but also another part that has irreversibly lost its function, the denervated part. 

			Naturally, the greater the denervated part the more severe the functional impairment will be. 

			Faced with this situation, an interesting strategy could consist of developing the healthy part of the muscle as fully as possible, in order to create what some call a compensatory hypertrophy. This will be achieved using the standard programmes used to treat muscle atrophy and then through strengthening. 

			For this strategy to achieve significant gains, the innervated part to be developed must consist of more than just a few rare motor units. A test score of two is the minimum threshold for starting this type of therapy. 

			CONCLUSION

			The impact of electrotherapy for denervated muscles on the improvement of nerve regeneration mechanisms has not been clearly established. However, it remains the only technique capable of maintaining the contractility of muscle fibres devoid of any command mechanism; consequently, it is able to preserve functional muscle mass during the often lengthy periods required for axonal regeneration. 
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			CHAPTER VIII

			Electrotherapy and Iontophoresis

			Although in some countries such as the Netherlands, Italy and Great Britain iontophoresis is included among the therapeutic practices commonly used in rehabilitation, this therapy is now used less frequently in France along with a number of other countries, and is probably the victim of bad habits in the past. For many years the use iontophoresis was problematic due to a lack of control over the electrical current- used here simply as a vector to facilitate the penetration of an ionised medicinal produc - which caused fairly severe burns. In addition, highly debatable therapeutic effects and poor compliance with the rules of good practice further compounded the shortcomings of the technique. In this particular area - and this is probably more relevant than with any other indication for electrotherapy - the use of iontophoresis therapy must respect strict rules to ensure an effective migration of ions, while also limiting the risk of electrochemical burns to virtually zero.

			1. Introduction: Leduc’s experiment (1907)

			Although the theory relating to the movement of ions through the use of an electrical current had already been mentioned in the nineteenth century by a few prominent physiologists (including Fabre-Palaprat, Ersch, Munck, etc.) it was a French doctor from Nantes, Stéphane Leduc, who in 1907 conducted his famous (albeit cruel for the rabbits concerned) experiment. He indisputably demonstrated that an electrical current was able to push certain substances across the skin barrier. These substances would then spread through the rest of the body causing systemic effects. 

			Leduc’s experiment used strychnine (strychnine sulphate, ion+) and cyanide (potassium cyanide, ion-). The doses were calculated to cause seizures, for the strychnine, and death, for the cyanide. 

			Two rabbits were connected together in the same electrical circuit using direct/ galvanic current. However, the direction of the current could be reversed. 
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			Figure 57: Leduc’s experiment 

			In the first part of the experiment, the direction of the current meant that the positive ions of the strychnine were on the negative electrode positioned on rabbit A, while the negative ions of the cyanide were on the positive electrode positioned on the rabbit B. As long as the rabbits were connected to electrodes of opposite polarities, the strychnine and cyanide ions did not penetrate into their bodies and neither animal was harmed. 

			The second part of the experiment reversed the direction of the current. This meant that strychnine entered into the body of rabbit A causing convulsions, while cyanide was administered to rabbit B, killing it. 

			Leduc thereby demonstrated the properties of the ionic transfer using electricity, well before more recent studies using radioactive markers. 

			2. Direct and constant current!

			2.1 Definition 

			Still known as galvanic current, direct current is a one-way current corresponding to an uninterrupted flow of electrical charges. The flow of electrical current (intensity) is constant, except when the resistance the current encounters varies. 

			The graphic representation of a direct/galvanic current is very simple as it shows a straight line running parallel to the x-axis representing time. 
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			Figure 58: Direct/galvanic current 

			A first essential point is having an electrotherapy device that maintains a truly constant intensity throughout the treatment. Older colleagues probably remember the earlier devices fitted with a needle to indicate the intensity level which rose constantly throughout the treatment (due to a lowering in tissue resistance), something to be avoided at all cost; and you were forced to stand next to the machine with your eyes glued to the dial, continuously reducing the intensity during the entire session. This meant that any absence, however short, could result in the patient suffering burns due to the untimely increase in intensity during the treatment. 

			Modern devices now generate direct current able to vary the voltage to ensure a constant intensity regardless of changes in tissue resistance.  
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						Dial displaying the intensity and its variations - device from the 1960s 
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						Digital display of the intensity remaining constant at around 0.25 mA - present-day device 

					

				

			

			Figure 59: Evolution of iontophoresis devices 

			2.2 Specific contraindications to direct current and iontophoresis 

			In addition to the general contraindications of electrotherapy, namely having a pacemaker or an implanted cardiac defibrillator, there are specific contraindications for direct current and iontophoresis: 

			
					The presence of a metallic implant of any kind, materials associated with osteosynthesis or prostheses, stents, catheters, etc. 

			

			Placed in an electrical field, i.e. between or near electrodes, metal implants can store large amounts of energy that causes tissue damage. Moreover, a phenomenon of electrolysis may also occur resulting in erosion of the metallic material. It is therefore forbidden to perform an iontophoresis therapy near any metallic implant. 

			
					Allergy or contraindication to the drug 

			

			On condition that the rules of use are respected, iontophoresis therapy allows a medicinal solution to effectively enter into the body. Always check that the patient has no contraindication to the drug being used. 

