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PREFACE

There are several electrophysical agent (EPA) text-
books on the market, and I truly appreciate your con-
tinued interest in this one. I am particularly excited by
this third edition because it brings us to another level in
our journey to become the best evidence-based learners
and practitioners of EPAs we can be. In the first edi-
tion, my goal was to introduce the concept of evidence-
based practice into the field of EPAs using a pocket-style
format. It is fair to say that the focus of textbooks pub-
lished prior to the year 2000 was much more on how
to safely and effectively apply EPAs rather than on the
treatment effectiveness related to these agents. In other
words, texts on this subject were much more oriented
to application safety and efficacy, and less oriented to
treatment effectiveness based on the evidence—that is,
on results of published research-based human trials. In
the second edition, the goal was to expand on the con-
cept of evidence behind the practice of EPAs by adding
more content on key related topics such as pain and soft
tissue healing, as well as case studies and an illustrated
glossary of terms related to EPAs. The purpose then was
to create a textbook that faculty could use to teach
undergraduate and graduate students. With this third
edition, my goal is to offer the most comprehensive
and practical textbook in the field of EPAs by provid-
ing updated and new materials, as well as unique and
practical ancillary tools.

ENHANCED AND NEW CONTENT
PRESENTATION

This edition now offers a full-color presentation designed
to maximize text and image quality, clarity, and accuracy.
The textbook has also been reorganized into five logical
parts containing 21 chapters. Part I, Foundations, includes
six chapters. A new Chapter 2, Toward a Practice Based
on Evidence, explains how the adoption of evidence can
optimize the clinical decision making process. In addition,
a new Chapter 5, Purchase, Electrical Safety, and Main-
tenance, consolidates the content of two former chap-
ters, Purchase of Therapeutic Electrophysical Agents and
Electrical Shocks, Safety Measures, and Maintenance of
Line-Powered Devices. Part II, Thermal Agents, includes
three chapters: Thermotherapy, Cryotherapy, and Hydro-
therapy. The chapter on thermotherapy now integrates
four previous chapters, Hot Pack and Paraffin Baths,

Fluidotherapy, Skin Sensory Heat and Cold Discrimina-
tion Testing, and Skin and Electrophysical Agents Tem-
perature Measurement. Part 111, Electromagnetic Agents,
is also composed of three chapters: Shortwave Diathermy,
Low-Level Laser Therapy, and Ultraviolet. Part 1V, Elec-
trical Agents, includes four chapters. A new Chapter 13,
Neuromuscular Electrical Stimulation, now integrates
two former chapters, Russian Current Therapy and Inter-
ferential Current Therapy. The former chapter on Diady-
namic Current Therapy has been deleted because of lack
of evidence to support its therapeutic effectiveness. A new
Chapter 15, Electrical Stimulation for Tissue Healing
and Repair, incorporates two former chapters, Microcur-
rent Therapy and High-Voltage Pulsed Current Therapy.
Part V, Mechanical Agents, includes five chapters. A new
Chapter 21, Extracorporeal Shockwave Therapy, is added
to cover the latest mechanical source of energy used for
the management of chronic soft tissue disorders.

Learning objectives are rewritten to reflect recent
updates made to Bloom’s Taxonomy. The illustrated
glossary of electrophysical terminology, formerly Chap-
ter 5, is now integrated into related chapters to enhance
the learning experience, meaning that there is no lon-
ger a need for readers to go back and forth to this chap-
ter when studying a particular agent. Each chapter now
incorporates a new feature, The Bottom Line, which
highlights key elements. New updated and revised
Application, Contraindications, and Risks boxes, cou-
pled with Research-Based Indications boxes, eliminate
some of the redundancies in the previous edition while
concisely providing all essential elements required to
enhance treatment safety, efficacy, and effectiveness.
Revised Case Studies are now based on the concepts
of evidence-based practice; the International Classi-
fication of Functioning, Disability, and Health (ICF)
model; and SOAP (subjective, objective, assessment,
plan) note format.

NEW AND UNIQUE ANCILLARY
MATERIAL

This third edition offers new and unique tools designed
to help you master the practice of EPAs. Readers can
now access Online Dosimetric Calculators, a unique tool
in the field, to simplify the often complex and confusing
dosimetric aspect of EPA practice while maintaining

Xi
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an emphasis on scientific-based treatment. By enter- ter visualize EPA equipment and accessories, as well as
ing dosimetric parameters, you can obtain the results application to patients. Finally, Online Board-Style Ques-
and chart them into a patient’s file without the need for  tions are included to help students with the all-important
memorizing formulas or doing hand calculations. Also  preparation for licensing, S—
available are links to Online Videos to help students bet- Alain-Yvan Bélanger, BSc, MSc, PhD, PT
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N

Cha.p\ter Outline

|. FOUNDATION
A. Definition
B. Electrical Currents
C. Electrical Stimulators
D. Electrodes and Coupling Medium
E. Rationale for Use

Il. BIOPHYSICAL CHARACTERISTICS
. Current Waveform
. Frequency
. Biphasic Pulsed Current
. Russian Current
. Interferential Current
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C. Pain Modulation
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IV. DOSIMETRY
A. Electrical Parameters
B. ON:OFF Time Ratio

Mmoo >

Learning Objectives

Remembering: Describe the biophysical characteristics
associated with biphasic pulse, Russian, and interferential
currents.

Understanding: Distinguish between electrically evoked versus
volitional muscle contraction.

Applying: Demonstrate the four electrode configurations
(monopolar, bipolar, quadripolar, multipolar) and the three
stimulation modes (synchronous, reciprocal, overlap).

220

Electrical Stimulation

C. Ramp Up and Down Times

D. Duty Cycle

E. Online Dosage Calculator: Neuromuscular Electrical
Stimulation

V. APPLICATION, CONTRAINDICATIONS, AND RISKS

. Skin Preparation

. Electrodes and Cables

. Electrode Coupling

. Electrode Current Density

. Electrode Spacing
Electrode Configuration

. Electrode Placement

. Stimulation Modes
Training Methods
Training Protocol

ST IOoMMmMOoOOm>

Application, Contraindications, and Risks
Case Studies

VI. THE BOTTOM LINE
VIl. CRITICAL THINKING QUESTIONS
VIIl. REFERENCES

Analyzing: Explain how the current modulation underlying
Russian current differs from the current modulation used
to generate interferential current.

Evaluating: Formulate the dosimetric parameters that
practitioners need to consider and calculate to deliver safe
and effective neuromuscular electrical stimulation.

Creating: Discuss the evidence behind the therapeutic use of
neuromuscular electrical stimulation.
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|. FOUNDATION

A. DEFINITION

1. Neuromuscular Nerve Stimulation

The practice of NMES rests on the use of pulsed electri-
cal currents applied to skeletal muscles with the objective
to elicit contraction caused by the electrical depolariza-
tion of intramuscular nerve branches. Electrical stimuli
are delivered using surface electrodes that are positioned
over muscle bellies. The main purpose of NMES is to
preserve and recover muscle function in patients and to
improve muscle strength in healthy individuals (Bax et al.,
2005; Gondin et al., 2011 Hortobagyi et al., 2011; Kim
et al., 2010; Filipovic et al., 2011, 2012).

2. Functional Electrical Stimulation

The application of NMES for enhancing the control of
movement and posture falls under the field of functional
electrical stimulation (FES). More specifically, this ther-
apeutic field focuses on the enhancement of impaired
motor functions, such as hand grasping, locomotion, and
respiration, using complex transcutaneous and percuta-
neous electrical muscle stimulation systems. The main
purpose of FES is to enable motor function by replac-
ing, or assisting, a patient’s voluntary ability to execute
or control the impaired functions. A subgroup of FES is
the application of electrical current for denervated skel-
etal muscles, known as EMS, which stands for electri-
cal muscle stimulation (APTA, 2001; Selkowitz, 2010).
Coverage of FES, including EMS, is beyond the scope
of this chapter because it usually requires complex and
specially designed therapeutic equipment available for
research purposes but not commonly available on the
market for regular clinical applications (for an overview,
see Glinsky et al., 2007; Roche et al., 2009; Selkowitz,
2010).

T

-

The foundation of neuromuscular electrical stimulation (NMES)
rests on ltalian Luigi Galvani’'s work on frogs, conducted in the
1790s, showing that electrical current (static electricity) can
evoke muscle contraction. A few years later, the discovery

of electromagnetic induction by British Michael Farady led to
the development of modern electrical stimulators. Then came
the work of French Duchenne de Boulogne, in the 1800s, on
human muscle showing that faradic current (pulsed current)
applied with moistened surface electrodes can evoke muscle
contraction. In 1950, Austrian Hans Nemec patented a concept
that led to the creation of the first interferential current (IFC)
therapy device (Nemec, 1959; Hooke, 1998). IFC therapy

‘ 'Hi:sto-r'ibal Ové*g'view
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B. ELECTRICAL CURRENTS

The body of evidence presented in this chapter indi-
cates that three types of electrical currents are commonly
used to deliver clinical NMES. Practitioners can choose
between biphasic pulsed, Russian, and interferential
currents. When examining the force-generating capabil-
ity of these electrical currents, similarities among elec-
trical parameters must be considered before making any
statement as to which current waveform is better than
the other for muscle strengthening (Bellew et al., 2012).
The biophysical characteristic of each of these currents
is presented in the Biophysical Characteristics section.

C. ELECTRICAL STIMULATORS

NMES is delivered by using a variety of cabinet and por-
table electrical stimulators. Figure 13-1A illustrates a cab-
inet-type, multi-current, line-powered stimulator capable
of generating Russian, interferential, and pulsed biphasic
currents. The stimulator may be placed on top of a plain
table or on a movable cart, as shown; the cart integrates
with the stimulator in addition to providing storage bins
and mobility. Also shown are two portable, battery-pow-
ered stimulators capable of generating Russian and inter-
ferential currents (see Fig. 13-1B,C). There is evidence to
suggest that battery-powered stimulators are as effective
as line-powered stimulators in producing current ampli-
tudes necessary to generate the training muscle force out-
puts required for therapy (Laufer et al., 2001; Lyons et al.,
2005). Additionally illustrated are a cabinet, line-powered
interferential stimulator with a vacuum unit, which allows
the use of stimulating suction-type electrodes (see Fig.
13-1D and later discussion), as well as the newer, all-in-
one, garment-type electrical stimulator that is designed
specifically for the treatment of the quadriceps muscle
(sce Fig. 13-1E).

was first introduced in Europe during the 1960s and then in
Australia, Canada, and the United States in the 1980s. The
mid-1970s saw the introduction of Russian current, by Russian
scientist Yakov Kots. His work opened the door to the use of
NMES for enhancing muscle strength to healthy nonathletic
and athletic individuals who want to increase their muscle
strength without submitting themselves to traditional regimens
of voluntary muscle training (Delitto, 2002; Ward et al., 2002).
In response to scientific and public interests for this newly
discovered current, commercial production of Russian current
stimulators began in Canada and the United States in the
1980s.

LUMENIS EX1011
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FIGURE 13-1 A: Cabinet-type, line-powered, multi-current stimulator mounted on cart, capable of gen-
erating Russian, interferential, and pulsed biphasic currents. Portable, battery-powered Russian (B) and
interferential (C) stimulators. D: Cabinet-type, line-powered, interferential with vacuum unit, to which is
attached a pair of suction electrodes. E: Newer, one size fits all, battery-powered, garment-hased electri-
cal stimulator designed specifically for the quadriceps muscle. (A-C: Courtesy of DJO Global; D: Courtesy
of Astar; E: Courtesy of Neurotech Bio-Medical Research Ltd.)
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FIGURE 13-2 Surface rubber carbon-impregnated electrodes (A) and pliable stainless steel knit fabric
electrodes (B). Reusable intravaginal (C) and intrarectal electrodes (D). Electroconductive gel (E).
(A, B, and E: Courtesy of DJO Global; C, D Courtesy of Enraf-Nonius.)

D. ELECTRODES AND COUPLING MEDIUM

NMES is applied by using a variety of reusable and
disposable electrodes connected to the stimulator using
various cables. Figure 13-2 shows common surface plate
electrodes made of carbon rubber material (A) or pliable
stainless steel knit fabrics (B). These electrodes may be
applied over flat body areas, with the exception of the pel-
vic area, where attachment may be a problem. When the
purpose is to deliver NMES to the pelvie floor muscles for
conditions such as urinary incontinence, special stimulat-
ing electrodes may be required. One option is to use intra-
vaginal and intrarectal electrodes (Fig. 13-2C,D, respec-
tively). If patients are not comfortable with the invasive
nature of these electrodes, practitioners may select suc-
tion cup electrodes as a second option. These electrodes,
connected to a vacuum interferential unit (see Fig.
13-1D), can be quickly and easily attached without adhe-
sive tape or straps, and adapt comfortably to the contours
of the pelvic area, thus ensuring optimal contact between
the electrode and the skin. For NMES of the quadriceps

muscle, practitioners may select a “one size fits all” gar-
ment electrode with stimulator unit (see Fig. 13-1E) as
an alternative to traditional surface plate electrodes. To
optimize electrical conduction at the electrode—tissue
interface, electrodes must be covered with a thin layer of
electroconductive gel (Fig. 13-2E). Both intravaginal and
intrarectal electrodes must also be covered with a sterile
lubricant prior to use.

E. RATIONALE FOR USE

Common goals in the field of physical rehabilitation are
to preserve, recover, and enhance muscle function in
patients following disease and trauma, and in healthy indi-
viduals for recreational purpose. There is unquestionable
evidence in the scientific literature to show that the best
method practitioners can use to enhance muscle function
(i.e., strengthening) is to submit individuals to bouts of
muscle maximum voluntary contractions (MVCs), done
under isometric, isotonic, or isokinetic conditions. Which
muscle-strengthening method should clinicians use with

LUMENIS EX1011
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patients who are unable to perform volitional exercise at
adequate intensity and duration to gain benefits, because
of related factors such as physical deconditioning, pain,
severe muscle atrophy, or lack of motivation? The use
of NMES provides practitioners with an alternative
muscle-strengthening method that mimics volitional train-
ing methods. By using NMES alone, or by superimposing
it on top of voluntary muscle contractions, practitioners
can enhance muscle strengthening in both patients and
healthy subjects by improving motor unit (MU) activation
while inducing muscle hypertrophy. In other words, the
main objective of NMES is to improve MU recruitment
while inducing muscle hypertrophy through serial bouts
of short duration maximal electrically evoked muscle con-
tractions done against resistance or load.

