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ABSTRACT

Electrical muscle stimulation (EMS) is widely used in rehabilitation and sport
training, and alternating current and pulsed current EMS are commonly used. However,
no systematic comparison between alternating and pulsed current EMS has been made
in the previous studies. The main aim of this research was to compare acute
physiological responses between the alternating and pulsed current EMS. The secondary
purpose of the research was to investigate further muscle damage induced by EMS-
evoked isometric contractions. Three experimental studies were conducted in the thesis
project together with literature review about EMS.

The first study compared alternating current and pulsed current electrical muscle
stimulation (EMS) for torque output, skin temperature (T), blood lactate and hormonal
responses, and skeletal muscle damage markers. Twelve healthy men (23-48 y) received
alternating current EMS (2.5 kHz delivered at 75 Hz, 400 ps) for the knee extensors of
one leg and pulsed current (75 Hz, 400 us) for the other leg to induce 40 isometric
contractions (on-off ratio 5-15 s) at the knee joint angle of 100° (0°: full extension).
The use of the legs for each condition was counterbalanced among subjects and the two
EMS bouts were separated by 2 weeks. The current amplitude was consistently
increased to maximally tolerable level, and the torque and perceived intensity were
recorded over 40 isometric contractions. Ty of the stimulated and contralateral knee
extensors were measured before, during and for 30 min after EMS. Blood lactate,
growth hormone, testosterone, insulin-like growth factor 1, testosterone and cortisol
were measured before, during, and for 45 min following EMS. Muscle damage markers

included maximal voluntary isometric contraction torque, muscle soreness with a 100-
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mm visual analogue scale and plasma creatine kinase (CK) activity, which were
measured before and 1, 24, 48, 72 and 96 h after EMS. No significant differences in the
torque induced during stimulation (~30% MVC) and perceived intensity were found,
and changes in T, blood lactate, and hormones were not significantly different between
conditions. However, all of the measures showed significant (P<0.05) changes from
baseline values. Skeletal muscle damage was evidenced by prolonged strength loss,
development of muscle soreness, and increases in plasma CK activity, however the
changes in the variables were not significantly different between conditions. It is
concluded that acute effects of alternating and pulsed current EMS on the stimulated
muscles are similar.

The second study compared between alternating and pulsed current electrical
muscle stimulation (EMS) for muscle oxygenation and haemodynamics during
isometric contractions. Nine healthy men (23-48 y) received alternating current EMS
(2.5 kHz delivered at 75 Hz, 400 ps) on the knee extensors of one leg and pulsed current
EMS (75 Hz, 400 ps) for the other leg at maximally tolerable intensity to induce 30
isometric contractions (on-off ratio 5-15 s) at the knee joint angle of 100° (0°: full
extension) separated by 2 weeks. Using near-infrared spectroscopy, changes in vastus
lateralis tissue oxygenation index (ATOI) and total hemoglobin volume (AtHb) from
baseline, and torque over 30 contractions were compared between the waveforms by a
two-way repeated measures ANOVA. Peak torque relative to the baseline maximal
voluntary isometric knee extension torque at 100° increased over 30 contractions in
response to the increase in the stimulation intensity for pulsed current but not for
alternating current. The torque during isometric contractions was less stable in

alternating than pulsed current EMS. No significant differences in the changes in ATOI
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amplitude during relaxation phases and AtHb amplitude during contraction and
relaxation phases were evident between waveforms. However, ATOI amplitude during
the contraction phases was significantly (P<0.05) greater for the pulsed current than
alternating current from the 18" contraction onwards. This indicates that muscle O,
consumption relative to O, supply was significantly smaller for the alternating than
pulsed current EMS. This could be due to less motor unit recruitment in alternating
current EMS than pulsed current EMS.