			For patients with allergies (asthma, eczema, food allergy, etc.), it is recommended to take great care during the first session by conducting a short test lasting two or three minutes on a region with very thin skin such as the inside of the forearm, for example. Use electrodes with a small surface area and a low electrical density, around 0.02 mA/cm2. If following this test the patient presents with a skin reaction such as a rash, itching or swelling, especially when the reaction is greater under the active electrode, it is best not to proceed with the treatment. 

			
					Scars and micro-cuts on the skin 

			

			An electrical current will always travel to the places where it encounters the least resistance. For this reason, always apply electrotherapy electrodes, regardless of the indication, on healthy skin. 

			For iontophoresis, this precaution is to be respected more rigorously for two specific reasons: 

			
					The drug ions cross the skin barrier mainly penetrating into the sweat glands that are absent from scar tissue 

					Electrical density can increase dramatically if the skin has a gap into which all the current will surge  

			

			2.3 Other effects of direct current 

			2.3.1 Thermal effect 

			Unlike the pulsed currents that now use biphasic rectangular pulses, and which are compensated symmetrically, meaning all polarisation phenomena is avoided by obtaining a zero average current; direct current is, by definition, polarised, meaning that one part of the electricity gradually accumulates in the tissues it passes through. This accumulation of electrons will cause friction and clashes This accumulation of electrons will cause friction and clashes between the electrons and the material in the different tissues, causing the temperature to rise. 

			This rise in temperature is difficult to control. It depends on the duration of application, the intensity of the current, but also on the quality of the patient’s skin, and can easily lead to an electrical burn, if it is very high. This is probably the reason why direct current is not used much today for its thermal effect, as other safer techniques are available producing similar results. 

			2.3.2 Chemical effect: alkaline and acid reactions 

			The classic experiment showing the electrolysis of brine, (i.e. an aqueous solution containing Na+ and Cl- ions) shows how passing a direct current in the solution leads, firstly, to the accumulation of chlorine (Cl) at the level of the anode (electrode +) and Sodium (Na+) at the level of the cathode (electrode-). 
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			Figure 60: Electrolysis of brine 

			Secondly, the following reactions will occur: 

			 At the level of the anode: 

				4 Cl- + 2 H2O  4 HCl + O2

			 At the level of the cathode:  

				2 Na+ +  2 H2O  2 NaOH + H2

			These chemical reactions are crucially important; they inevitably occur during any iontophoresis treatment as living tissue contains salt. The consequences of such reactions are: 

			 An alkaline reaction at the cathode (-): an accumulation of sodium 

			 An acid reaction at the anode (+): an accumulation of hydrochloric acid 

			Warning: take great care with the alkaline reaction occurring under the negative electrode, as an accumulation of sodium can cause chemical burns. 

			2.3.3 Other polar effects 

			Polar effects occur specifically at one of the two poles in the circuit, i.e. under only one of the two electrodes. 

			 At the level of the anode (electrode +): 

			
					Decreased nerve excitability (through membrane hyperpolarisation) 

					Increase in tissue density, particularly in protein-rich tissue, through a reduction in the water content (sclerotic effect)

			

			 At the level of the cathode (electrode -): 

			
					Increased nerve excitability  

					Decreased tissue density by increasing the water content (dissolution or softening effect) 

			

			2.3.4 Galvanic bath

			Although not discussed in this article, the treatment of palmar or plantar hyperhidrosis is a specific indication of direct current. The principle consists of passing a direct current into one or two basins of water in which the patients places their hands or feet. The mechanism of action remains unclear, although various hypotheses have been suggested. Nevertheless, the results are very positive and patients achieve a skin dryness that lasts for several weeks to several months. 

			2.3.5 Electrical density 

			The efficiency of both the ion transfer and also the risk of electrochemical burning are directly linked to the intensity of the current and the duration of the treatment. 

			In terms of the intensity, the surface area of the electrodes also needs to be taken into account. In fact, a current with the same intensity, for example 5 mA, applied with electrodes of 2 cm2 or 10 cm2 produces a very different flow of electrical charges. The flow is five (5x) times greater with small surface area electrodes, and the risk of suffering a burn at the same intensity is therefore significantly higher. 

			Consequently, it is the electrical density that needs to be considered, and the recommended average value is 0.05 mA /cm2. To avoid the sometimes complex calculations (round or oval shaped electrodes) required to determine the surface areas of electrodes, which then needs to be multiplied by 0.05 to obtain the correct intensity of the treatment, some modern devices apply the appropriate intensity directly, according to the electrodes selected by the therapist. It is now easy to avoid a common cause of burning (too high intensity). 

			3. Practical user guidelines 

			To ensure an efficient ion transfer, a number of practical rules of use must be strictly observed. These rules relate to: the product used, the electrodes, the patient and the duration of treatment. 

			3.1 Preparation of the medicinal solution 

			3.1.1 Ionised substance with a known polarity 

			It is of course obvious that the active molecule of the product used must be composed of ions, which is an uncommon chemical characteristic. Most pharmaceutical products do not contain ions and although this does not prevent them from being effective for other routes of administration, they are not suitable for iontophoresis. 

			Another requirement is to ascertain the polarity of the product in order to place it on the appropriate electrode (i.e. with the same polarity). 

			In France, this information is no longer readily available and it is now absent from the Vidal medical dictionary. Figure 62 shows a non-exhaustive table with the most frequently used pharmaceutical specialties. A pharmacist can also provide accurate information on a specific medicinal product. 