Il. BIOPHYSICAL CHARACTERISTICS

As mentioned earlier, the delivery of NMES rests on
using three different electrical currents, namely biphasic
pulsed, Russian, and interferential currents. To describe
electrical current in terms of waveform and frequency
is common in the field of NMES. Let us consider these
two important concepts before addressing the biophysical
characteristics of these three electrical currents.

A. CURRENT WAVEFORM

Waveform is the geometric configuration of a current,
which is described based on its phase, symmetry, elec-
trical balance, and shape. First, a current waveform may
be monophasic or biphasic in nature. The word phase
describes an electrical event that begins when the current
departs from the isoelectric line and ends when it returns
to the baseline (APTA, 2001). A monophasic current wave-
form is made of only one phase that moves in only one
direction (+ or — polarity) from the zero baseline to return
to it after a finite time (Fig. 13-3). A biphasic current wave-
form, on the other hand, is made of two phases: moving in
one direction and then in the opposite direction from the
zero baseline, then returning to that baseline after a finite
time. Second, a biphasic current waveform may be sym-
metrical or asymmetrical. It is symmetrical when its posi-
tive phase is geometrically identical to its negative phase
and asymmetrical when its two phases are geometrically
different (Fig. 13-4). Third, a biphasic waveform may also
be balanced or unbalanced. The waveform is balanced
when there are equal electrical charges in each phase
(see A in Fig. 13-4). Such a balanced waveform is often
referred to as having “zero net charge” or “zero net DC,”
because the amount of positive charges minus the amount
of negative charges equals zero (APTA, 2001). The wave-
form is said to be unbalanced when there are unequal elec-
trical charges in each phase—that is, when there is a net
accumulation of charges within the waveform (see B in
Fig. 13-4). Fourth, biphasic waveforms may have various

A

0

FIGURE 13-3 Monophasic waveforms with either positive (x) or
negative (y) polarity.

shapes such as rectangular, square, triangular, sinusoidal,
or exponential. To summarize based on the mentioned ter-
minology, monophasic waveforms are neither symmetrical
nor asymmetrical, but are always unbalanced. Moreover,
biphasic waveforms are either symmetrical or asymmetri-
cal. Finally, symmetrical waveforms are always balanced,
whereas asymmetrical waveforms are either balanced or
unbalanced.

B. FREQUENCY

As discussed next, electrical currents used for NMES may
be delivered in pulses, bursts, and beats. A pulse is a single
momentary and sudden fluctuation of current. Pulses may
have various shapes; when it has a sinusoidal shape, it is

A

FIGURE 13-4 Biphasic symmetrical (A) and asymmetrical (B) waveforms.
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called a cycle. A burst, as well as a beat, is a group of two
or more successive pulses or cycles separated by a time
interval during which no electrical activity occurs (APTA,
2001). Duration, whether it is pulse duration (PD), cycle
duration (CD), burst duration (BuD), or beat duration
(BeD), is the time elapsed between the beginning of the
first phase and the end of the last phase. The time elapsed
between each corresponds to interpulse duration (IPD),
intercycle duration (ICD), interburst duration (IBuD),
and interbeat duration (IBeD), respectively. Frequency (f)
is defined as the number of times per second that a pulse,
cycle, burst, or beat will repeat itself. It is calculated using
the formula f = 1/P, where P, the period, is equal to the
summation of either PD and IPD, CD and ICD, BuD and
IBD, and BeD and 1BeD, respectively.

C. BIPHASIC PULSED CURRENT

The use of biphasic pulsed currents is very common in
the field of NMES. Figure 13-5 illustrates a typical bipha-
sic pulsed waveform. This particular current waveform
may be described as biphasic, asymmetrical, and unbal-
anced, with a rectangular positive phase and exponential
negative phase. Shown is the delivery of successive pulses
(Fig. 13-5A) and successive bursts of pulses (Fig. 13-5B),
with each burst containing five pulses (see later discus-
sion for details).

D. RUSSIAN CURRENT

The term Russian current stems from the work conducted
in the field of NMES by Russian physiologist Yakov Kots
(1971, 1977). Figure 13-6 illustrates the biophysical
characteristics associated with this current. There is a
consensus in the literature (Alon, 1999) that the origi-
nal Russian current stems from the time modulation of
a continuous alternating sine-wave current (AC), having
a carrier frequency of 2,500 cycles per second (cps) or
Hertz (Hz), in the form of bursts of electrical cycles. The
technical term for Russian current is burst-modulated
sinusoidal alternating current. As shown in the figure, the
continuous sine-wave current underlying Russian cur-
rent is modulated into bursts of cycles, with each burst
containing several cycles. Each burst (Bu) has a fixed
duration (BuD) of 10 milliseconds (ms) and a fixed inter-
burst duration (IBuD) of 10 ms. Knowing that f = 1/P,
where P is equal to the summation of BuD and IBuD,
the result is a pulsed AC with a fixed-burst frequency
of 50 bursts per second [bups] [f = 1/(BuD + IBuDJ;
50 bups = 1/(10 ms + 10 ms). The inset in Figure 13-6
shows this single typical burst of current, lasting 10 ms
and made of 25 continuous biphasic symmetrical sinu-
soidal cycles. With a carrier frequency of 2,500 cps, the
duration of each sine-wave cycle within a burst, of which
the duration is equivalent to the period (P), is 400 s
(P = 1/f 400 us = 1/2,500 cps), with each half-cycle
having a duration of 200 ps. In other words, the cycle
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FIGURE 13-5 Typical biphasic pulsed current used for neuromuscu-
lar electrical stimulation. Pulse modulation (A) and burst modulation
(B) are shown. PD, pulse duration; IPD, interpulse duration; BuD,
burst duration; IBuD, interburst duration.

duration (CD) and the phase duration (PhD) of this cycle
equate to 400 ps and 200 ps, respectively.

E. INTERFERENTIAL CURRENT

Tnterferential current, designated under the acronym IFC,
is defined and described as a low-frequency, amplitude-
modulated electrical current that results from the interfer-
ence (hence, the word interferential) caused by crossing
two or more medium-frequency alternating sine-wave
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FIGURE 13-6 Original Russian current, with its sine-wave carrier
frequency of 2,500 cps delivered in bursts of 10 ms (a) followed by
10-ms interburst duration (b), leading to a burst frequency of 50 bups
(not drawn to scale). The inset shows the 25 cycles contained in
each 10-ms burst, with each half-cycle and cycle in the burst lasting
200 and 400 ps, respectively.

currents with different carrier frequencies (Alon, 1999).
The carrier frequency of these medium alternating sine-
wave currents ranges between 3,000 and 5,000 cps. The
technical term for IFC is beat amplitude-modulated sinu-
soidal alternating current.

1. Interference and Beat

The biophysical concept underlying the creation of an
IFC is the interference caused by superimposing two
(and sometimes three; see later discussion) medium-
frequency sinusoidal currents generated by independent
oscillatory circuits incorporated into the interferential
devices (Alon, 1999; Lambert et al., 1993). The terms
low frequency and medium frequency refer to a traditional
and arbitrary classification stipulating that current out-
put frequencies of less than 1,000 cps be designated
as low-frequency currents, whereas those oscillating
between 1,001 and 10,000 cps be classified as medium-
frequency currents (Alon, 1999). Medium-frequency
sinusoidal currents used today to generate [FC have a
carrier frequency ranging from 3,000 to 5,000 cps. Figure
13-7 is the making of an IFC. For example, the first (C,)
and second (C,) circuits have a carrier frequency (f.) of
3,000 and 3,050 cps or Hz, respectively. By electroni-
cally allowing G, to interfere with C,, and vice versa,
a beat amplitude-modulated 1FC is created. The beat
frequency resulting from the interference of these two

AC currents is calculated as the absolute frequency differ-
ence between the two circuits: Beats per second (beps) =
fer = feo In this example, the interferential beat frequency
is equal to 50 beps (50 beps = 3,000 cps — 3,050 cps). The
term beat (be) is borrowed from the acoustic literature to
designate the characteristic “beat of sound” that can be
heard when two acoustic waves of different frequencies
interfere with each other (Hooke, 1998). The carrier fre-
quencies of each AC circuit are programmable to deliver
low amplitude-modulated beat frequency in the range of
1 to 200 beps.

Cy
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Interferential
current
0
C, = 3,000 cps
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FIGURE 13-7 Bipolar, or premodulated, interferential current
resulting from the interference, within the stimulator circuitry, of
two medium-frequency sinusoidal currents with different frequen-
cies leading to a beat frequency of 50 beps. Shown in the inset is
the characteristic rhythmic rise and fall in the current amplitude
(thus, the term amplitude modulation) resulting from mixing the two
medium-frequency currents, creating an oval-shaped interferential
current field.
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2. Delivery Modes

There are four basic modes to delivery [FC to soft tissues:
bipolar or premodulated, quadripolar or true interferen-
tial, quadripolar with automatic vector scan, and stereo-
dynamic modes. Each mode has its unique biophysical
cimracteristics, as shown next.

a. Bipolar or Premodulated Mode

This first mode is illustrated in Figure 13-7. The term
bipolar means that this mode is delivered using two (bi)
electrodes applied over the target muscle (see later dis-
cussion). The word premodulated means that electronic
interference or modulation between the two medium-
frequency sine-wave currents occurs within the electronic
circuitry of the device, as opposed to within the soft tis-
sues or muscles, as is the case with the other three modes
(see later discussion). In other words, the resulting IFC is
modulated before (thus, the word pre) being delivered to
soft tissues. As shown in the figure, each bipolar or pre-
modulated beat has an oval shape composed of several
sinusoidal cycles of varying amplitudes.

b. Quadripolar or True Interferential Mode

This second mode is illustrated in Figure 13-8. It is
called quadripolar because it is applied using four (thus,
the word quadri) electrodes, each pair of electrodes con-
nected to its respective circuit or channel of stimula-
tion. This mode is also called true interferential because
current interference occurs within the soft tissues, as
opposed to the within the electronic circuitry, as was
the case with the premodulated mode described earlier.

ct ~c2

Interferential current
four leaf clover—
shaped field

3,050 cps
Fixed amplitude

3,000 cps
Fixed amplitude

FIGURE 13-8 Quadripolar, or true, mode resulting from the interfer-
ence, at the level of the targeted tissue, of two medium-frequency
sinusoidal currents with different frequencies. The resulting interfer-
ential current field is pictured as having a four-leaf clover shape.
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The figure shows the electronic interference caused by
crossing, using two pairs of electrodes or four electrodes
(see circles) placed over the target muscle, one medium-
frequency sinusoidal current set at 3,000 cps (C1) with
another medium-frequency sinusoidal current set at
3,050 cps (C2). The interferences occurring between
these two medium-frequency sine-wave currents lead
to the formation of a low-frequency (50 beps) beat
amplitude-modulated current. When the two medium-
frequency sine-wave currents intersect at 90 degrees to
each other, the maximum resultant amplitude of the IFC
field is halfway between these two lines of current (in
this case, at 45 degrees from each circuit). The resulting
current field associated with this IFC mode is pictured as
having a four-leaf clover shape.

c¢. Quadripolar with Automatic Vector Scan Mode

As with the previous mode, this third mode is also gener-
ated using two unmodulated medium-frequency sine-wave
currents delivered using four electrodes. It differs from the
true or quadripolar mode, as illustrated in Figure 13-9, by
allowing current amplitude in one circuit to slowly vary
between 50% and 100% of the maximum set value, with
the current amplitude of the second circuit set automati-
cally at a fixed value (e.g., 75% of its maximum amplitude).
The automatic and periodic current amplitude variation
in one circuit relative to the other creates an electronic
phenomenon described as vector scan. As shown, the
four-leaf clover—shaped current field, observed using the
true or quadripolar mode, automatically rotates back and
forth between the two lines of current, thus scanning the

C1 c2

Interferential current
circular-shaped field

3,000 cps
Variable amplitude

3,050 cps
Fixed amplitude

FIGURE 13-9 -Quadripolar with automatic vector scan mode is iden-
tical to the quadripolar or true interferential current (IFC) except
that the four-leaf clover-shaped field is now automatically rotat-
ing or scanning back and forth (see arrows). This vector scanning
produces an enlarged field of IFC with the characteristic circular
shape.
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treatment surface within this area. This scanning action
results in an enlarged treatment area due to the enlarged
field of IFC. The purpose of using this mode over the
quadripolar or true IFC mode is, therefore, to enlarge
the stimulating treatment area. In the present example,
because the carrier frequency of each circuit remains the
same as with the two previous methods (3,000 and 3,050
cps), the beat frequency remains the same at 50 beps. The
characteristic four-leaf clover—shaped current field seen in
the true or quadripolar or true IFC mode is now pictured
as having a more circular shape.

d. Stereodynamic Mode

This last delivery mode is much less common than
the three already described and requires the use of a
special type of TFC stimulator. This mode, illustrated
in Figure 13-10, is created by adding a third (C3)
medium-frequency sinusoidal current to interfere with
the other two circuits. The resulting IFC mode is called
stereodynamic because of the three-dimensional (3D)
effect achieved within the targeted muscle tissues,
as these three sinusoidal currents interfere with each
other within the muscle. Because this mode requires
simultaneous use of three circuits, six electrodes (or
three pairs) are required for application. Two pairs of

C1
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Interferential current
3D-shaped field
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FIGURE 13-10 Stereodynamic mode refers to the interference, at
the level of the targeted tissue, of three medium-frequency sinusoi-
dal currents, leading to the characteristic three-dimentional (3D),
six-petal flower—shaped field of interferential current. This method
requires the use of six electrodes, which are presented as a pair
of star- or Y-shaped electrodes. Each star or Y electrode has three
pples or three electrodes, and each pair is connected to its respec-
tive channel,

Y-shaped electrodes, each made of three poles, are
commonly used to apply this delivery mode. The stereo-
dynamic mode allows the effective IFC field, or stimu-
lated area, to be enlarged three dimensionally, contrary
to the quadripolar mode with automatic vector scan,
which allows enlargement of the treatment field only
two dimensionally. The IFC field pattern caused by mix-
ing three medium-frequency circuits is pictured to have
a six-petal flower shape.