The last study compared the first and second exercise bouts consisting of
electrically evoked isometric contractions for muscle damage profile. Nine healthy men
(23-48 y) had two EMS bouts separated by 2 weeks. The knee extensors of one leg were
stimulated by biphasic rectangular pulses (75 Hz, 400 us, on-off ratio 5-15 s) at the knee
joint angle of 100° (0°: full extension) to induce 40 isometric contractions, while the
current amplitude was increased to maintain maximal force generation. Maximal
voluntary isometric contraction torque (MVC) of the knee extensors at 100°, muscle
soreness, pressure pain threshold, and plasma creatine kinase (CK) activity were used as
indirect markers of muscle damage, and measured before and 1, 24, 48, 72 and 96 h
after EMS bout, and the changes over time were compared between bouts. The torque
produced during exercise was approximately 30% of MVC, and no significant
difference between bouts was evident for the changes in peak and average torque over
40 contractions. MVC decreased significantly (P<0.05) by 26% immediately and 1 h
after both bouts, but the recovery was significantly (P<0.05) faster after the second bout
(100% at 96 h) compared with the first bout (81% at 96 h). Development of muscle
soreness and tenderness, and increases in plasma CK activity were significantly

(P<0.05) smaller after the second than the first bout. These results show that changes in
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muscle damage markers were attenuated in the second EMS bout compared with the

initial EMS bout.

From the studies, no large differences in acute physiological responses were
evident between alternating and pulsed current EMS; however, pulsed current was
shown to consume greater O, than alternating current. It was assumed that alternating
current EMS results in greater muscle fatigue than pulsed current EMS, since the
alternating current delivers higher number of pulses per each stimulus. It seems likely
that muscle damage is attenuated after the second EMS bout, regardless of the type of
current used in EMS. Thus, possible muscle damage should not limit the use of EMS in
sport training and rehabilitation. More investigation is necessary to compare between
alternating and pulsed current EMS for chronic responses such as the effects of EMS

training on muscle function and hypertrophy.
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CHAPTER ONE: INTRODUCTION

1.1 BACKGROUND

Electrical stimulation is used to stimulate tissues, and when it is applied to muscle
specifically, it is often referred to as electrical muscle stimulation or neuromuscular
electrical stimulation (97). Physiological application of electrical current was developed
by an Italian physician Luigi Galvani who showed that an electrical spark produced
muscle twitching of a dead frog"s legs in the late 18" century (60). Currently, electrical
stimulation is extensively used in rehabilitation and sport training, and some of the
applications include acute and chronic pain control (255), edema reduction (17, 226),
spasticity and muscle spasm management (7, 192), treatment of contractures (191),
healing of skin tissue (53) and minimising disuse muscle atrophy (62, 127).
Furthermore, electrical stimulation can be used as an alternative to exercise in patients
with cardiac and respiratory diseases, such as chronic obstructive pulmonary disease
(81, 201), severe chronic obstructive pulmonary disease (237, 257) and chronic heart
failure (81, 182). Although electrical stimulation cannot replace voluntary resistance
training but rather it can be considered as a complementary (186) and substitute (108) in

early rehabilitation.

In addition to the various applications of electrical stimulation for rehabilitation,
the use of electrical muscle stimulation [henceforth referred to as EMS] in sport training
has been shown to be effective for muscle strengthening (15, 113, 144, 187, 220), power
performance (105, 156, 159), increasing muscle mass (207), enhancing
cardiorespiratory endurance (12) and as a complementary method for voluntary exercise
training (186). For example, Stefanovska and Vodovnik (220) showed 25% increase in

maximal isometric strength contraction of quadriceps muscle following 3 weeks (10
1



min daily) of EMS training (25 Hz) in healthy individuals. Maffiuletti et al. (156)
reported that 4-week EMS training (115-120 Hz) combined with a plyometric training
program increased maximal voluntary strength by 28%, squat jump by 21%, and
counter movement jump by 8% for volleyball players. Banerjee et al. (12) showed that
not only muscle strength (24%) but also peak oxygen consumption (10%) of healthy
sedentary adults increased following non-tetanic EMS training in which leg muscles
were stimulated at 4 Hz to induce rhythmical contractions for 40 min a day, 5 days a
week for 6 weeks. It appears that inclusion of EMS in sport training is effective for
maximising improvement of muscle function in a short period of time (12, 113, 156).
However, it is still not clear how EMS should be used in training, and how EMS
parameters such as frequency and pulse duration should be set (90). Bax et al. (15)
concluded in their systematic review based on meta-analysis that further research is
necessary to understand the optimal EMS parameters, such as frequency, amplitude,
phase/pulse duration, duty cycle, waveform and current type. These EMS parameters

affect force generation in EMS.