			
				
					
						
							
							
							
							
						
						
							
									
									Substance

								
									
									Polarity

								
									
									Solution

								
									
									Ownership 

								
							

							
									
									Acetic acid 

								
									
									-

								
									
									2%

								
									
									Dissolution of calcium deposits 

								
							

							
									
									Calcium chloride 

								
									
									+

								
									
									1 to 2% 

								
									
									Analgesic 

									Recalcification 

								
							

							
									
									Potassium iodide 

								
									
									-

								
									
									1%

								
									
									Dissolution of sclerosis

								
							

							
									
									Ketoprofen 

								
									
									-

								
									
									1 to 2,5%

								
									
									NSAID 

								
							

							
									
									Diclofenac 

								
									
									-

								
									
									1 to 2,5%

								
									
									NSAID 

								
							

							
									
									Sodium salicylate 

								
									
									-

								
									
									2%

								
									
									NSAID 

								
							

							
									
									Dexamethasone 

								
									
									+

								
									
									0,08%

								
									
									S.A.I 

								
							

							
									
									Betamethasone 

								
									
									-

								
									
									0,08%

								
									
									S.A.I 

								
							

							
									
									Hydrocortisone

								
									
									+

								
									
									0,5% (acetate)

									1% (succinate)

								
									
									S.A.I 

								
							

							
									
									Lidocaine 

								
									
									+

								
									
									1 to 2%

								
									
									Local anaesthetic 

								
							

						
					

				

			

			Figure 61: Table of ionisable substances 

			3.1.2 Solution with distilled water 

			Ions are water-soluble and the majority of ionisable products need to be dissolved in distilled water at a concentration of 1 or 2% according to the product. Never use tap water to make up the solution as it is also rich in ions, which then would compete with the ions in the drug. 

			3.1.3 pH

			Some products interact with the pH of the environment, either by changing their polarity according to the acid/base balance of the skin (amphoteric substances) or by changing the pH of the skin, which then becomes more permeable for ions with a fixed polarity (ions- if pH <3; ions+ when pH> 4). It is of course difficult to take into account this kind of chemical singularity unless avoiding products with such properties. Note: some electrodes now exist allowing a stable pH to be maintained by “buffering” any excess acid or base in the skin during treatment. 

			3.2 Preparation of electrodes 

			3.2.1 Choice of electrodes 

			Use special electrodes for iontophoresis as their surface must absorb and spread the therapeutic solution evenly. They are no longer, as once was the case, household sponges but resemble a sort of glove with one side made out of shammy leather, and the whole thing is placed over silicone electrodes. 
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			Figure 62: Special electrodes for iontophoresis  

			3.2.2 Clean and dry electrodes 

			Before spreading the medicinal solution on the electrode (qualified as active), ensure that both electrodes are clean and, in particular, free from any residue of the active product used during the previous treatment. Thoroughly rinse the two electrodes with tap water, and then wash the active electrode with distilled water (to avoid the presence of crystallised ions from the tap water). Dry the active electrode before applying the solution to ensure it does not change the concentration of the drug. 

			3.2.3 Active vs. inactive electrodes 

			Pour the solution gently over the entire surface of the active electrode. Then cover the inactive electrode with tap water (not distilled water which does not conduct the current) in the same way. 

			3.2.4 Placement of electrodes 

			Place the active electrode on the treatment area, e.g. on the most painful point or the centre of the joint. Preferably place the inactive electrode in an opposing and transversal position to ensure that the electrical field is as perpendicular as possible to the skin. 

			3.2.5 Application over the entire surface area of the electrodes 

			As stated above, electrical density is a key element to guarantee the effectiveness and safety of the treatment. Electrical density is calculated for the entire surface area of the electrode; however, the figure is doubled when only half the surface area of the electrode is in contact with the patient’s skin. Check carefully to make sure that the entire surface area of the electrodes is in contact with the skin, which is easy to do using medical adhesive tape or a soft dressing. 

			3.3 Preparation of the patient 

			3.3.1 Preparation of the skin 

			Even with impeccable hygiene, the permanent desquamation of the surface layer of keratin due to the continuous production of sebum will form an invisible film that covers the skin and can interfere with the penetration of ions into the skin. It is therefore essential to wash the skin thoroughly with soapy water and then rinse and dry it. 

			To remove the sebum, apply a grease solvent such as ether and rub the area to be treated several times. 

			3.2.2 Do not shave 

			Hair does not impede the diffusion of a liquid solution (unlike ointment or gel), therefore it is not necessary nor desirable to shave the area to be treated as such an action would be responsible for micro-cuts in the skin, and these will then become areas of lower electrical resistance into which the current will surge. 

			3.2.3 Installation of the patient 

			Place the patient in a comfortable position and ask them to move as little as possible during treatment, to ensure that the electrode remains fully in contact with the skin. Inform the patient that they will feel a tingling sensation under the electrodes and that this is usual and harmless.  

			4. Duration of treatment 

			For a long time, 20 to 30 minutes was considered as the ideal length of an iontophoresis treatment.  