3. Distinguishing Between IFC Modes
The four IFC delivery modes, with their respective
numbers of output circuits and electrode requirements,
are illustrated in Figure 13-11. The following distin-
guishing characteristics can be observed. First, only
in the bipolar mode is the [FC premodulated. Second,
only the quadripolar with vector scan mode offers a
dynamic (i.e., rotating or scanning) interferential field;
the other three modes offer a static field only. Third,
only the stereodynamic mode offers a 3D interferential
field. Readers should not confuse the terms bipolar and
quadripolar delivery modes of IFC with the terms bipolar
and quadripolar electrode configurations commonly used
to apply NMES (see Application, Contraindications,
and Risks).

Two electrodes

Bipolar
OAANNA - Modulated /C'I
“ \qf\m\,f - current i
—ARAAL 7 = ‘(j
i Static field
Quadripolar Four electrodes
Unmodulated /L_"]
C AR [
e current
Static field
Quadripolar Four electrodes
with vector scan 4_\
Unmodulated f :
Ci - AAAAAMAR-
1
Co A D )
current

Dynamic field

Stereodynamic Six electrodes

C1 LAAAAARA Unmodulated
C2 AR
C3 -IAARAAAAAA- current

Static field

FIGURE 13-11 Interferential current delivery modes with electrode
configurations.
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CURRENT EXEMPLIFIED PARAMETER SETTINGS

Biphasic pulse
pulse modulated

fset at 50 pps, then P =20 ms or 20,000 ps

A f=1/P; P=1/f; 20,000 = 1/50

PD set at 400 ps, then IPD = 19,600 ps

P =PD + IPD; 20,000 = 400 + 19,600

v B

fset at 50 bups, then P =20 ms or 20,000 p.s

A f=1/P; P=1/f; 20,000 = 1/50

BuD set at 10,000 s, then IBuD = 10,000 ps

(=)

Burst modulated

: P = BuD + IBuD; 20,000 = 10,000 + 10,000
i ! |PD setat400 ps as above, then 25 rectangular biphasic
! pulses per burst (not shown to scale)
Number of pulses per burst = BuD/PD; 25 = 10,000/400

Carrier frequency set at 2,500 cps or Hz, then cycle
duration (CD) = 400 p.s, and phase duration
(PhD) = 200 ps (see Fig. 13-6)

P =1/f, where P=CD and PhD = CD/2
CD =400 = 1/2,500; PhD = 200 = 400/2

fset at 50 bups and BuD set at 10,000 p.s, then
P =20,000 ps and IBuD = 10,000 ps

BuD set at 10,000 p.s, then 25 cycles per burst

Interferential
Beat modulated

P =20,000 ps

Number of cycles per burst = BubD/CD; 25 = 10,000/400

C1 and C2 set at 3,000 and 3,050 Hz, respectively, then
beat frequency equals 50 beps (see Fig. 13-7) and

1BeD = P—BeD; 10,000 = 20,000 - 10,000

CD set at 400 p.s; then 25 cycles per beat

Number of cycles per beat = BeD/CD; 25 = 10,000/400

FIGURE 13-12 Current parameters
and waveform modulation.

F. COMPARATIVE BIOPHYSICAL
CHARACTERISTICS

To distinguish between biphasic pulsed, Russian, and
interferential currents based on biophysical parameters
such as waveform, frequency, pulse duration, interpulse
duration, and period can be confusing. To appreciate the
similarities and differences between these three currents,
Figure 13-12 illustrates and exemplifies the characteris-
tics of each current.

1. Biphasic Pulsed Current

Biphasic pulsed current can be pulse modulated or burst
modulated. In the example for pulse modulation, pulse fre-
quency (f) and pulse duration (PD) are set at 50 pulses per
second (pps) or Hz and 400 ps, respectively. The current
waveform is biphasic, symmetrical, balanced, and square.
These settings yield a period (P) and interpulse duration
(IPD) of 20,000 ps and 19,600 ps, respectively. In the
example for burst modulation, burst frequency (bups) and

burst duration (BuD) are set at 50 bups and 10,000 ps,
respectively. With these settings, the period (P) remains
the same at 20,000 ps, and the interburst duration (IBuD)
now equates 10,000 ps. Keeping PD at 400 ps, each burst
is composed of 25 rectangular biphasic pulses.

2. Russian Current

In the example presented for Russian current, the car-
rier frequency is set at 2,500 cps or Hz, which yields a
eycle duration (CD) and phase duration (PhD) of 400 and
200 ps, respectively. Burst frequency is set at 50 bups,
and burst duration (BuD) is equal to 10,000 ps. The inter-
burst duration (IBuD) equals 10,000 ps, and each burst is
composed of 25 cycles.

3. Interferential Current

In the example shown in Figure 13-12, beat frequency
and beat duration (BeD) are set at 50 beps and 10,000 ps,
respectively. Cycle duration (CD) thus equates 400 ps,
and each beat is made of 25 cycles.
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4. Overall Similarities and Differences

Figure 13-12 reveals great similarities between bipha-
sic pulsed burst modulation, Russian burst modulation,
and inferential beat modulation. Waveforms differ only in
shape (square for biphasic pulsed current vs. sinusoidal for
Russian and interferential currents) and current amplitude
(constant for Russian current and modulated for IFC).
Practically speaking, these three electrical current will
deliver similar amount of electrical energy per second to
the target muscle. Theoretically speaking, this means that
selecting one burst-modulated current over another should
makes no significant difference when comes the time to
depolarize motor nerves, which will induce muscle contrac-
tion. If there were some significant differences between the
capacities of these three currents to evoked muscle con-
traction, these should be attributed to other factors such as
the ability to tolerate the discomfort or pain caused by the
passage of electrical current (see later discussion).

Ill. THERAPEUTIC EFFECTS AND
INDICATIONS

Figure 13-13 shows the proposed physiologic and thera-
peutic effects associated with the application of NMES.

NEUROMUSCULAR ELECTRICAL STIMULATION

Electrical energy

Biphasic pulsed current Russian current

Interferential current

The main therapeutic effect, using all three currents, is
to increase muscle strength in both patients and healthy
individuals. Secondary therapeutic effects associated with
the application of IFC are for pain modulation and bowel
dysfunction (see later discussion).

A. MUSCLE STRENGTHENING

1. Evoked Motor Nerve Depolarization
Research has long established that nerves are excitable
structures and that the passage of pulsed currents can
excite or depolarize them (Robinson, 2008), thus trigger-
ing MU activation leading to evoked tetanic muscle con-
traction (see later discussion). Let us first consider the
process of electrical nerve depolarization. Nerve fibers
at rest are polarized, with the inside of their membranes
being negatively charged. To depolarize a nerve means to
reverse this polarized state, causing the inside of the nerve
membrane to become positively charged. This reversal
of potential across the nerve semi-permeable membrane
leads to the formation of an action potential, or nerve
impulse. Illustrated in Figure 13-14, and summarized
next, are key physiologic events related to the process of
electrically induced nerve depolarization.

Motor nerve Sensory nerve
depolarization depolarization

Motor unit activation

l

Spatial Temporal
recruitment recruitment
Reversed Synchronous
and fixed
L__,.T___w
Evoked tetanic Gating system

muscle contraction

Enhance motor Pain modulation

unit activation

Enhance muscle
hypertrophy

Muscle weakness Pain management

!
Parasympathetic nerve
depolarization

Parasympathetic stimulation

Enhance intestinal motility

FIGURE 13-13 Proposed physiologic
and therapeutic effects associated
with neuromuscular electrical stimu-
lation. Note: Please see text with
regard to abbreviations used in the
figure.
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FIGURE 13-14 Electrically induced nerve depolarization. Schematized
are key physiologic events leading to the production of an action
potential or nerve impulse.

a. Resting Membrane Potential

At rest (stimulator OFF), excitable nerve membranes
are readily permeable to potassium (K') ions, slightly
permeable to sodium (Na*) and chloride (CI7) ions, and
impermeable to a number of large negatively (=) charged
proteins and phosphates named anions (A7). Research
has shown that the flow, or gating, of Na* and K" ions
in and out of the membrane is regulated by voltage-sensitive
channels (Robinson, 2008; see later discussion). Because
anions are trapped within the intracellular space, the inside
of the nerve membrane remains negatively charged. A rest-
ing membrane potential (RMP) is thus established and
measured, in humans, at approximately =70 mV.

b. Electrical Stimulation Threshold

What will happen to the nerve RMP if a pulsed electrical
current of gradually increasing amplitudes is applied, as is
the case with NMES? As illustrated in Figure 13-14, the
gradual increase of current amplitude will decrease the
RMP, passing from approximately =70 to —30 mV (A to
B). When the nerve membrane potential finally reaches a
critical voltage level (B), a cascade of events (B to E) trig-
gers the process of nerve depolarization (B to C), which
leads to the formation of an action potential or nerve
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impulse (B to E). This critical voltage level corresponds to
the nerve membrane threshold of activation (B).

c. Depolarization

The process of depolarization (B to C) is caused by the
rapid and massive opening of voltage-gated Na* chan-
nels, resulting in the reversal of potential inside the nerve
membrane. In other words, the massive influx of positively
charged sodium ions makes the inside of the nerve mem-
brane more positive. This depolarization phase coincides
with the beginning of the action potential (B to C).

d. Repolarization or Hyperpolarization

After being depolarized, the nerve membrane quickly
repolarizes itself (C to D). This process begins with the
complete closure of the voltage-gated Na* channels (C)
and manifests itself by the rapid and massive opening
of the voltage-gated potassium (K') channels. In other
words, the massive efflux of positively charged potassium
ions makes the inside of the nerve membranes more nega-
tive, until its RMP is once again restored (from C to D).
During this repolarization phase, the nerve membrane is
slightly hyperpolarized (D to E) for a very short period of
time because the potassium channels stay open a bit too
long in the process. The RMP is then quickly restored by
the Na'—K* ATPase pumps (E). The process of depolariza-
tion—repolarization is self-perpetuating, triggering a chain
reaction of action potential along the nerve fiber. The
influx of Na* depolarizes the axon and the outflow of K*
repolarizes it (see Fig. 13-14).

e. Action Potential/Nerve Impulse Propagation

The passage of a pulse current through a nerve membrane
results in the creation of an action potential (B to D), also
called nerve impulse. Such nerve impulses propagate, or
travel, along the nerves carrying neural information from
organs to the central nervous system (CNS) or from the
CNS to the organs. When the threshold for stimulation
(B) is reached, an action potential of a fixed size will
always be generated. In other words, there is no big- or
small-amplitude action potential—all action potentials,
for a given nerve, are of the same size. We have, therefore,
two possibilities—either the nerve threshold for depolar-
ization is not achieved (no action potential generated—
none) or the threshold is achieved (full action potential
generated—uall). This all-or-none situation underlies the
all-or-none principle. Thus, there is no such thing as a
fraction of action potential generated—the potential is
either full or none. This also means that increasing the
electrical pulse amplitude (subthreshold to supramaximal
levels) will not induce larger-size action potentials.

f. Nerve Refractory Period

Nerve fibers require a certain period to recover before
they can be depolarized again. There is a short period
of time, named the refractory period and illustrated in
Figure 13-14 (F to G), during which the nerve fiber will
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TABLE 13-1
Contraction Volitional
Motor command Upper motoneurons
Spatial recruitment Dispersed

Smaller to larger MUs

Temporal recruitment Asynchronous
Onset of muscle fatigue Slow

Muscle force development Optimal
Muscle-strengthening mechanisms Neurotrophic

Neural: Enhanced MU recruitment
Trophic: Enhanced muscle hypertrophy

MUs, motor units.

be refractory to the delivery (incapable of being depolar-
ized) of another subthreshold electrical pulse. Within this
refractory period, which lasts less than 1 ms, there is an
absolute period, during which it is impossible to depolarize
the nerve, and a relative period, during which an action
potential can be generated if one applies an electrical
pulse having a greater amplitude. The refractory period
limits the pulse frequency that practitioners can choose to
depolarize peripheral nerve fibers.

2. Evoked Motor Unit Activation

There are fundamental differences, as shown in
Table 13-1, between the neurophysiologic mechanisms at
work during volitional versus electrically evoked muscle
contraction. Skeletal muscle contraction, whether volun-
tary or electrically evoked, results from the activation, or
recruitment, of motor units (MUs).

a. Spatial Recruitment

The term spatial recruitment refers to the number and
order of MUs recruited during the process of muscle
contraction. Number refers to the amount, or percent-
age, of MUs activated within a given muscle or mus-
cle group. Order relates to the sequence of activation
based on the size of each MU. A muscle may contain
hundreds to thousands of MUs depending of its size
and function. Research has established that a skeletal
muscle is made of a mosaic of three types of MUs.
The first type is the slow-twitch (S) unit made of slow-
twitch oxidative (SO) fibers, which are very resistant
to fatigue. The second type is the fast-twitch/fatigue-
resistant (FR) unit made of fast-twitch, oxidative-gly-
colytic (FOG) muscle fibers. The third type relates to
the fast-twitch/fatigable (FF) units made of fast-twitch
glycolytic (FG) muscle fibers. FG and FOG muscle
units contract faster and generate more force than SO
units. In some textbooks, SO units are classified as type

VOLITIONAL VERSUS ELECTRICALLY EVOKED MUSCLE CONTRACTION

Electrically Evoked

Electrical stimulator

Restricted
Larger to smaller MUs

Synchronous
Rapid

Suboptimal

[ units, whereas FF and FR units are classified as type
IIB and type IIA units, respectively.

b. Temporal Recruitment
The term temporal recruitment refers to the rate of dis-
charge, or frequency, with which MUs are recruited during
the process of muscle contraction. Temporal recruitment
is also referred to, in the literature, as rate coding.

c. Motor Unit Recruitment During Volitional
Muscle Contraction

During a voluntary effort, the command for muscle con-
traction originates in the upper motoneurons (volition),
which is then transmitted down to the spinal motoneu-
rons. The number of MUs activated is proportional to
the magnitude of the voluntary command, and MU acti-
vation is dispersed within the muscle. MUs are spatially
recruited according to their size—that is, from the smaller
(SO) to the larger (FG, FR) units. This is known as the
size principle of MU activation (Henneman et al., 1965).
Temporal recruitment is asynchronous, or random, mean-
ing that a given MU may be activated several times per
second, whereas another MU may be activated only a few
times per second, or not at all, during a particular voli-
tional muscle contraction.