The frequency of EMS is determined by the number of pulses per second. The
most efficient frequency for strength training was reported to be within the 50 to 120 Hz
range (97). The amplitude is the intensity or the magnitude of the current (58), and it
must reach the threshold of nerve fibre excitation (6). The intensity of EMS determines
force output (71, 232); however, it is limited by the subject"s tolerance (57), and is often
set according to the maximal tolerance of a subject. Pulse duration is the sum of
bidirectional waveform including positive and negative phases (200). Pulse duration and
amplitude determine the phase (or pulse) charge or electrical current dose delivered by
each stimulus, and it is represented by the current time integral of each pulse (pulse

duration x stimulation amplitude). Pulse duration plays an important role in force
2



production (89, 90). For example, muscle force was decreased when pulsed duration
was shortened from 450 to 150 ps (90). Duty cycle is the percentage of the electrical
current flow such that the duration of stimulation (on-time) and no-stimulation (off-
time). Duty cycle determines the rate of muscle fatigue, and generally a shorter off-time

induces greater fatigue.

The waveform and current type of EMS are dependent on the choice of stimulator
(152). Current is the flow of electrons and waveform is the behavioral modulation of
electron flow. In EMS, three types of waveforms are generally used: monophasic (one
direction), biphasic (two directions) and polyphasic (uninterrupted bidirectional). The
shape of EMS waveforms can be rectangular, square, triangular, sinusoidal or spike, and
it can be symmetric (positive and negative phase are equal in shape) or asymmetrical
(positive and negative phase are not equal in shape). Frequency and pulsed duration of
EMS are affected by the shape of waveforms, thus affect force generation as explained
above. There are two types of currents commonly used in EMS: alternating current and

pulsed current.

Alternating current is a continuous series of alternating pulse that forms one burst
consisting of connected biphasic medium or high frequency pulses (polyphasic) of the
unit of kilohertz (kHz) (199, 240). Alternating current can be delivered in the range of
1-25 kHz (pulse per second) modulated at 1-150 Hz (burst per second) (245). In
contrast, pulsed current delivers separated pulses at generally 1-150 pulses per second
(1-150 Hz) with an interval between pulses (245). Since some portable or battery-
operated stimulators can deliver only pulsed current, pulsed current has been more
widely used in muscle training (152). The use of alternating current in muscle

strengthening increased since a Russian scholar Kots had reported advantages of



alternating current EMS (2.5 kHz), so called a Russian current (240, 249). For a better
understanding of the optimal parameters of EMS to produce best possible outcomes
after training with EMS, it is necessary to understand acute physiological responses of
muscles stimulated by EMS. It is possible that differences between alternating current
and pulsed current exist for acute effects on different physiological variables such as
muscle force generation, discomfort, skin temperature, hormonal responses, muscle
metabolism, and muscle fatigue. However, these have not been systematically
investigated in the previous studies, although several studies (96, 109, 148, 152, 216,

239) investigated muscle force generation during alternating and pulsed current EMS.

Snyder-Mackler et al. (216) compared the torque output of the knee extensors
between alternating current and pulsed current, and found that the torque output was
significantly lower for 4-kHz alternating current compared with 2.5-kHz alternating
current and 50-Hz pulsed current, but no significant difference in torque output was
evident between the last two currents. In another study that compared the quadriceps
femoris torque generation between currents, the authors reported that the torque was
significantly higher for the pulsed current (50-Hz) than 2.5-kHz alternating current
(147). On the contrary, several studies reported no significant difference in isometric
torque of the knee extensors between alternating current and pulsed current (96, 109,
146, 152). The majority of these studies used different stimulators for the comparison
between alternating current EMS and pulsed current EMS; they did not match the other
parameters, such as pulse duration and frequency. Thus, the ideal comparison between
currents can be achieved when all parameters are kept identical except the waveform,

and when the same stimulator is used. This has not been done in the previous studies.