			Recent studies using radioactive ions have highlighted that ionic penetration is not linear over time, but is greater during the first 5 to 10 minutes of treatment. The penetration rate then tailors off markedly after longer periods. As the length of the treatment influences greatly the risk of suffering a burn, iontophoresis treatment times of around six minutes seem adequate to obtain a satisfactory rate of ionic penetration while reducing the risk of burning considerably. 
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			Figure 63: Ionic penetration in function of time  

			5. CONCLUSION

			Iontophoresis is a technique that uses a direct electrical current to promote the penetration of drugs into tissues. As long as a number of practical rules are observed, the ionic transfer through the skin is effective and may be beneficial for the treatment of certain localised conditions. The risk of electrochemical burn that was a constant threat for physiotherapist in the past has now greatly dwindled through the use of constant current generators and sessions only lasting up to ten minutes. 
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			CHAPTER IX

			Neuromuscular Electrical Stimulation and Physical Conditioning of Athletes

			After its effectiveness was established in the field of functional rehabilitation, some top sportsmen and women then started using neuromuscular electrical stimulation to complete their physical preparation and speed up recovery times. This led to an increasing number of sportsmen and women taking up electrical stimulation, and it is now a fairly common practice, although it remains a complementary aid to training. The specific features of muscles of sportsmen and women require the use of different stimulation parameters than those used for rehabilitation purposes. This chapter presents a range of stimulation programmes allowing sportsmen to optimise the development of specific qualities appropriate to their sport, or improve their recovery after intense workouts or sporting events.

			1. Development of the method 

			1.1 Russian trends  

			At the end of the 1960s, Professor Kotz from the Moscow Institute of Physical Culture and Sport began using electrical stimulation to prepare athletes from the former Eastern Bloc for the Olympic Games. The achievements of some of these athletes were impressive: Vasily Alexiev, holder of 80 world records in weightlifting; Valeriy Borzov, winner of 100 and 200 metres at the Olympic Games in Munich in 1972; Heike Dreschler, double world and Olympic champion in the long jump, to name just a few.

			Professor Kotz used the famous Russian currents (also known as Kotz currents). The characteristics of the currents were: medium frequency sinusoidal current (2500 Hz) with a low frequency modulation (50 Hz), supplying much higher amounts of electricity than permitted with the modern currents used today. 

			The claims of Professor Kotz that he achieved a 40% gain in strength now seem very surprising and greatly exaggerated, especially since the results related to high-performance athletes who were already highly trained. Some former athletes who used the technique have recounted that the sessions were extremely painful and generally required the use of painkillers and even sometimes the administration of various types of anaesthesia. 

			1.2 High spatial recruitment for trained muscles 

			In the field of rehabilitation, some studies have shown significant gains after a few weeks of electrical stimulation despite the use of very moderate levels of intensity. However, these results were reported in populations with severely altered muscle function (extensive muscle atrophy, COPD, etc.) with the aim of restoring muscle quality. 

			On the other hand, to develop muscles in a healthy subject who trains regularly and sometimes extensively, the required solicitation must place the muscle structure under a sufficient level of stress otherwise the electrically induced exercise will not be effective. 

			Gilles Cometti, the author of numerous publications on the gains obtained by electrical stimulation in various populations of national-level sportsmen and women (swimmers, basketball and volleyball players, ice hockey players, footballers, etc.), estimated that a minimum intensity attaining at least 60% of the maximum voluntary isometric force (MVIF) was essential to achieve significant gains in such populations. 

			However, it was the introduction of modern currents providing an optimal pulse (see the detailed description in Chapter I) that allowed athletes to attain very high intensities as they were then able to recruit a high percentage of motor units, without the stimulation sessions feeling like torture. Although this does not imply that electrical stimulation sessions are now like a cakewalk, as an adequate programme still requires a minimum of habituation and self-denial. 

			1.3 Energy systems 

			The energy supply of muscle cells is an important consideration in any sports training. Firstly, Adenosine-Tri-Phosphate (ATP) is the only molecule capable of providing the energy the muscle requires to contract. The body’s reserves of ATP, however, are almost non-existent. The body therefore needs to permanently reconstitute ATP (or re-synthesize ATP) which is possible in three ways using different substrates and specific biochemical reactions. 

			The main characteristics of these three energy systems (alactic anaerobic, lactic anaerobic and aerobic) are summarised in the table below (Figure 64). These systems are used to guide the choice of certain stimulation parameters, especially in terms of the duration of contractions, duration of rest time between contractions and total number of repetitions. 

			
				
					
						
							
							
							
							
						
						
							
									
									
									ANAEROBIC ALACTIC 

								
									
									ANAEROBIC LACTIC 

								
									
									AEROBIC 

								
							

							
									
									Substrate 

								
									
									Creatine Phosphate 

								
									
									Glucose 

									(Muscle glycogen)

								
									
									Glucose 

									Lipids 

								
							

							
									
									Power 

								
									
									Max 

								
									
									High 

								
									
									Moderate 

								
							

							
									
									Limiting factor 

								
									
									Low reserve of CP 

								
									
									Acidosis 

								
									
									Temperature regulation 

									Injuries, etc. 

								
							

							
									
									Average duration of exertion 

								
									
									6 sec

								
									
									1 to 5 min

								
									
									≈ unlimited 

								
							

						
					

				

			

			Figure 64: Energy systems 

			2. Four core programmes for physical preparation 

			2.1 Strength 

			The maximum tetanisation of type IIb fast fibres is achieved by means of a theoretical frequency of 66 Hz, at least for sedentary subjects, as already seen in the chapter on neuromuscular electrical stimulation. Sportsmen and women practising a sport involving speed and strength will have developed specific muscle skills and have a stronger and shorter muscle twitch than the response observed in a fairly inactive person, as shown in Figure 65. 
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			Figure 65: Adaptation of muscle properties 

			Jacques Duchateau was able to demonstrate that in trained athletes (strength-speed) the strength evoked by electrical stimulation could increase with frequencies of up to 100 Hz for the most powerful sportsmen. The range of frequencies beneficial for developing maximum strength in sportsmen ranges between 75 and 100 Hz, with the highest frequency of this range reserved for the most powerful sportsmen. 