d. Motor Unit Recruitment During Electrically Evoked
Muscle Contraction

During an electrically evoked muscle contraction, the com-
mand for muscle contraction is given by the electrical stim-
ulator, which is programmed to deliver electrical pulses of
given amplitudes and frequencies, resulting in motor nerve
depolarization. In such a case, the entire motoneuron
pool (upper and lower) is bypassed, meaning that muscle
contraction results from the local depolarization of motor
nerves buried in the muscle. In contrast to the volitional
process described earlier, spatial recruitment is restricted
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to the units that are closer to the electrodes and occurs in
the reversed size order—that is, from the larger (FF, FG)
to the smaller (SO) units (Delitto et al., 1990; Sinacore
et al., 1990; Trimble et al., 1991). This order reversal is
explained by the fact that the large-diameter motor axons
of FF and FR units are more easily excited by imposed
electrical current than are the small-diameter axons of the
SO units (Maffiuletti et al., 2011). Also demonstrated is
the fact that temporal recruitment is synchronous—that is,
at a fixed frequency, which corresponds to the frequency
setting on the electrical stimulator. In summary, electrical
current passes through soft tissues and depolarizes motor
nerve fibers, causing nerve impulses to reach neuromus-
cular junctions initiating muscle contractions. Spatial MU
recruitment occurs in a reverse size order (from the larger
to the smaller units), and temporal recruitment is synchro-
nous (fixed frequency) in nature.

e. Physiologic Impact of Restricted and Reverse Order
Spatial Motor Unit Recruitment

The fact that spatial MU recruitment is restricted and
occurs in a reversed order during NMES implies that
the same large fatigable MUs—that is, those FOG and
FF units closest to the surface electrodes—are repeat-
edly activated by the same amount of electrical current
that, over time, will hasten the onset of muscle fatigue
(Maffiuletti et al., 2011). It is well established in the liter-
ature that muscle fatigue represents a major limitation to
the use of NMES. What can the practitioner do to mini-
mize muscle fatigue during NMES? From one therapeu-
tic session to the next, the practitioner can (1) vary cur-
rent amplitude, (2) modify electrode configuration and/or
electrode placement, and (3) modify muscle length.

f. Physiologic Impact of Synchronous
Temporal Recruitment

The temporal synchronous recruitment associated with
NMES implies that these same more superficial and large
MUs are firing at the same frequency during electrical
stimulation. It is well established that SO units have a
much lower tetanic fusion frequency (20 to 30 Hz) than
FG and FF units (50 to 70 Hz) because their twitch con-
traction times are longer. This means that setting the stim-
ulator’s frequency at 40 Hz, for example, will be optimal
for the temporal recruitment of SO units but less than
optimal for the larger units. This will result in a subopti-
mal evoked muscle contraction because the greater force
generating fast units (FOG and FF) will fire at their sub-
optimal frequency. One way to minimize this synchronous
effect is to vary the current frequency from one therapeu-
tic session to the next.

3. Evoked Muscle Contraction

The repeated delivery of pulses, bursts, or beats of cur-
rent cause repeated motor nerve depolarization, trig-
gering a series of muscle twitches that will combine to
form an evoked smooth fused tetanic muscle contraction
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similar to that of maximal voluntary contraction. Neu-
romuscular research has shown that full tetanic mus-
cle contraction of human skeletal muscles occurs at a
fusion frequency of about 50 Hz (i.e., 50 pps; 50 bups;
50 beps). Some muscles may fuse at a higher frequency
(i.e., 60 to 80 Hz) if their MU content is primarily made
of FF and FR units, and some at lower frequency (i.e.,
30 to 40 Hz) if their MU content is primarily made of
SO MUs.

4. Claims Behind Interferential and

Russian Currents
Several important claims have been made over the past
decades with regard to the physiologic effects of these
two electrical currents on soft tissues. Let us review these
claims and look at the evidence behind them.

a. Interferential Current

Hans Nemec (1959) made remarkable claims related to
his newly discovered IFC. He first claimed that crossing
and superimposing two medium-frequency alternating
sine-wave currents of different frequencies will cause the
two currents to interfere with each other, producing an
interferential or low-frequency beat amplitude-modulated
current. His second claim was that IFC generated by
crossing sine-wave currents with medium carrier frequen-
cies (i.e., between 3,000 and 5,000 Hz) will decrease skin
impedance, leading to deeper tissue stimulation with less
current amplitude, thus making it more comfortable than
the other currents.

i. Interferential Effect: Supported

There is biophysical evidence to support Nemec’s claim
that superimposing two medium-frequency alternat-
ing sine-wave currents, each with different medium fre-
quency, will interfere with each other causing output
interference, resulting in a newly formed amplitude-mod-
ulated frequency, or beat, IFC (see Fig. 13-8).

ii. Decreased Skin Impedance: Supported

There is also biophysical evidence to support the
claim that the application of IFC, resulting from the
interaction of medium-frequency sinusoidal alternating
current (2,000 to 5,000 Hz) can decrease skin imped-
ance because it lowers its capacitive reactance compo-
nent. To assess this claim, brief considerations must be
given to the concepts of impedance and capacitive reac-
tance. Biophysicists see biologic tissues, such as the skin,
as being made of a mix of resistors (R), capacitors (C),
and inductors (L). Impedance, designated by the let-
ter Z and measured in ohms (Q), is defined as the total
opposition offered by these three sources, namely, resis-
tance (R), capacitive reactance (X¢), and inductive reac-
tance (Xp) to the passage of an electrical current. The
equation denoting capacitive reactance is as follows:
Xc = 1/2nfC, where © = 3.14, f = current frequency, and
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C = skin capacitance, measured in farads. This formula
thus indicates that the higher the current carrier fre-
quency, as is the case with IFC (2,000 to 5,000 Hz), the
lower the capacitive reactance, thus the lower the skin
impedance.

iii. Decreased Skin Impedance: Misleading

To claim that interferential current is the only current
capable of decreasing skin impedance is misleading. As dis-
cussed earlier, impedance is inversely related to frequency
(Z = 1/f), and frequency is inversely related to the period
(f = I/T). By substitution, it turns out that impedance
(Z) is proportional to the period (P). Stated differently,
the shorter the period, the lower the skin impedance. In
pulsed currents, the period equals pulse duration plus
interpulse duration. On the basis of T'= 1/, the period (T)
of present IFC (2,000 to 5,000 Hz) will range between
500 and 200 ps. Theoretically speaking, it follows than
any pulsed current (such as biphasic pulsed and Russian)
having a period (T) ranging between 200 and 500 ps is
also capable of reducing skin impedance. In summary,
IFC does not reduce skin impedance and does not pen-
etrate deeper than other pulsed currents having similar
frequency or period.

b. Russian Current

Kots made three revolutionary claims, never before
heard in the field of NMES, when he introduced the
Russian current to the clinical and research commu-
nities (Kots, 1971, 1977; Belanger 1992; Ward et al,,
2002). His fust claim was that his Russian current,
unlike all the other known neuromuscular stimulat-
ing currents, is painless, causing no sensory discomfort
during maximal evoked muscle tetanic contraction.
Because it is painless, Kots postulated that higher cur-
rent amplitude can be delivered to soft tissues so that
the deeper motor nerve fibers, which are associated
with those larger high-force, fast-twitch MUs (FF, FR),
can be depolarized, thus increasing the magnitude of
the electrically evoked tetanic contraction. Kots’s second
claim was that his Russian current, delivered at a higher
current amplitude (because it is painless) than all the
other stimulating currents, could generate up to 30%
more force than that generated during the course of an
MVC. He postulated that during a maximal voluntary
effort, a percentage of those large FF MUs (FG muscle
fibers) are not recruited. There is a substantial body of
scientific evidence to support this postulate (Belanger
et al,, 1981; Rutherford et al., 1986; Dowling et al.,
1994; Behm et al., 1996). Kots further theorized that
applying his painless and deeply penetrating current
would compensate for this lack of voluntary MU activa-
tion by activating, or depolarizing, those inactive large
MUs, thus generating more muscle force. Kots's third
and last claim was that a few weeks of muscle train-
ing using his Russian current can produce lasting muscle
strength gains in healthy people.

i. Painless Current: Refuted

There is very strong evidence to refute the painless nature
of Russian current (Curwin et al., 1980; Laughman et al.,
1983; Owens et al., 1983; Currier et al., 1984; Boutelle
et al.,, 1985; Selkowitz, 1985; Delitto et al., 1986a,b;
Kubiak et al., 1987; Ferguson et al., 1989; Grimby et al.,
1989; Snyder-Mackler et al., 1989; Brooks et al., 1990;
Underwood et al., 1990; Franklin et al., 1991; Laufer
et al., 2001; Delitto et al., 1992; Hartsell et al., 1992;
Rooney et al., 1992). In fact, all subjects enrolled in the
mentioned studies reported various levels of sensory
discomfort and pain when subjected to Russian current
stimulation. No studies could be found to support this
claim.

ii. Greater Force: Refuted

Only one study (Selkowitz, 1985) supports Kots's claim
that Russian current can evoke greater muscular force
than that generated following a maximal voluntary effort.
All of the following studies refute this claim (Owens
et al., 1983; Noel et al., 1987; Snyder-Mackler et al.,
1989; Laufer et al., 2001; Hartsell et al., 1992).

iii. Lasting Force Gains: Supported

There is evidence to support Kots’s claim that that the
gains of muscle force following Russian current are last-
ing, as is the case with voluntary muscle training (Currier
et al, 1983Laughman et al., 1983; Selkowitz, 1985;
Kubiak et al., 1987; Soo et al., 1988). Only one study
refutes this claim (St-Pierre et al., 1986).

5. Muscle-Strengthening Mechanisms

Research has shown that repeated muscle contractions,
whether voluntarily or electrically evoked, done against
resistive external loads induces neurotrophic muscle
adaptation (Maffiuletti, 2010; Gondin et al., 2011; Hor-
tobagyi et al., 2011). In strenuous strength-training reg-
imens using biphasic pulsed, Russian, or interferential
currents, skeletal muscles get larger and stronger from
the hypertrophy, or enlargement, of their muscle fibers,
not from the addition of new muscle fibers (hyperpla-
sia). In other words, muscle strengthening following
NMES results from the interaction between a neural
(improved MU recruitment and firing) and a trophic
(hypertrophy) mechanism (Table 13-2). The patient’s
or subject’s ability to improve MU activation and to
enlarge muscle fibers through voluntary or electrically
evoked training will determine the extent of muscle
strengthening achieved.

6. Quadriceps Versus Pelvic Floor

Muscle Strengthening '
The evidence from the scientific literature shows that the
use of biphasic pulsed and Russian currents has been
primarily for the strengthening of lower muscles, pri-
marily the quadriceps muscle, whereas that of IFC has
been almost exclusively reserved for pelvic floor muscles
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TABLE 13-2 RECOMMENDED DOSIMETRIC PARAMETERS FOR MUSCLE STRENGTHENING

é Parameter Biphasic Pulsed Current Russian Current Interferential Current
h Carrier frequency NA 2,000-5,000 Hz
i Pulse duration 100-600 s NA
.
s Burst/beat duration 5-10 ms
£ Pulse/burst/beat frequency 30-60 Hz
y
t Current amplitude® As high as tolerable—high enough to evoke muscle force equivalent to 40%-70% of maximum
N voluntary contraction (% MVC)
ON time** 5-10s
OFF time** 5-50 s
\
a Ramp up time 05-2s
é Ramp down time 05-2s
) Treatment frequency 3 training sessions per week for 4-6 wk
Acclimatization period To optimize the application of NMES, subjects and patients need to accommodate to the
delivery of electrical current. Training intensities (current amplitude and number of training
sessions) should be increased step by step.
- @ Use the Online Dosage Calculator: Neuromuscular Electrical Stimulation.
r ;
; NA, not applicable; MVC, maximum voluntary contraction; NMES, neuromuscular electrical stimulation.
v *Can be expressed in milliamperes or as percentage of MVC. Usually expressed as peak amplitude (A) for biphasic current. Usually expressed as root mean
square (rms) amplitude (A,) for Russian and interferential current. Aps = 0.707 x Ay Ay = 1.414 X A .
**ON time includes ramp up and down times, plus plateau time. Setting the ON time and OFF time automatically sets off the ON:OFF time ratio and duty cycle.
, (Oh-oka, 2010; see Research-Based Indications box). Why  dysfunctions (see Research-Based Indications box). In
t is this so? The fact that most clinical studies using NMES 1987, Emmerson and colleagues reported diarrhea as a
- have focused on the quadriceps muscle, as opposed to  side effect of using IFC for urinary incontinence caused
other muscle groups, is due to the influence of Kots’s work, by overactive bladder (Emmerson, 1987). This observa-
2 i which focused on this muscle group. It can also be attrib-  tion led some clinicians and researchers to theorize that
1 uted to the fact that knee injuries are very common and  if IFC can induce diarrhea, this electrical current may be
) that quadriceps strengthening is key to optimal rehabilita-  beneficial for the treatment of bowel dysfunction such as
; tion in such cases. That IFC is used primarily for pelvic  slow transit constipation (see Chase et al., 2005). They
floor muscle weakness, mostly for cases of incontinence  postulated that the deeply penetrating IFC is likely to
] is explained by the fact that these muscles are located — stimulated vagal sympathetic and parasympathetic out-
l deeper in the pelvis and thus require a more penetrating  flow to the intestine, thus facilitating bowel movement
: current field for effective NMES. The delivery of IFC, by increasing intestinal motility leading to defecation
3 using the quadripolar mode, provides such a penetrating  (see Fig. 13-13). To provoke this physiologic effect, the
) current field that can be focused on these muscles. More-  electrode configuration is such that current interference
! over, using vacuum IFC with suction electrodes greatly — occurs, or is focused, at the intestinal level (see Applica-
3 facilitates electrode attachment in this particular body area tion, Contraindications, and Risks box).
' (perineum). Another option for pelvic floor muscle stim-
ulation is to use any currents with either intravaginal or C. PAIN MODULATION
intrarectal electrodes (see Application, Contraindications, '
and Risks box for details). Survey research has demonstrated that IFC is often used
: clinically for the management of pain (see Beatti et al.,
! 2010; Fuentes et al., 2010). It is postulated that sensor
B. INTESTINAL MOTILITY - VML mpaghgtes R
: and motor nerve depolarization resulting from the passage
; Aside for muscle weakness, there is limited evidence to  of IFC could modulate pain, as is the case for transcu-

suggest that IFC may effective for the treatment of bowel

taneous electrical nerve stimulation (see Chapter 14),
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through various mechanisms, including the gate and
opiate systems (see Fig. 13-13). Listed in the Research-
Based Indications are human studies, on the effectiveness
of IFC on pain.

1. Experimental Pain

Experimental or induced pain significantly differs from
clinical or real pain because the former is lacking the
all-important affective (cognitive and emotional) com-
ponent of pain. Caution is advised, therefore, before
inferring the effectiveness of IFC based on experimen-
tal pain findings. The body of evidence on the effective-
ness of IFC for human experimental pain is conflict-
ing, with approximately half of the studies showing no
benefit (Stephenson et al., 1995; Johnson et al., 1997,
2003b; Johnson et al., 1999; Minder et al., 2002; Che-
ing et al., 2003; Johnson et al., 2003a,c; Stephenson
et al., 2003; McManus et al., 2006; Shanahan et al.,
2006; Fuentes et al., 2010; Fuentes et al., 2011). No
clear conclusion, therefore, can be drawn on the effec-
tiveness of IFC on experimental pain (see Beatti et al.,
2010).

2. Clinical Pain

Conversely, there is substantial evidence to support the
use of IFC for the management of human clinical pain
(see Research-Based Indications box). Fuentes and col-
leagues’ (2010) recent meta-analysis on this subject sug-
gests that IFC, when applied concomitantly with other
therapeutic interventions, is more effective than when
applied alone.

D. RESEARCH-BASED INDICATIONS

The search for evidence behind the use of NMES, dis-
played in the Research-Based Indications box, led to the
collection of 102 English peer-reviewed human clinical
studies. The methodologies and criteria used to assess
the strength of evidence and therapeutic effectiveness are
described in Chapter 2. As indicated, the strength of evi-
dence behind NMES is ranked as moderate for quadriceps
muscle weakness in both healthy individuals and patients.
There is also moderate evidence, primarily using IFC, for
pelvic floor muscle strengthening, bowel dysfunction,
and pain. Over all conditions treated using NMES, the
strength of evidence is found to be moderate and its thera-
peutic effectiveness substantiated.

IV. DOSIMETRY

The main application of NMES is for muscle strength-
ening in patients suffering from disuse atrophy and in
healthy individuals wanting to improve their muscle
strength. The objective is to program the stimulator such
as to generate an evoked muscle contraction, which
resembles, or mimics, as closely as possible that gener-
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FIGURE 13-15 Interrelationship between maximum voluntary con-
traction (A), maximum electrically evoked contraction (B), and cur-
rent amplitude (C). Time modulation of electrical current allows the
evoked muscle contraction to mimic voluntary contraction. ON time
includes ramp up (RU) and ramp down (RD) times, as well as plateau
time.

ated during volitional effort. Figure 13-15 illustrates this
concept. During voluntary muscle strengthening (see
Fig. 13-15A), patients perform a bout or series of muscle
contractions, often under isometric condition, lasting a
few seconds (3 to 6 s), with each contraction interrupted
by a rest period equivalent to a multiple of contraction
time (one to eight times longer). A voluntary muscle con-
traction is a smooth contraction characterized by a short
gradual rise and fall of force at the beginning and end of
contraction, respectively. For an electrically evoked mus-
cle contraction to mimic such a smooth contraction (see
Fig. 13-15B), several parameters need to be set on the
electrical stimulator (see Fig. 13-15C). Let us consider
each of them.

A. ELECTRICAL PARAMETERS

Practitioners, using any given type of electrical stimulator
for NMES, need to set various electrical parameters prior
to therapy. Those key parameters are illustrated and exem-
plified in Figure 13-12 and listed in Table 13-2. Common
settings are carrier frequency (for Russian and interferen-
tial currents), pulse duration (for biphasic pulse current),
pulse/burst/beat duration, pulse/burst/beat frequency, and
current amplitude.
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Benefit—Yes

Benefit—No

Benefit—Yes Benefit—No

Health Condition Rating  Reference Rating Reference Health Condition Rating  Reference Rating Reference
Muscle weakness | Laughman Muscle weakness | Jaritetal., Il Sisketal,
in heglthy etal., 1983 following 2003 1987
um.ram(?d a_ng | Parkeretal, postoperative knee Il Lieberetal.,
trained individuals 2003 reconstruction 1996
| Bircanetal, Il Wigerstad- Il Paternostro-
2002 Lossing et al,, Sluga et al.,
| Gondin etal, 1995 1988 1999
| Herreroetal, Il Fitzgerald etal.,
2010a 2003
| Herreroetal, Il Delitto etal,
2010b 1988b
| Owens et a|_' Il Feil et al., 201
1983 Il Anderson etal.,
| Boutelle etal, 1989
1985 Il Draperetal,
| Kubiak etal., 1987 1991
| Fahey et al., 1985 Il Snyder-Mackler
Il Caggianoetal., etal, 1995
1994 Il Snyder-Mackler
Il Halbacketal., etal, 1994
1980 Il Snyder-Mackler
Il Hartsell, 1986 ’ ‘j\"‘l’l' ‘gg’t |
: illiams et al.,
Il Laietal, 1988 1986
] N?bbS etal,, 1986 Il Curwinetal,
Il Erikssonetal., 1980
1281 Il Avramidis etal,
Il Cabric etal, 1987 2003
Il Romero etal., I Martinetal.,
1982 1991
Il Currieretal., 1983 Il Petterson et al.,
Il St-Pierre etal., 2006
1986 Il Stevensetal.,
I Faheyetal., 1985 2004
Il McMiken et al., Il Leweketal.,
1983 2001
Il Parkeretal, Il Mintken et al.,
2005 2007
Il Lauferetal, Il Delitto et al.,
2001 1988a
Il Hortobagyi et al., Il Eriksson etal.,
1992 1979
Il Pfeiferetal., 1997 Strength of evidence: Moderate
Il Selkowitz, 1985 Therapeutic effectiveness: Substantiated
Il Sooetal, 1988 Pelvic floor | Laycocketal., Il Sylvester
Il Underwood muscle weakness 1993 etal., 1987
etal, 1990 following | Kajbafzadeh
Il Rutheretal, ncetunonca etal, 2009
1995 | Vahteraetal.,
Il Delittoetal., 1997
1989 Il Oh-oka, 2008
Strength of evidence: Moderate Il Dougall, 1985
Therapeutic effectiveness: Substantiated I McQuire, 1975
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Benefit—Yes Benefit—No Benefit—Yes Benefit—No
Health Condition  Rating  Reference  Rating Reference Health Condition  Rating  Reference  Rating Reference
Il Demirturk etal., i | Defrin et al., Il Quirketal.,
2008 2005 1985
Il Switzer et al., | Cheingetal, Il Werners
1988 2008 etal, 1999
Il Laycocketal., |  Zambito etal,,
1988 2007
Il Dumoulin etal., | Zambito et al.,
1995a 2006
Il Dumoulin etal., Il Shafshaketal.,
1995b 1991
Il Olahetal., 1990 Il Callaghanetal.,
Il Wilson etal, 2001
1987 Il Hurleyetal,
Il Turkanetal, 2001
2005 Il NiChiosig et al.,
Il Van Poppel et al., 1994
1985 Il Burchetal,
Il Henella etal, 2008
1987 Il Philipp etal,,
Strength of evidence: Moderate 2000
Therapeutic effectiveness: Substantiated Il Tugayetal.,
: 2007
Bowel dysfunction | g‘ljzla]g;e etal., I Walker etal,
| Clarke etal 209
arke et al., .
2009b - e A Il Nitzetal, 1987
trength of evidence: Strong
I Ko!du el 2010 Therapeutic effectiveness: Substantiated
| Kajbafzadeh
etal, 2011 Fewer Than 5 Studies
Il Chase et al., 2005 Muscl_e weakne_ss | Nuhr et al., 2004
Strength of evidence: Strong following chronic | Quittan etal,,
Therapeutic effectiveness: Substantiated heart failure 2001
Painful conditions | Gundogetal, | Man et al,, L %’&sak etal, '
2011 2007 )
| Adedoyin et al., |  Vander Il Harris etal, 2003
2002 Heijden Strength of evidence: Pending
etal., 1999 Therapeutic effectiveness: Pending
| Hurley etal., | Tayloretal,
2001 1987 ALL CONDITIONS
Il Gainesetal, Strength of evidence: Moderate
2004 Therapeutic effectiveness: Substantiated

1. Pulse/Burst/Beat Frequency

Why is the concept of frequency very important in the
field of NMES? Because the physiologic correlate of fre-
quency is temporal MU activation. In other words, to set
the pulse/burst/beat frequency is to set the frequency at
which all the activated MUs will fire during the evoked
muscle contraction. As shown in Figure 13-13, pulsed
biphasic current may be delivered as pulses (pulse fre-
quency) or bursts of pulses (burst frequency), Russian
current as bursts of sinusoidal cycles (burst frequency),
and IFC as beats of sinusoidal cycles (beps). Setting the
frequency between 30 and 60 pps/bups/beps is neces-
sary to obtain optimal temporal MU activation during the
fused tetanic muscle contraction, because research has

established that the mean fusion frequency for skeletal
muscles is approximately 50 pps/bups/beps.

2. Current Amplitude

Why is setting current amplitude so critical in the field
of NMES? Because the physiologic correlate of current
amplitude is spatial MU activation. The higher the cur-
rent amplitude used, the greater the number of motor
units activated, and the larger the evoked muscle contrac-
tion output of force. A common procedure to set current
amplitude is as follows. First, measure the force generated
by the target muscle group during an MVC under isomet-
ric conditions (100% MVC). Second, increase current
amplitude as high as tolerable or high enough to obtain

LUMENIS EX1011
Page 32



an evoked muscle contraction force equivalent to 40%
to 70% of that obtained under a maximal voluntary effort
(MVC). Subsequently, express the level of each electri-
cally evoked contraction as a percentage of the MVC
force (% MVC). This important parameter provides an
indication of the intensity of the NMES training (see Sel-
kowitz, 1985; Stevens et al., 2004; Maffiuletti, 2010). The
higher the current amplitude, the higher the effectiveness
of NMES for muscle strengthening in both healthy indi-
viduals and patients (see Maffiuletti, 2010).

3. Constant Current Stimulator

Stimulators used for NMES are constant current—type
(CC-type) stimulators, meaning that a set current ampli-
tude (say, 80 mA read on the digital meter) remains
constant (hence, the term constant current) during treat-
ment, regardless of changes in tissue impedance over
time. According to Ohm’s law, defined by the formula
V=R xIorV=1Z7xA (see below), to maintain current
amplitude (I or A) constant during treatment, voltage (V)
needs to be automatically adjusted to account for the
fluctuation of soft-tissue impedance (R or Z) over time.
Ohm’s law can thus be rewritten as follows: V=7 X A,
where the letter R (resistance) is replaced by the letter Z
(impedance), and where the letter I (intensity) is substi-
tuted for the letter A (amplitude). The main advantage
of CC-type stimulators is that they deliver predictable
levels of electrical stimulation, making therapy more
predictable and comfortable for the patient (no surge of
current).

B. ON:OFF TIME RATIO

Now that the electrical parameters mentioned earlier are
set. Which other parameters need to be set? As shown
in Figure 13-15C, practitioners need to set the ON and
OFF times. The ON time is the time, measured in sec-
onds, during which electrical current is delivered to the
target muscle. Its duration corresponds to the duration
of the volitional muscle contraction. Conversely, the
OFF time is the time, also measured in seconds, dur-
ing which there is no current flowing in the target mus-
cle. Its duration corresponds to the duration of the rest
period between two successive contractions. The rela-
tionship between ON time and OFF time is commonly
expressed as a ratio. For example, setting a 5-second
ON time and a 30-second OFF time would produce a
ON:OFF time ratio of 10s:30s. Such a ratio means that
the resting time between two successive evoked contrac-
tions is three times longer than that of contraction time
(1:3). The term ON:OFF time ratio is not synonymous
with duty cycle, as discussed later.

C. RAMP UP AND DOWN TIMES

As shown in Figure 13-15A, the time course of a voli-
tional contraction begin with a gradual upward ramping,
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from the beginning to the plateau phase of contraction,
followed by a similar smooth downward ramping at the
end of contraction. This physiologic ramping effect is
part of the full muscle contraction time or ON time. To
mimic this ramping volitional effect during NMES (sece
Fig. 13-15B), practitioners need to adjust the stimula-
tor’s ramp up and down times accordingly. Note that the
ON time includes the ramp up and down times, as well
as the time during which the contraction is maintained
relatively constant (plateau time). Setting ramp up and
down times within the ON time mimic as closely as pos-
sible the gradual build up and relaxation phases seen at
the beginning and the end of a voluntary muscle contrac-
tion, as shown in Figure 13-15C. Ramp up and down
times are usually set between 0.5 and 2 seconds to pre-
vent the sudden, or jerky, rise and fall of evoked muscle
contractions, thus making its time course as smooth as
possible (see Table 13-2).

D. DUTY CYCLE

Setting the ON:OFF time ratio automatically sets up the
duty cycle, which is defined as the ratio of ON time to the
combined ON and OFF times, expressed as a percent-
age, using the following formula: Duty cycle = [ON/(ON +
OFF)] x 100. For example, an ON:OFF time ratio of
10s:50s sets up a duty cycle of 16.7% (16.7%=[10 /(10 s +
50 s)] x 100). A duty cycle of 16.7% means that muscle
contraction occurs during an amount of time (10 s) that is
16.7% of the elapsed time (60 s; 10 s + 50 s) between two
successive electrically evoked muscle contractions. To
document or chart only the duty cycle value without the
corresponding ON:OFF time ratio is misleading because
ON:OFF time ratios of 5 s:20 s and 10 s:40 s, for exam-
ple, would yield exactly the same 20% duty cycle value
but different ON and OFF times. Both the duty cycle and
its corresponding ON:OFF time ratio must therefore be
charted in the patient’s file. To recap, an ON:OFF time
ratio of 10s:50s means that the resting time between two
successive evoked contractions is five times that of con-
traction time. The corresponding 16.7% duty cycle, on
the other hand, implies that muscle contraction occurred
during 16.7% of the time during two successive evoked
contractions.

E. ONLINE DOSAGE CALCULATOR:
NEUROMUSCULAR ELECTRICAL
STIMULATION

As presented earlier, to set up the multiple dosimetric
parameters related to the application of NMES requires
the use of several formulas and implies multiple calcu-
lations. To facilitate dosimetry, this textbook offers the
Online Dosage Calculator: Neuromuscular Electrical Stim-
ulation. Log on, select the type of current, enter param-
eters, and let the calculator do the work for you!
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V. APPLICATION, CONTRAINDICATIONS,
AND RISKS

Prior to considering the application of NMES, practitio-
ners must first check for contraindications, consider the
risks, and then go through key application steps and pro-
cedures designed to optimize treatment safety, efficacy,
and effectiveness. As discussed next, several important
elements need to be taken into consideration to achieve
optimal application.