			In terms of energy, and even when the exertion is restricted to one or two muscle groups, the maximum tetanisation of IIb fibres places demands on the alactic anaerobic system - a system characterised by low capacity since the body has low reserves of phosphocreatine. In order to reproduce high-quality evoked contractions, i.e. contractions with no drop in the evoked strength during the entire session, the duration of the contractions should not be too long: a maximum of 3 or 4 seconds and, in particular, the rest periods should be of an appropriate length, lasting around 30 seconds. 

			The number of repetitions should rise progressively during the initial sessions. Moreover, the number and content of the voluntary training programme conducted in parallel with electrical stimulation sessions must also be considered. Usually, during the pre-season preparation phase, for instance, the number of repetitions can reach 30 or 40. 

			As contraction torque measurements are one of the most reliable and easiest evaluation methods to implement, many controlled studies have sought to highlight the strength gains after a training cycle by electrical stimulation at a rate of three weekly sessions. The average strength gain after 3 or 4 weeks of muscle electrical stimulation was around 20% for athletes practising different sports and for different muscle groups. The detailed results are presented in Figure 66. 

			
				
					
						
							
							
							
							
							
						
						
							
									
									Author 

								
									
									Sport

								
									
									Year/journal

								
									
									No. of NMES sessions 

								
									
									Strength gain

								
							

							
									
									Pichon

								
									
									Swimming 

								
									
									1995 Med Sci Sports Exerc

								
									
									9

								
									
									+ 21%

								
							

							
									
									Maffiuletti

								
									
									Basketball 

								
									
									2000  Int J Sports Med 

								
									
									12

								
									
									+ 30,1%

								
							

							
									
									Maffiuletti

								
									
									Volleyball 

								
									
									2002 Med Sci Sports Exerc

								
									
									12

								
									
									+ 28,5%

								
							

							
									
									Brocherie

								
									
									Ice hockey 

								
									
									2005 Med Sci Sports Exerc

								
									
									9

								
									
									+ 24,2%

								
							

							
									
									Babault

								
									
									Rugby

								
									
									2007 J. Strength Cond. Res

								
									
									24

								
									
									+ 15,6%

								
							

							
									
									Deley

								
									
									Gymnastics 

								
									
									2009  J. Strength Cond. Res

								
									
									9

								
									
									+ 39,8%

								
							

							
									
									Billot

								
									
									Football 

								
									
									2010 J. Strength Cond. Res

								
									
									15

								
									
									+ 27,1%

								
							

						
					

				

			

			Figure 66: Studies showing strength gains when using NMES 

			2.2 Explosive strength 

			The definition of explosiveness (or contraction speed) is the time required for a muscle to develop its maximum strength. This quality is quite crucial in a majority of sports (speed racing, thrusting, throwing, shooting, etc.) and is linked to fast motor units (type IIb muscle fibres). Training for this quality requires high intensity exercises. However, this type of exercise is often quite traumatic for the joints and periarticular structures, especially when working with both loads and wide amplitude movements (e.g. plyometric exercises). 

			The use of supra-tetanisation stimulation frequencies, around 20 Hz above the maximum tetanisation frequency, is a method that allows the maximum strength induced by electrical stimulation to be attained faster and easier. 
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			Figure 67: Explosiveness and stimulation frequency 

			Electrical stimulation to improve explosiveness requires the use of higher stimulation frequencies (100-120 Hz) and the programmes must necessarily include short contraction periods shorter than three seconds. Despite this requirement, the major advantage of the technique is the ability to impose on the muscles contraction times and work rates that are far superior to what is possible voluntarily, as the muscles are not limited by the fatigue of motor areas – these areas are only able to perform at this firing rate for a few fractions of a second. 

			A surprising particularity is that, despite the fact that the sessions are carried out in a standard fashion using isometric contractions, significant gains are achieved both on an isometric level, as might be expected, but also and, even more importantly, in terms of the dynamic contractions, both concentric and eccentric. These gains are even greater for the highest movement speeds, as evidenced by many studies including those carried out by Nicola Maffiuletti who worked extensively on the various strength gains achieved by neuromuscular electrical stimulation. 

			2.3 Strength resistance or endurance 

			For many types of sports, performance levels depend partly on the maximum strength the athlete is able to produce; however, to an even greater extent it depends on the athlete’s ability to maintain or repeat a high level of strength, as close to the maximum level, for as long as possible. This is the case for all sports that last beyond a few seconds and up to around five minutes: middle-distance running, rowing, middle-distance swimming, skiing, etc.  
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			Figure 68: Strength endurance 

			On an energy level, this type of effort places demands on the lactic anaerobic system for which the limiting factor is not so much at the level of reserves (an appropriate food strategy allows sufficient glucose stores), but much more in terms of muscular acidosis as a result of the accumulation of lactic acid in the muscles. 

			In this situation, electrical stimulation will develop the ability of muscles to repeat sub-maximal contractions using frequencies between 50 and 70 Hz, while taking care to limit the rest time below ten seconds. This is a training programme where the intention is to deliberately tire the muscle so that it develops coping mechanisms such as an improved tolerance to lactate. 

			A worthwhile progression in the difficulty of the sessions could be to: 

			
					Increase the frequency of contraction within a dedicated range 

					Extend the duration of the contractions: 5, 6 then 7 seconds 

					Reduce the duration of rest time between contractions aiming to work after a few sessions with a contraction time a little longer than the rest time 

					Increase the number of repetitions from 40 to even 50 or slightly more for the best performing athletes. 

			

			This type of session is very demanding due to the average working strength which is the highest of all stimulation programmes, despite the relatively short duration of sessions: around 15 minutes including a warm-up of 2 to 3 minutes. It is not uncommon even for the most highly trained athletes to feel stiff and achy for the next two days after the first few sessions. 

			An alternative to this type of training sessions is hypertrophy training. This also consists of imposing a substantial work rate by increasing the number of repetitions until reaching 60, 70 and even 80 contractions. This is only beneficial for sportsmen wishing to bulk up their physique as required in some contact sports (such as rugby, hockey, pivot basketball players, etc.), as well as for body-builders who are thus able to increase their volume of training, which was often already considerable. 

			2.4 Endurance  

			The development of endurance through an essentially analytical technique placing no or very little demands on the cardiovascular system always raises very legitimate questions. Endurance, defined as the ability to produce exertion for long periods at the highest strength possible, is directly correlated to the body’s ability to absorb, transport and consume oxygen. In fact, a single molecule of oxygen will form an identical amount of ATP in all individuals: it will produce 36 molecules of ATP, regardless of whether the individual is an Olympic marathon winner or a person suffering from severe heart or respiratory failure. The only difference lies in the ability of the body to consume large quantities of oxygen, in other words the maximum oxygen uptake (VO2 max). 

			Fick proposed a mathematical equation for VO2 max based on a central component, cardiovascular performance, which is responsible for transporting oxygen to the muscles, and a peripheral component, namely the muscles themselves and their ability to absorb a greater or lesser quantity of oxygen. 

			The different factors that can influence muscle oxidative capacity are now well known: 

			
					Typography of the muscle: percentage of I, IIa and IIb fibres 

					Density of the intramuscular capillary network 

					Number and size of the mitochondria 

					Enzymatic activity of oxidation 

			

			The central activation of blood circulation, as happens during a training session or exertion re-training, can develop or restore the oxidative capacity of muscles, but this phenomenon can also be induced by peripheral stimulation, on condition, naturally, that adequate parameters are used. 

			The first element to consider when selecting the contraction frequency is that it must only be very partially tetanising to avoid crushing the capillaries, which would result in a reduction of the blood supply and therefore oxygen. 

			Trained athletes will work within a 10-20 Hz range using long contraction durations that can reach 10 seconds, interspersed with short rest times, not exceeding 2 or 3 seconds. Another requirement is to impose a high number of repetitions, since an endurance programme may include up to 200 or 220 repetitions. 

			For a long time, the only studies demonstrating an improvement in VO2 max after electrical stimulation training related to de-conditioned patients (heart failure or COPD). An interesting study (Crognale, 2009) revealed an average VO2 max gain of 7% in a population of young active persons carrying out regular physical exercise as a leisure activity. 

			
				
					
						
							
							
							
							
							
						
						
							
									
									
									Endurance

								
									
									Resistance

								
									
									Strength

								
									
									Explosiveness

								
							

							
									
									Power of contractions 

								
									
									10 > 20 Hz

								
									
									50 > 70 Hz

								
									
									75 > 100 Hz

								
									
									100 > 120 Hz

								
							

							
									
									Duration of each contraction 

								
									
									8 - 10 sec

								
									
									5 - 7 sec

								
									
									4 sec

								
									
									2 -  3 sec

								
							

							
									
									Rest time 

								
									
									2 sec

								
									
									7 -  4 sec

								
									
									30 sec

								
									
									35 sec

								
							

							
									
									Number of cycles 

								
									
									200 - 220

								
									
									50

								
									
									40

								
									
									30

								
							

						
					

				

			

			Figure 69: Four core programmes for physical preparation

			3. Active recovery 

			3.1 Stimulation and recovery 

			Training of this kind aims to develop good coping strategies in the body to allow it to produce certain exertion levels. Workouts therefore act as biological stimuli that activate the physiological (and psychological) reactions required to develop adaptations of this nature. 

			The immediate consequence of the exercise load is a (albeit temporary) decrease in the overall performance level. This temporary dip is then followed by a recovery to a slightly higher performance level than before, and is referred to as the principle of exceeding the functional state or overcompensation. 

			To allow the body to organise itself in a balanced manner, workloads should be divided into power/duration/repetition activities, and all means put in place to help and/or speed up the recovery. 

			Figure 70 illustrates the improvement in performance level as a result of a well-organised training programme (graph on the left-hand side) but also the negative effects of over-training. 
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			Figure 70: Effects of a well-organised training programme and over-training 

			Several physiological effects of electrotherapy may be beneficial for promoting recovery: firstly, the local vascular effect, then the analgesic effect and, finally, the relaxing effect. 