A. SKIN PREPARATION

Adequate skin preparation prior to NMES is critical
because in order to depolarize motor nerve fibers, elec-
trical current must first flow through the skin. The skin
provides the greatest opposition, resistance, or impedance
to current flow because the epidermis contains very little
fluid. Dry skin offers a much greater opposition than wet
skin. Dry skin resistance may be in the mega ohm range
(MQ), whereas wet skin may in the kilo ohm range (KQ).
Cleansing the skin surface areas over which stimulation
electrodes are placed with rubbing alcohol, or with a mix-
ture of water and soap, will remove impurities (i.e., dirt,
dry cells, and sebum) and significantly decrease skin resis-
tance, thus facilitating current flow to the target muscles.
Never apply stimulation electrodes without first cleansing
the skin surface.

B. ELECTRODES AND CABLES

The delivery of electrical energy to the neuromuscular
apparatus is done by using a variety of surface electrodes.
Electrodes are the means by which the electron flow from
the stimulator is converted to an ionic current flow in
soft tissues. A minimum of two electrodes are required
to direct the stimulator current to the target tissues, thus
completing the electrical circuit. The most commonly
used electrodes are made of flexible and reusable carbon-
ized rubber and mesh flexible materials. They come in
various shapes and sizes. Electrical connection is made
between the stimulator output jacks and the stimulation
electrodes using via lead wires or cables. Bipolar cables
are used to connect pairs of electrodes to the stimulator
output channels. Multiple electrodes can be connected
to a single channel using bifurcated cables. The rationale
for using bifurcated cables—that is, to connect more than
two electrodes per channel—is to enlarge the stimulation
area per channel. As was the case for the skin (see earlier
discussion), electrodes and cables also offer opposition of
resistance to current flow. Over time and repeated use,
electrode material deteriorates and causes electrode resis-
tance to increase, thus making electrical stimulation less
effective. It is recommend to discard reusable stimulation
electrodes after 6 months of use. Repeated use can also
damage cables, causing a break in electrical continuity.
Periodic checks of electrode resistance and cable electri-

cal continuity, using a basic multimeter device, is strongly
recommended to ensure optimal electrical stimulation.

C. ELECTRODE COUPLING

For a stimulation electrode to function properly, it must
be coupled to the skin both electrically and mechanically.
Electrical coupling is achieved by the application of an
electrolytic gel between the electrode and the skin surface.
In the past, water-soaked gauzes, sponges, or pads were
used. Today, improved water-soluble electroconductive
gels are commonly used. To ensure optimal electroconduc-
tion at the electrode—skin interface, all electrodes must
be mechanically attached to the skin. Most surface elec-
trodes are mechanically attached to the skin using regular
hypoallergic tape, or pre-cut adhesive patches. Good skin
surface attachment is necessary to ensure that the entire
electrode stimulating surface area is in contact with the
skin surface to avoid unintentional variations of current
density in one region of the skin during the application.

D. ELECTRODE CURRENT DENSITY

Current density (CD) is the ratio of maximum current
amplitude (A) to electrode stimulating surface area (S),
expressed in milliamperes per square centimeter (mA/
cm?) and calculated as follows: CD = A/S. Research
shows that the higher the current density under the
electrode, the more discomfort or pain the patient feels
beneath that electrode. Because current density under
a given electrode often dictates whether the application
is more or less comfortable, using larger sizes electrodes
is recommended, especially when the current amplitude
used to evoke muscle contraction is relatively high. Note
that using larger stimulating electrodes may have the dis-
advantage of stimulating undesired muscles or muscle
groups located in the immediate vicinity of the targeted
muscle area. Note that a small electrode will focus the
current over a small area, whereas a larger electrode will
disperse it over a larger area.

E. ELECTRODE SPACING

Spacing between pairs of electrodes influences cur-
rent dispersion within the tissues, which in turn affects
the current’s penetration depth. Generally speaking, the
wider the spacing between electrodes, the more dispersed
the current and the deeper the current penetration into
the tissue. In contrast, the closer the spacing between
electrodes, the less dispersed the current and the more
superficial the stimulating effect.

F. ELECTRODE CONFIGURATION

Four electrode configurations are routinely used in the field
of NMES: monopolar, bipolar, quadripolar, and multipolar.
These configurations, each illustrated in Figure 13-16, ar¢
based on clinical situations in which one stimulator, with
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A. Monopolar B. Bipolar

C. Quadripolar D. Multipolar

FIGURE 13-16 Monopolar (A), bipolar (B), quadripolar (C), and
multipolar (D) electrode configurations.

two or three output channels, is used. Recall that each
electrode has a pole; hence, the term polar.

1. Monopolar

One (mono-) electrode is placed over the targeted muscle
contractile area with the other positioned at some dis-
tance away from the targeted muscle or muscle group. In

CHAPTER 13 Neuromuscular Electrical Stimulation 241

the example illustrated in Figure 13-16A, one electrode
is placed over the targeted quadriceps area with the other
positioned away from the targeted area, over the upper
lateral hip area.

2. Bipolar

Two (bi-) electrodes are placed over the targeted muscle
area. Figure 13-16B shows a pair of electrodes positioned
over the targeted quadriceps muscle area.

3. Quadripolar

Four (quadri-) electrodes are placed over the targeted
muscle area. Figure 13-16C shows two pairs of electrodes
positioned over the targeted quadriceps muscle area. Note
that this method can also be applied via one channel only
if a bifurcated cable is used.

4. Multipolar

In this configuration, more than four (multi-) electrodes
are placed over the targeted muscle contractile area. In
Figure 13-16D, six electrodes are positioned over the
quadriceps contractile area by using a multichannel stim-
ulator, to which three pairs of electrodes are connected
with three pairs of bipolar cables. Note that this electrode
placement method can also be applied using a bi-channel
stimulator with two pairs of three electrodes, with each
pair connected to the stimulator using a bifurcated cable.
Figure 13-17 shows the application of the newer all-in-
one garment-type NMES unit for quadriceps, which
allows multipolar electrode configuration.

G. ELECTRODE PLACEMENT

When placing an electrode over the target muscle, prac-
titioners should always consider placing it over the mus-
cle’s motor points. Why? Because the goal of NMES is
to optimize the evoked muscle force output while mini-
mizing discomfort during electrical stimulation. There is
a consensus in the literature that one of the major factors
limiting the clinical use of NMES is the pain, or discom-
fort, associated with the delivery of electrical current into

+ Position garment + Connect controller

+ Start therapy

FIGURE 13-17 Application of all-in-one quadriceps garment neu-
romuscular electrical stimulation unit allowmg.multlpolar electrode
configuration. Courtesy of Neurotech Bio-Medical Research Ltd.
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the soft tissues. By placing the stimulating electrodes over
motor points as opposed to elsewhere over the muscle,
less current amplitude is used to generate maximum mus-
cle force output, thus making NMES more comfortable
and effective.

1. Muscle Motor Point

Anatomically speaking, a motor point is defined as the sur-
face entry point of a bundle of motor nerve fibers into a
fascicle of muscle fibers. Electrophysiologically speaking,
this motor point is defined as a specific skin area where
the targeted muscle is best stimulated with the smallest
amount of current amplitude. Research has shown that
some human muscles may have more than one motor
point. How can practitioners identify or locate motor
points prior to NMES? They can refer to charts, pub-
lished in textbooks and corporate brochures, illustrating
motor point standard locations, which often quite mark-
edly differ from each other (e.g., see Prentice, 2011;
Botter et al., 2011; Gobbo et al., 2011; Starkey, 2013).
Practitioners also can use the following motor point iden-
tification technique, recently described by Botter et al.
(2011) and Gobbo et al. (2011), to perform individual or
personalized motor point localization.

2. Motor Point Identification Technique

To identify motor points using the following technique
requires less than 10 minutes and needs to be done only
once—that is, prior to using NMES. First, set the electri-
cal parameter as follows—waveform: rectangular pulsed
biphasic; pulse duration: 0.15 ms; pulse frequency: 2 Hz.
Second, use the monopolar electrode configuration—that
is, one small-diameter stimulation pen electrode, such as
the one shown in Figure 13-18, with one larger reference
electrode placed over the antagonist muscle. Third, place
the pen electrode somewhere over the targeted muscle
area. Slowly increase the current amplitude while man-
ually scanning the skin surface with the pen electrode,
until a clear muscle contraction is visualized. Stop scan-
ning and begin to slowly decrease current amplitude until
the muscle contraction becomes barely visible. Mark this
electrode position, which corresponds to a motor point,
with a skin-marking pen. Continue scanning the targeted
muscle surface area until another similar muscle contrac-
tion is identified, and mark it. Scan the entire targeted
muscle area. Note that some muscles may have more than
one motor point. Place the surface electrodes over those
identified motor points for optimal NMES.

FaTaal e =) o ——
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FIGURE 13-18 Motor pen electrode. (Courtesy of DJO Global.)

3. Personalized Motor Point Versus Motor
Point from Charts

There is limited evidence in human subjects to show than
electrode placement based on personalized motor point
identification, rather than on chart locations, elicits sig-
nificantly greater muscle force output with lower discom-
fort—pain perception during stimulation (Gobbo et al.,
2011). That electrode placement over the personalized
motor point is better than electrode placement based on
charts may be explained, according to Gobbo and col-
leagues, by the fact that motor point stimulation triggers
maximal motor nerve activation (force output) associated
with minimal nerve sensory activation (pain and discom-
fort). Because discomfort and pain are one the major lim-
iting factor associated with the use of NMES, electrode
placement based on personalized motor point identifica-
tion should be given strong consideration.

4, Motor Point Versus Peripheral Nerve

Stimulation Using Monopolar Electrode

Configuration
As discussed earlier, the classic monopolar electrode con-
figuration is defined as one electrode (active) placed over
the targeted muscle belly with the other electrode (disper-
sive or indifferent) placed elsewhere (see Fig. 13-16A). In
some circumstances, practitioners may want to activate
the full muscle group belonging to a given periph-
eral nerve, as opposed to some specific muscles within
the group, as would be the case, for example, with the
ankle dorsiflexor muscles innervated by the tibial nerve, or
the full knee extensors innervated by the femoral nerve. In
such a situation, the active electrode can be placed over
the peripheral nerve while keeping dispersive electrode at
the same position.

H. STIMULATION MODES

All modern neuromuscular electrical stimulators feature at
least two independent channels and a time-delay switch,
allowing channels to be triggered or activated indepen-
dently. When such a stimulator is used, manually setting
the time-delay switch (D for delay) between channel 1 and
channel 2, as illustrated in Figure 13-19, allows practitio-
ners to choose between the following three stimulation
modes: synchronous, reciprocal, and overlapping.

1. Synchronous

The synchronous mode is illustrated in Figure 13-19A.
It is achieved by setting D at 0 s, with the ON and OFF
times of channel 1 equal to the ON and OFF times of
channel 2 (e.g., D =0 s; channel 1: ON =5 s, OFF 15 s;
channel 2: ON =5 s, OFF = 15 s). Both channels are
thus synchronously activated (ON) and deactivated
(OFF) for the full duration of application. Practically
speaking, this mode allows synchronous stimulation of
two different muscle groups or two muscle parts within
a muscle group.

LUMENIS EX1011
Page 36



2. Reciprocal

The reciprocal mode, shown in Figure 13-19B, is achieved
by setting the D value equivalent to the ON time of chan-
nel 1, while setting the ON time of channel 1 equal to the
OFF time of channel 2 (e.g., D=5 s; channel 1: ON =55,
OFF = 15 s; channel 2: ON =15 s, OFF =5 s). This setting
results in a reciprocal activation of both channels for the
full treatment duration. Clinically speaking, it allows recip-
rocal, or alternating, stimulation of two different muscles or
muscle groups, such as the agonist versus the antagonist.

3. Overlapping

The overlapping mode, illustrated in Figure 13-19C, is
achieved by setting the D value greater than 0 s but less
than the ON time of channel 1, while keeping the ON
and OFF times of both channels identical (e.g., D =3 s;
channel 1: ON =5 s, OFF = 15 s; channel 2: ON =5 s,
OFF = 15 ). Both channels now overlap, as channel 2 is
activated 3 seconds after channel 1, for the full duration
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"t  FIGURE 13-19 Synchronous (A), reciprocal (B), and
Overlapping overlapping (C) stimulation modes.

of the treatment session. Clinically speaking, this mode
allows overlapping, or concomitant, stimulation of two
different muscles or muscle groups.

I. TRAINING METHODS

There are two methods to deliver NMES: NMES and
NMES plus volition. NMES implies that that muscle
contraction results solely from the electrical energy deliv-
ered to the target muscle. Conversely, NMES plus volition
means that NMES is applied over a voluntarily contracting
muscle or muscle group. In other words, this method con-
sists of superimposing the electrical current on the patient’s
voluntary muscle contraction. The resulting muscle con-
traction reflects the combined effect of both the electrical
energy delivered to the muscle and the volitional energy
generated by the brain. The body of evidence presented
in this chapter reveals that neither method is better than
the other in enhancing muscle strength. If the goal is to
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educate patients about how to contract their muscles, then
the NMES plus volition is the preferred method to use.

J. TRAINING PROTOCOL

Of all dosimetric parameters related to the practice of
Russian current therapy, the training protocol originally
described by Kots (1971, 1977) has received most attention
in the literature. This protocol is known as the 10¢/10s/50s
protocol. Tt stands for 10 electrically evoked contractions
(c) per bout, with each contraction lasting 10 seconds and
interrupted by a rest period of 50 seconds. In other words,
this protocol calls for a series of 10 contractions with an
ON:OFF time ratio of 10s:50s. Based on series of experi-

ments on Russian athletes, Kots reported (1971, 1977) that
this 10¢/10s/50s protocol was the best protocol for achiey-
ing maximum strength gain without inducing significant
muscle fatigue during training. Most investigators have
faithfully applied this Russian protocol in their studies to
either support or refute Kots's claims, and to determine the
therapeutic effectiveness of Russian current therapy. It is
important to set an adequate period of muscle inactiva-
tion or relaxation (OFF time) between successive evoked
contractions (ON time) to prevent muscle fatigue. Practi-
tioners may vary this ratio during the course of a strength-
training program to accommodate muscle fatigability. The
more fatigable the muscle, the shorter the ON time and/
or the longer the OFF time.