			As seen with healthy subjects, stimulation carried out at frequencies ranging between 3 and 9 Hz significantly increased arterial flow in the stimulated limb. Moreover, the activation of circulation peaked at frequencies of 7 or 8 Hz. 

			The analgesia obtained through the Gate Control mechanism is not highly relevant for tired sportsmen (except in terms of managing injuries), unlike an endorphin-release stimulation obtained by means of low frequencies that offers the additional benefit of also inducing a sizeable vascular effect. 

			Finally, the decrease in muscle tone is obtained through lower frequencies, under 3 Hz. 

			A stimulation programme aimed at improving recovery after intensive exertion may therefore consist of different sequences to exploit the three physiological effects described below: 

			
					Vascular effect with frequencies in the range of 8 Hz 

					Analgesic effect through the release of endorphins at frequencies in the range of 5 Hz 

					Relaxing effect with lower frequencies, that is below 3 Hz 

			

			Each sequence will last around 8 to 10 minutes; with the total stimulation lasting for around thirty minutes. 

			The results of studies carried out to demonstrate the positive effects of neuromuscular stimulation are still disappointing and fall short of what therapists could have expected following their subjective experience. A superior elimination of lactic acid is reported but the improvement is not always significant; the ability to attain a maximum muscular contraction was not always better than the figure reported for subjects in the control group, however, the subjective sensation of well-being and a decrease in pain and aching always appears to be more in keeping with the experiences of all those who have been recipients of the technique. 

			3.2 Practical user guidelines specific to active recovery

			For active recovery, the aim is not to develop muscle quality. In such situations, therefore, seeking the maximum spatial recruitment has no point. For this type of recovery, the purpose is simply to increase the intensity until obtaining clearly visible twitches (which are essential to induce vascular effect through a mechanical pumping effect). 

			For the same reasons, only large sized electrodes are used with a less accurate positioning on the motor points, as this will allow stimulating four major muscle groups during a single session (i.g. the quadriceps and triceps surae, or the quadriceps and the hamstrings). 

			Stimulation with non-tetanising frequencies will not displace the bony segments and therefore any comfortable position can be used. 
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			Figure 71: Active recovery session 

			An additional aid to promote venous return is to place the lower limbs in an inclined position, and this should be suggested whenever possible. 

			Active recovery sessions must be carried out within three hours after exercising but not necessarily immediately straight afterwards. Taking a shower and appropriate rehydration are some of the other remedial measures to implement prior to the stimulation session. 

			3.3 Alternative for states of physical exhaustion 

			Some very demanding events, which are sometimes accompanied by extreme conditions such as heat, for example, can push competitors far beyond their limits. Some athletes can experience cramps or pre-cramping at the end of the event. In this context, active recovery using electrical stimulation must be carried out cautiously to avoid the onset of muscle spasms, and it must respect the following precautions:  

			
					Rehydration +++ as a matter of priority 

					Wait 90 minutes to 2 hours before performing the active recovery session 

					Avoid frequencies the closest to tetanisation (9, 8 and 7 Hz) 

					Start the stimulation with the lowest frequencies: 1 to 3 Hz for around 10 minutes 

			

			4. Choice of muscles, work regimens and planning of sessions 

			4.1 Choice of muscles 

			Obviously, the muscles used the most in the sport in question should be prioritised for training by electrical stimulation. 

			For example, the quadriceps should be prioritised in all sports where running, moving, jumping are essential movements; while the pectoralis major would be the main priority in sports placing demands on the arms and upper limbs; and the flexor muscles of the fingers for climbers, etc. without neglecting the abdominal and lumbar muscles which play a supportive role in virtually all types of sport. 

			The question of the number of muscles it is possible to stimulate must then take into account the technical possibilities of the stimulator which preferably should have at least four channels. This will allow the two quadriceps or the two pectoralis major muscles to be stimulated during a single session, which is impossible on a stimulator with only two channels. 

			The availability and motivation of the athlete are also considerations since on average each session will last around thirty minutes. Three weekly sessions are recommended during the preparation period; the stimulation sessions will supplement the voluntary workouts. Consequently, care must be taken to not overload the preparation of the sportsman, especially as sessions involving the development of quality, unlike active recovery sessions, require a minimum mental investment to ensure they are carried out under optimal conditions. 

			The usual practice will be to focus the work on the muscle evaluated as a priority for the athlete and his or her sport. Two muscles or groups of muscles can in some cases be proposed to the most motivated athletes who practise a sport where the upper and lower limbs are of equal importance (e.g., triathlon). 

			Theoretically it is always feasible to stimulate a higher number of muscles; however, experience has shown that this does not result in high-quality sessions, as intensities are never increased to a significant level, meaning that it is not possible to involve a high number of motor units, or the work rate will not be equal over an entire cycle or the session may even be abandoned, etc. 

			4.2 Choice of work regimen (or type of programme) 

			The specific features of some sports impose an obvious kind of solicitation: 

			
					Sprinting, Jumping, Throwing: explosive strength 

					Middle distance, event lasting < 5 minutes: resistance 

					Long-distance events: endurance

			

			However, many other sports require several qualities. This is the case for most team sports that demand sufficient strength (endurance) able to last for the duration of a match, a minimum level of resistance allowing high-intensity actions to be linked together during certain phases of the game and, finally, high explosiveness, a quality that often makes the difference when calling for the ball or when thrusting or shooting, etc. 