APPLICATION, CONTRAINDICATIONS, AND RISKS

IMPORTANT: There is a risk of electronic interference between neuromuscular electrical stimulation (NMES) units and
rate-responsive pacemakers or implantable cardioverter-defibrillators (ICDs) (Crevenna et al., 2003, 2004). NMES units can
be used with these patients only if, after cardiac monitoring during treatment, the electrocardiographic recording reveals no
interference. If no such cardiac monitoring is available in your working facility, obtain authorization from the patient's
treating cardiologist before using NMES. Note that NMES units can be used with patients wearing rate-responsive
pacemakers or ICDs onlyif the ICD unit is turned OFF during therapy (Glotzer, 1998).

See online video for more details.

STEP RATIONALE AND PROCEDURE

1. Check for
contraindications.

Over anterior cervical area—stimulation of key organs, such as the vagus nerve, phrenic nerve,
and carotid sinuses, results in adverse effects, such as hypotensive reaction and laryngeal spasm

Over thoracic area—affects normal heart function

Over cranial area—affects brain function

With patients wearing rate-responsive pacemakers or ICDs—electronic interference with units
(for more details, see Chapter 14). Note that NMES can be used with these patients only if the
ICD unitis turned OFF during therapy.

Over abdominal, pelvic, or lumbar areas with women in their first trimester of pregnancy—

induces labor

Over metal implants—causes unnecessary pain due to electrical current-induced overheating

of implants

In patients with epilepsy—causes epileptic episode

Over hemorrhagic area—enhances bleeding due to increased blood flow in the treated area

Over cancerous area—increases and spreads the tumor due to increased blood flow in the

treated area

In patients who are confused and unreliable—complications during therapy that decrease

treatment effectiveness

Over damaged skin—causes unnecessary and severe pain
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STEP

2. Consider the risks.

For Muscle Strengthening

3. Position and
instruct patient.

4. Prepare treatment
area.

5. Select stimulator

type.

6. Select current type.

1. Select electrode
type.

8. Prepare stimulating
electrode.

9. Proceed with
electrode
configuration and
placement.

10. Attach and
connect
electrodes.
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RATIONALE AND PROCEDURE

Contact dermatitis and burn—prolonged use of electrode, electroconductive gel, and adhesive
tape over the same skin areas increase the risk of contact dermatitis. Change electrode
positions over time.

Stimulator electronic interference—keep all NMES units at least 3 m (10 ft) away from any
functioning shortwave device

Temporary bruising—the use of a vacuum electrode over fragile skin increases the risk due to
the suction force (negative pressure) exerted on such fragile skin

Adverse effects such as fainting, nausea, skin rashes, increased swelling, and pain—these risks
were greater with |IFC than with other common electrophysical agents, such as transcutaneous
electrical nerve stimulation (TENS) and ultrasound (Partridge et al., 1999). Stimulation of the
autonomic system may account for some of these adverse effects.

Muscle damage—repeated mechanical stress imposed on the same motor units during
electrical stimulation (specificity of stimulation) over time may cause muscle damage (Nosaka
etal., 2011; Jubeau et al., 2012)

Ensure comfortable body positioning. Instruct not to touch the device, cables, and electrodes
and to call for assistance if necessary.

Clean the skin surface inthe area of the stimulating electrode with rubbing alcohol to remove impurities
and sebum, thus reducing skin impedance. Clip hair to ensure optimal electrode—skin coupling.

Choose between a cabinet line-powered or portable battery-operated device (see Fig. 13-1).
There is evidence to suggest that portable battery-powered stimulators are as good as cabinet
line-powered stimulators to deliver therapeutic NMES. Newer, battery-operated garment-base
stimulators, designed for quadriceps muscle strengthening, can also be used (Fig. 13-1E). Plug
line-powered stimulators into ground-fault circuit interrupter (GFCI) receptacles to prevent the
risk of macroshock leading to electrocution (see Chapter 5).

Choose between biphasic pulsed, Russian, and interferential currents.

Use conventional plate electrodes (see Fig. 13-2A,B). Current density is the ratio of maximum
current amplitude to electrode stimulating surface area (mA/cm?). Research shows that the
higher the current density under the electrode, the more discomfort or pain the patient feels
beneath that electrode. Larger electrode size is recommended, especially when the current
amplitude used to evoke the muscle contraction is relatively high.

Cover surface with a thin and evenly distributed coating of electroconductive gel to optimize
conduction at the electrode—skin interface. Note that some electrodes may be pre-gelled.

Configuration: Select between the monopolar, bipolar, quadripolar, and multipolar configurations.

Placement: Localize motor points using electrical stimulation technique or charts. Place
electrodes over motor point(s). Note that the distance between a pair of electrodes influences
current dispersion within the tissues, which in turn affects the current’s penetration depth.
The wider the inter-electrode distance, the deeper the current penetration into the tissue. In
contrast, the closer the two electrodes, the more superficial the stimulating effect. Positioning
electrodes over motor points may decrease discomfort/pain perception during electrical
stimulation as well as increase muscle force production (Gobbo et al., 2011). Use a pen
electrode to locate motor points (see Fig. 13-18).

Attach electrodes to the skin using hypoallergic tape or pre-cut self-adhesive patches. Connect
electrodes to the stimulator circuit output using regular or bifurcated lead wires. Optimal skin
surface attachment is necessary to ensure that the entire electrode stimulating surface area is
in contact with the skin surface to avoid unintentional variations of current density in one region
of the skin during the application.
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STEP
1.

12.

13.

14.

15.
16.

17.

PART IV  Electrical Agents

Select stimulation
mode.

Select stimulation
method.

Set dosimetry.

Determine training
protocol.

Apply treatment.

Conduct post-
treatment
inspection.

Ensure post-
treatment
equipment
maintenance.

For Pelvic Floor Muscle Strengthening

Contrary to most skeletal muscles (see earlier discussion), NMES of pelvic floor muscles is difficult because they lie deep
under the genital organs. It is suggested that the preferred method to stimulate these muscles is to use vacuum interferential
stimulator with suction cup electrodes (see Fig. 13-1D). The quadripolar, or true interferential mode, with or without scan, is
often recommended. Place wet sponges in the cups, and moisten the edge for better adherence. Position the four suction
electrodes to focus the resulting clover-shaped current field over the pelvic floor muscle area. Adjust the vacuum pressure
level to ensure adequate fixation on the body.

For Gut Stimulation

Itis suggested that the preferred method to stimulate the gut or intestinal area is to use an interferential stimulator

with either plate or suction electrodes. The quadripolar, or true mode, with or without scan, is recommended because
of its penetrating and focused electrical field. Position the four suction electrodes to focus the resulting clover-shaped
cqrrelnt field over the gut area. Position the electrodes such that maximum current inference triggers parasympathetic
stimulation.

RATIONALE

Modern electrical stimulators feature at least two independent channels and a time-delay
switch, allowing both channels to be triggered or activated independently. When such

a stimulator is used, manually setting the time delay between the two channels allows
synchronous, reciprocal, or overlapping stimulation modes (see Fig. 13-19). Select the
synchronous mode when the synchronous or concomitant stimulation of two different muscle
groups, or two muscle parts, within a muscle group, is needed. Select the reciprocal mode
if reciprocal, or alternating, stimulation of two different muscles or muscle groups, such as
the agonist versus the antagonist, is required. Select the overlapping mode if overlapping
stimulation of two different muscles or muscle groups is needed.

Choose between NMES and NMES plus volition.

Set pulse/burst/beat duration, frequency, current amplitude, ON time, OFF time, ON:OFF ratio,
duty cycle, and ramp up and down times (see Table 13-2 as a guideline). Increase current
amplitude with patients who are overweight or obese because more current is needed to
reach muscle motor points or motor nerve fibers (Miller et al., 2008). Use the Online Dosage
Calculator: Neuromuscular Electrical Stimulation.

The most common training protocol used to strengthen skeletal muscle, originally introduced by
Kots is 10¢/10s/50s, which means 10 consecutive electrically evoked contractions, each lasting
10 seconds (ON time) and separated by a resting interval of 50 seconds (OFF time). Adapt this
protocol to the case under treatment. Determine the number of training bouts per training session.

Ensure adequate monitoring. If home treatment, make sure that the patient is using a battery-
operated stimulator and give a written sheet of directives to follow with regard to the overall
application.

Remove the electrodes. Inspect the skin area exposed to the electrodes for any unexpected
response. Wash and dry the treated surface areas. In the patient's file, document any unusual
sensation that the patient felt during treatment. Wash and dry reusable electrodes.

Follow manufacturer recommendations. Immediately report any defects or malfunctions to

technical maintenance staff. Routine use of common electrodes requires that clinicians adopt
a strict maintenance program, including frequent visual inspection and periodic measurements
using a basic multimeter device. Wash and dry reusable electrodes after each treatment to
ensure optimal efficacy. Check cables and electrodes regularly for visible wear and tear to ensure
optimal efficacy and prevent macroshock, if line-powered stimulators are used. Check electrode
impedance monthly to ensure optimal electric conduction, because electrodes will deteriorate
with use and time. Use an chmmeter to check impedance. Discard all reusable electrodes after
6 months of use. Because transmission of microorganisms is likely if suction electrodes and
sponges are used, these should be disinfected with 70% isopropyl alcohol after treatment of each
patient to avoid cross-infection from one patient to another (Lambert et al., 2000).
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CASE STUDIES

presented are two case studies summarizing the concepts,
principles, and applications of NMES discussed in this chap-
ter. Case Study 13-1 addresses the use of NMES for quad-
riceps weakness following ACL reconstruction. Case Study
13-2 is concerned with the application of NMES for genuine

1. Formulate the Case History

A 26-year-old man is referred by his treating orthopedic
surgeon for lasting problems related to decreased quad-
riceps muscle strength and function following right ante-
rior cruciate ligament (ACL) knee reconstruction, done
12 weeks ago, following a ski accident. At discharge from
the hospital, the patient was given a full home voluntary
quadriceps muscle-strengthening program. Questioned
about his compliance with the program over the past
8 weeks, the patient readily admits very poor compli-
ance, thinking that doing his regular daily activities will
be enough to regain full knee extension strength. The
patient’s chief complaints are right quadriceps muscle

2. Outline the Case Based on the ICF Framework

stress incontinence. Each case is structured in line with the
concepts of evidence-based practice (EBP), the International
Classification of Functioning, Disability, and Health (ICF)
disablement model, and SOAP (subjective, objective, assess-
ment, plan) note format (see Chapter 2 for details).

CASE STUDY 13-1: QUADRICEPS WEAKNESS AFTER ACL RECONSTRUCTION
EVIDENCE-BASED CLINICAL DECISION MAKING PROTOCOL

weakness and atrophy, combined with difficulty squatting,
climbing stairs, and running. He is also frustrated with
not being able to ski. Physical examination of the injured
knee shows no sign of inflammation and complete range
of motion. Measurements reveal a quadriceps force
deficit of 40% and a thigh girth deficit of 1.5 em on the
affected side. The patient’s goal is to rebuild the bulk and
strength in his right quadriceps so that he can ski safely
and effectively once again. He is now well motivated, real-
izing that just doing his daily activities will not restore full
knee strength and function. To compensate for his lack of
motivation and training, you propose NMES therapy.

QUADRICEPS WEAKNESS AFTER ACL RECONSTRUCTION

BODY STRUCTURES AND FUNCTIONS ACTIVITIES PARTICIPATION
Quadriceps muscle weakness Difficulty squatting Unable to ski
Difficulty climbing stairs
Difficulty running
PERSONALFACTORS ' ENVIRONMENTAL FACTORS

Young man Recreational sports

Athletic character Fitness and leisure

Competitive

3. Outline Therapeutic Goals and Outcome Measurements

© OUTCOME MEASUREMENT

GOAL

Increase muscle force Dynamometry

Decrease muscle atrophy Measuring tape

Knee Outcome Survey, which includes the Activities of Daily

Increase ability to squat, climb, and run, and accelerate t
Living Scale (ADLS) and the Sports Activity Scale (SAS)

return to skiing
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4. Justify the Use of Neuromuscular Electrical Stimulation Based on the EBP Framework

' PRACTITIONER'S EXPERIENCE RESEARCH-BASED INDICATIONS PATIENT'S EXPECTATION
Experienced in NMES Strength: Moderate No opinion of NMES
Has used NMES in similar cases Effectiveness: Substantiated Hopes for good results

Is convinced that NMES will be beneficial

5. Outline Key Intervention Parameters

o Treatment base: Private clinic o Duty cycle: 20%
e Electrical current: Russian or burst-modulated alternat- e Electrode type, shape, and size: Plate carbon rubber
ing sinusoidal current electrodes covered with electroconductive gel; square;
o Stimulator type: Cabinet, line-powered, multi-current 25%x25cm (1 x1in)
electrical stimulator with two output channels e Electrode configuration: Quadripolar
e Current carrier frequency: 2,500 Hz sinusoidal alternat- o Electrode placement: Over motor points located with
ing current probe stimulation technique (see text)
. o Application protocol: Follow the suggested application e Stimulation method: Synchronous
’ protocol presented for muscle strengthening in Appli- e Training method: NMES alone
| cation, Contraindications, and Risks box, and make the e Training protocol: 10 ¢/10 s/40 s X 3, meaning a bout of
} necessary adjustments for this case. 10 evoked muscle contractions, each lasting 10 s and
’ e Patient's positioning: Sitting on the training chair with separated by a 40-s rest period, repeated 3 times. This
i hips at 90 degrees flexion; knee positioned at 70 degrees is equivalent to an ON:OFF time ratio of 10 s:40 s that
of flexion; isometric condition with ankle attached to corresponds to a duty cycle of 20%. The duration of this
} the dynamometer exercise bout is 8.33 minutes or 500 s [(10 s + 40 s) X
i e Application site: Over right quadriceps muscle 10 ¢)]. The training regimen is composed of 3 consecu-
| o Burst duration: 10 ms tive bouts within a training session, each separated by
r e Burst frequency: 50 bups a 5-minute (300-s) rest period. The full training session
’ o Current amplitude: Amplitude (mA) set to evoke a mus- thus consists of 30 evoked muscle contractions induced
’ cle contraction force equivalent to approximately 60% over a 35-minute (2,100 s) period (500 s +300 s+ 500 s+
[ of maximum voluntary force (MVF) developed by the 300 s+ 500 s).
affected muscle group (% MVF) o Number of treatment session per week: 3 (Mon-Wed-
‘ e ON time: 10 s; includes ramp up (RU) and down (RD) Fri)
times because muscle contraction occurs during these e Concomitant therapy: Home quadriceps strengthening
‘ two ramp times; RU time: 2 s; RD time: 2 s in between NMES training (Tue and Thurs)
\ o OFF time: 40 s e Use the Online Dosage Calculator: Neuromuscular
o ON:OFF time ratio: 10 s:40 s Electrical Stimulation.

i 6. Report Pre- and Post-Intervention Outcomes

OUTCOME - PRE ~ posT
Quadriceps force (% of deficit) 28% . a 10% N
Muscle atrophy 1.5¢cm 0.5cm
Knee functional status (ADLS) 72% 95%
Knee functional status (SAS) 65% 90%

Scale: 100% = no difficulty

7. Document Case Intervention Using the SOAP Note Format

S: Young active male Pt complains about R knee muscle  0: Intervention: NMES applied over R quadriceps;

weakness and poor function following ACL reconstruc- Russian current with 2,500 Hz carrier frequency; burst
tion. Frustrated with his therapeutic progress; well duration: 10 ms; burst frequency: 50 bups; current
motivated to engage in therapy again. amplitude equivalent to 60% MVF; ON:OFF ratio:

-
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10s:40s; duty cycle: 30%; plate carbon rubber elec- decrease muscle atrophy, and improved R knee func-
trodes, quadripolar electrode configuration; electrode tional status.

placement over motor points; synchronous 2 channel ~ A:No adverse effect. Treatment well tolerated with
stimulation; training bout: 10¢/10s/40s; 3 bouts per improved quadriceps function.

training session, NMES 3 times per week for 3 weeks. P: Pt advised to continue home quadriceps strengthening
Pre—post comparison: Decreased muscle force deficit, program and slowly resume skiing.