			Two options are then possible: assess the strengths and weaknesses of the athlete and use electrical stimulation to overcome any shortcomings. However, this requires a comprehensive support programme which is not always possible for amateur competitors. 

			Another option is to focus the electrical stimulation systematically on achieving explosive strength, an ability that tends to be the critical difference in terms of the quality of performance, and is the most demanding solicitation to perform during voluntary exercises, due to the excessive exertion it necessitates. 

			Strength is often correctly mentioned as one of the fundamental qualities of an athlete. One successful strategy that has proved to be beneficial for very many sports is to first perform a training cycle focusing on strength by electrical stimulation (for 3 or 4 weeks), followed by a second stimulation cycle for the same duration, but focusing on resistance (or strength endurance) for sports where high levels of strength (or speed) need to be maintained for several minutes, or explosive strength for sports requiring maximum exertion over a very short period of time. 

			
				
					[image: ]
				

			

			Figure 72: Sequence of 2 cycles 

			In reference to endurance sport, several authors (Sale, Hickson, Marcinik, etc.) have demonstrated that developing strength does not alter the VO2 max. We are now seeing a trend for marathon runners to include strength-type sessions in their preparation, which allows them to improve their ground contact time and therefore achieve a more economic stride. However, this is only worthwhile for sportsmen who already have a significant track record in endurance events or who have undergone considerable aerobic training. The benefit of performing these strengthening sessions using neuromuscular electrical stimulation is to avoid high levels of exertion requiring the handling of heavy loads and to avoid muscle volume increase which only appears after > 4 weeks of stimulation.

			4.3 Planning weekly sessions  

			As is the case with physical preparation, more sessions aimed at developing muscle quality will be organised during the preparation period. In keeping with the findings reported in publications demonstrating significant gains when using electrical stimulation, three weekly sessions are standard during the pre-season period. 

			When planning all training sessions, whether voluntary or by electrical stimulation, always follow these basic rules: 

			
					The electrical stimulation sessions (excluding active recovery) should be considered as workouts on the same level as voluntary training. 

					Whenever possible, try to balance the various workouts over the week 

					Always endeavour to have at least one full day of complete rest (no electrical stimulation or voluntary training) during the week. 

					Stop the development sessions 5 days to one week before the competition 

			

			Examples are given below of three weekly programmes for sportsmen training 3 to 6 times a week wishing to combine the stimulation of one or two muscle groups. 

			4.3.1 Weekly planning with 3 voluntary workouts 

			In this case, the electrical stimulation sessions take place on the training-free days, as shown in Figure 73: 
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			Figure 73: Weekly planning with 3 voluntary workouts 

			4.3.2 Weekly planning with 6 voluntary workouts 

			For athletes exercising more than this, for example 6 times a week, we recommend performing the stimulation sessions on the days when the workouts are less challenging, i.e. technical or consolidation sessions. 

			In general, it is then preferable to perform the voluntary workout first and finish with the stimulation session. 
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			Figure 74: Weekly planning with 6 voluntary workouts 

			4.3.3 Weekly planning with 6 voluntary workouts and stimulation of 2 muscles groups 

			The final example illustrates the programme of a triathlete training 6 times a week, alternating workouts in the pool with training for running or cycling, plus electrical stimulation sessions for the quadriceps and the pectoralis major muscles. 

			In this case, care will be taken to swap the muscles that are solicited by stimulating the quadriceps, on days when training is dedicated to swimming, and then focusing on the pectoralis major muscles, on days when training for running or cycling. 
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			Figure 75: Weekly planning with 6 voluntary workouts and stimulation of 2 muscles groups

			4.4 Annual planning of electrical stimulation sessions 

			Cette planification annuelle suit en tous points ce qu’il est habituel de proposer pour l’entraînement volontaire.

			Une période de préparation d’avant-saison où la charge de travail est importante et les séances de stimulation les plus nombreuses, trois par semaine et par muscle en moyenne. Ensuite pendant la saison, ce seront des séances d’entretien qui se mettront en place en respectant les règles suivantes :

			
					Applicable only to muscles which benefit from electrical stimulation 

					The correct formula will be unique to each individual; however, it should never exceed one weekly session. This session usually includes a limited number of repetitions (25 to 50%) compared with the number carried out during the preparation period. Some sportsmen can plan less frequent sessions (one every 10 days to 2 weeks), but then the session will last a little longer. 

					It is always advisable to leave at least 72 hours between the maintenance session and the competition. 

			

			During the season, and insofar as the sporting calendar permits, advantage should be taken of breaks (i.e. the end of year holidays) to organise a short top-up cycle. Sessions during this cycle will be carried out at the same frequency as during the preparation period (three weekly sessions). 

			For example, Figure 76 illustrates the breakdown of a sporting year with the sports season in blue, preparation or top-up in red and the period of complete rest in green. 
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			Figure 76: Breakdown of a sporting year 

			5. CONCLUSION

			Physiotherapists often come into contact with sportsmen either to treat various injures but also sometimes in clubs to carry out follow-up work or, increasingly frequently, for prevention purposes. Athletes naturally turn to physiotherapists, who use electrotherapy in their daily practice, for advice or tips on the best way to integrate high-quality electrical stimulation sessions into their training programmes. The purpose of this chapter is to provide physiotherapists with some basic principles of physical preparation to facilitate the integration of a fairly innovative technique, albeit one that has yielded extremely promising results in terms of improving performance. 
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