CASE STUDY 13-2: GENUINE STRESS INCONTINENCE
EVIDENCE-BASED CLINICAL DECISION MAKING PROTOCOL

1. Formulate the Case History

A 42-year-old healthy woman and mother to three young ~ weakness of grade 1 on the Modified Oxford Scale pal-
children is referred by her gynecologist for the manage-  pation, leading to incomplete urethral closure. Muscle
ment of genuine stress incontinence. This condition began  recruitment is slow, and the ability to hold is poor. She has
2 years ago after the birth of her third child. Her main  difficulty in working out how to tighten or contract her pel-

complaint over the past 6 months is frequent urine loss,  vic floor muscle correctly and to hold on for more than a
particularly with sneezing, coughing, or laughing and when ~ few seconds. The patient’s goal is to regain control of her
doing strenuous physical home and recreational activities. ~ micturition. She wants to avoid the use of medication. She

Physical examination reveals severe pelvic floor muscle  feels socially embarrassed with regard to this problem.

2. Qutline the Case Based on the ICF Framework

BODY STRUCTURES AND FUNCTIONS ACTIVITIES PARTICIPATION

Pelvic floor muscle weakness Difficulty in controlling micturition Difficulty with strenuous home activities

Difficulty with strenuous recreational

activities
PERSONAL FACTORS ENVIRONMENTAL FACTORS

Middle-aged woman Family
Mother Home
Housewife Recreation
3. Outline Therapeutic Goals and Outcome Measurements

GOAL OUTCOME MEASUREMENT
Increase pelvic floor muscle strength Force grading using palpation (Modified
Increase sphincter strength and control, thus enhancing urethral control Oxford Scale)
Decrease episodes and severity of incontinence, thus decreasing social Daily voiding diary/continence chart

embarrassment and accelerating return to normal life

4. Justify the Use of Neuromuscular Electrical Stimulation Based on the EBP Framework

PRACTITIONER'S EXPERIENCE RESEARCH-BASED INDICATIONS PATIENT'S EXPECTATION
Moderate experience in NMES Strength: Moderate Wants to avoid medication
Has used NMES in a few similar cases Effectiveness: Substantiated Is looking for a noninvasive treatment

Believes that NMES will be beneficial
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5. Outline Key Intervention Parameters

o Treatment base: Private clinic

o Electrical current: Interferential or beat amplitude-
modulated alternating sinusoidal current

e Stimulator type: Cabinet, line-powered, vacuum inter-
ferential

o Application protocol: Follow the suggested application
protocol presented for pelvic floor muscles, and make
the necessary adjustments for this case.

o Patient's positioning: Semi-supine, knees flexed, with
thighs open, giving access to the perineum for electrode
placement

o Stimulation mode: Quadripolar or true interferential

e Stimulation method: NMES superimposed onto volun-
tary contraction

o Beat duration: 10 ms

* Beat frequency sweep: 40 to 120 beps

e Current amplitude: At the level (mA) where the patient
reports a strong but comfortable sensation

o ON time: 8 s; includes ramp up (RU) and down (RD)

times because muscle contraction occurs during these

two ramp times; RU time: 1 s, RD time: 1 s

OFF time: 24 s

ON:OFF time ratio: 8s:24s

Duty cycle: 25%

Electrode type, shape surface area: 4 circular cone suc-

tion electrodes; 12 cm? (4 in%)

e Electrode configuration: Quadripolar

6. Report Pre- and Post-Intervention Outcomes

o Electrode placement: Electrodes placed around the
perineum as follows: 2 electrodes adjacent to pubic
symphysis, and 2 electrodes adjacent to each ischial
tuberosity. With this quadripolar placement, the cur-
rent of each channel is crossing (focused interference)
the pelvic floor muscle and bladder areas for optimal
stimulation. Suction electrodes kept in place over the
skin using minimal suction or vacuum force.

e Training regimen: 12¢/8s/24s X 3, meaning a bout made
of 15 evoked muscle contractions superimposed onto
voluntary pelvic floor muscle contractions, each lasting
8 s and separated by a 24-s rest period. This is equivalent
to an ON:OFF time ratio of 8s:24s, which corresponds
to a duty cycle of 25%. The duration of this exercise is
8 minutes or 480 s [(8 s + 24 s) X 15 ¢)]. The train-
ing regimen is composed of 3 consecutive bouts within
a training session, each separated by a 5-minute (300-
s) rest period. The full training session thus consists of
45 evoked muscle contractions, each superimposed on
45 voluntary contractions, produced over a 34-minute
(2,040-s) period (480 s + 300 s + 480 s + 300 s +480 s).

e Treatment frequency: Daily

e Concomitant therapy: Daily home pelvic floor muscle
strengthening exercises (Kegels).

» Treatment duration: 10 days

e Use the Online Dosage Calculator: Neuromuscular e
Electrical Stimulation.

OUTCOME

Pelvic floor muscle strength (Modified Oxford Score)

Continence chart

7. Document Case Intervention Using the SOAP Note Format

S: Middle-aged active Pt, diagnosed with stress incontinence
causing problem with bladder control and social embar-
rassment. Pt wants to avoid medication and surgery.

0: Intervention: NMES for urinary incontinence using
quadripolar IFC; beat frequency sweep: 40 to 120 Hz;
ON:OFF time ratio: 8s:24s; duty cycle: 25%; suction
electrodes; quadripolar electrode configuration sur-
rounding the perineum; training regimen: 12¢/8s/24s
X 3 bouts; treatment schedule: daily for 10 days. Pre-

PRE ~ posT
1 3
Improved by 70%

Post Compraison: NMES, applied concomitantly with
a home regimen of Kegels, led to increase PFM force
(1 to 3) and decreased micturition (70% improvement).
A: No adverse effect. Treatment well tolerated. By con-
traction during electrical stimulation, PT can now bet-
ter contract her pelvic floor muscles and control the
incontinence problem.
P: Pt strongly advised to continue her Kegel exercise regi-
men on a regular basis.
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vi. THE BOTTOM LINE

o There is unquestionable scientific evidence to show
that NMES can restore and increase muscle strength in
patients and healthy individuals.

NMES cannot be considered as a surrogate training

method, but as an adjunct to voluntary muscle training,

NMES is the delivery of electrical current through the

skin causing motor nerve depolarization, which in turn

evokes muscle contraction.

o NMES is commonly applied using three types of elec-

trical current: biphasic pulsed, Russian, and interferen-

tial currents.

Biphasic pulsed current may be pulse- or burst modu-

lated. Russian current is burst modulated, and IFC is

beat- or amplitude modulated.

Electrically speaking, there is minimal difference

between biphasic burst-, Russian burst- and interferen-

tial beat modulation. Given similar parameter settings,
all three currents generate similar amounts of current
per second.

During NMES, and contrary to voluntary contraction,

MU activation is synchronous and occurs in a reverse

order, thus causing rapid onset of muscle fatigue.

Of all dosimetric parameters, both pulse/burst/beat fre-

quency (temporal recruitment) and current amplitude

(spatial recruitment) may be the most important.

o Setting proper ON and OFF times, as well as ramp up

and down times, is necessary for the electrically evoked

muscle contraction to mimic voluntary contraction as
closely as possible.

Electrode placement over muscle motor point(s) is rec-

ommended. Identification of motor points can be per-

sonalized using motor point stimulation technique or
based on published motor point charts.

All line-powered neuromuscular electrical stimulators

should be plugged into ground-fault circuit interrupter

(GFCI) receptacles to prevent macroshock.

o Skin surface preparation before each treatment and
periodic calibration of electric stimulators, including
electrode resistance and cable continuity checks using
a multimeter, are strongly recommended to ensure opti-
mal treatment efficacy.

® Use of the Online Dosage Calculator: Neuromuscular

Electrical Stimulation removes the burden of hand cal-

culation and promotes the adoption of quantitative

dosimetry.

The overall body of evidence reported in this chapter

shows the strength of evidence behind NMES to be

moderate and its level of therapeutic effectiveness sub-
stantiated.

® As a modern training method, NMES or EMS train-
ing represents a promising alternative to traditional
strength training for systematically enhancing strength
parameters and motor abilities in patients as well as in
healthy untrained and trained subjects, including elite
athletes.

CHAPTER 13 Neuromuscular Electrical Stimulation

Vil. CRITICAL THINKING QUESTIONS

Clarification: What is meant by neuromuscular electrical
stimulation (NMES)?

Assumptions: Many of your colleagues assume that the use
of Russian current stimulation causes less discomfort
and generates greater tetanic force, and that IFC is more
penetrating than the other current because it lowers
skin impedance. How would you verify or disprove this
assumption?

Reasons and evidence: What leads you to believe that MU
recruitment during electrical stimulation is synchronous
and occurs in a reverse size order?

Viewpoints or perspectives: How will you respond to a
colleague who says that IFC is better than Russian current
or biphasic pulse current for enhancing muscle strength?

Implications and consequences: What are the potential
implications and consequences related to the following
parameter settings: (1) increasing the ON time while
keeping the OFF time the same during the course of
the training program; (2) using 20 bups as opposed to
50 bups; and (3) setting no ramp up and down times?

About the question: Why is setting current frequency and
current amplitude so important for optimal strength
training using NMES? Why do you think | ask this
question?
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From: Sepenoski, Katie <Katie.Sepenoski@ropesgray.com<mailto:Katie.Sepenoski@ropesgray.com>>
Sent: Wednesday, July 21, 2021 3:11 PM

To: Paluch, Theresa <Theresa.Paluch@wolterskluwer.com<mailto: Theresa.Paluch@wolterskluwer.com>>
Subject: RE: CCH Question

Hi Theresa,

We have copies of the sections of the book we need (purchased). But yes, we essentially need a declaration or statement
of public availability to shown when a book may have officially been publically available.

Katie

Katie L. Sepenoski

Library Document Delivery Specialist

ROPES & GRAY LLP

T +1212 596 9456 | M +1 857 210 2662

1211 Avenue of the Americas

New York, NY 10036-8704
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without further distribution and reply to the sender that you have received the message in error.

From: Paluch, Theresa <Theresa.Paluch@wolterskluwer.com<mailto: Theresa.Paluch@wolterskluwer.com>>
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To: Walsh, Ellen <Ellen.Walsh@ropesgray.com<mailto:Ellen. Walsh@ropesgray.com>>; Sepenoski, Katie
<Katie.Sepenoski@ropesgray.com<mailto:Katie.Sepenoski@ropesgray.com>>

Subject: RE: CCH Question

Hi Ellen & Kate,

Thank you and I'll do my best to find someone that can help. I've started asking around and | have a question from my
management.

Can you confirm that you are “alluding to a list of public libraries (or other locations) that have a current copy of the title*?
Thanks,

Theresa Paluch

CVP Account Administration

Legal & Regulatory, U.S.

2700 Lake Cook Road

Riverwoods, IL 60015

773-866-3534
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From: Sepenoski, Katie <Katie.Sepenoski@ropesgray.com<mailto:Katie.Sepenoski@ropesgray.com>>
Sent: Wednesday, July 21, 2021 2:56 PM

To: Walsh, Ellen <Ellen.Walsh@ropesgray.com<mailto:Ellen.Walsh@ropesgray.com>>

Subject: CCH Question

Hey Ellen,
The Declaration drama continues...

Do you have a good contact at Wolters Kluwer that could point me in the direction of someone who might be able to help
me with a Statement of Public Availably for a book they published? | have some libraries working on the declarations /
statements, but David mentioned that WK (the publisher) might also be willing to create something.

Thanks!
Katie

Katie L. Sepenoski

Library Document Delivery Specialist

ROPES & GRAY LLP

T +1 212 596 9456 | M +1 857 210 2662

1211 Avenue of the Americas

New York, NY 10036-8704

Katie.Sepenoski@ropesgray.com<mailto:Katie.Sepenoski@ropesgray.com>
Wwww._ropesgray.com<htips://nam04.safelinks.protection.outlook.com/?url=htip%3A%2F %2 Fwww.ropesgray.com%
2F&data=04%7C01%7CTheresa.Paluch%40wolterskluwer.com%7C3a563f1ff7e846a3849308d94c856493%
7C8ac76c91e7f141ffa89¢c3553b2da2c17%7C0%7C0%7C637624958078750486%7CUnknown%
7CTWFpbGZsb3d8eyJWIljoiMC4wLjAWMDAILCJQljoiV2IuMzliLCJBTIil6lk1haWwiLCJXVCI6Mn0%3D%
7C1000&sdata=AKtlshZqJrrioK88JxV7z3570PvzRWASQViRFyV5UIC8%3D&reserved=0>
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