Several studies have compared the level of discomfort between alternating current
and pulsed current EMS (25, 96, 146, 152, 243). For example, Lyons et al. (152)
reported that discomfort was similar between alternating current (2.5 kHz delivered at
75 Hz) and pulsed current (75 Hz) when they were applied to quadriceps. Laufer and
Elboim (146) compared three alternating currents (2.5 kHz delivered at 50, 50 and 20
Hz with burst duty cycle of 1:1, 1:4 and 1:4, respectively) and pulsed current (50 Hz)
EMS applied to the forearm. They showed higher degree of discomfort during
alternating current with lower modulated frequency (20 Hz) compared with others. In
contrast, Ward et al. (243) showed that subjects felt more uncomfortable with pulsed
current EMS (50 Hz with pulse duration of 200 or 500 ps) compared with alternating
current EMS (2.5 and 1 kHz with pulse duration of 200 and 500 ps, respectively). It is
necessary to clarify whether a difference in discomfort exists between alternating
current and pulsed current EMS in relation to muscle force level when muscles are

stimulated at maximally tolerable intensity.

Working muscles generate heat that increases the body temperature (83). In a
cooling process of the body temperature, heat is transferred to peripheral regions to
maintain the homeostatic balance and the thermal neutrality (83, 132). Skin temperature
provides an indication of cutaneous vascular responses to exercise (115, 123), and it is
affected by the vasodilation and vasoconstriction of skin blood vessels (92, 221).
Although the effect of voluntary isometric exercise on cutaneous vascular responses has
been documented (76, 78, 124, 125), little information is available about the changes in
skin temperature during and after EMS (16). No previous study has compared skin
temperature responses between alternating current and pulsed current EMS at the

maximally tolerated intensity.



Little is known about the effect of EMS on hormonal secretion. To date, only two
studies investigated the effect of EMS on growth hormone (GH) and cortisol responses
(121, 204). Jubeau et al. (121) reported that increases in GH were significantly greater
for EMS compared with the voluntary isometric contractions of the same force output.
Sartorio et al. (204) compared the first and second EMS bouts (75 Hz with pulse
duration of 400us), and showed significant increases in GH following EMS, and a
significant decrease in cortisol at 60 min after the first EMS with no significant
difference between bouts. Testosterone and insulin-like growth factor (IGF-I) have been
shown to increase in response to resistance exercise (3, 206); however, the effect of
EMS on these hormones has not been investigated in the previous studies. No previous
studies have yet compared alternating current and pulsed current EMS for hormonal

responscs.

Several studies have reported an increase in blood lactate concentration after
pulsed current EMS exercise (99, 107, 121). For example, blood lactate concentration
significantly increased during and after 40 isometric EMS contractions (75 Hz) for
quadriceps muscles (121). However, the influence of alternating current on blood lactate

changes is not clear.

During exercise, oxidative metabolism in muscle is considered the main energy
sources (72), thus the assessment of oxygen (O;) consumption during EMS is important.
Several studies compared O, consumption between EMS-evoked and voluntary
isometric contractions. Theurel et al. (225), for example, found greater O, consumption
during 40 isometric contractions of the knee extensors evoked by EMS (75 Hz)
compared with voluntary contractions at the same force output. Near-infrared

spectroscopy (NIRS) can continuously measure local muscle oxidative metabolism (19,



73, 172), and NIRS have been used to compare between voluntary contractions and
EMS (18, 170, 171). However, it is not known if alternating current and pulsed current
differ in muscle oxygenation. Some studies have documented that alternating current
EMS causes greater muscle fatigue than pulsed current EMS (146, 147, 220). It could
be speculated that when muscle fatigue occurs in EMS, the number of muscle fibers

activated is reduced, which may be detected by a decrease in muscle oxygenation.

It has been documented that muscle contractions evoked by EMS result in muscle
damage (27, 121, 154, 179). For example, Jubeau et al. (121) showed that isometric
contractions of the knee extensors evoked by EMS (75 Hz, pulse duration: 400us)
induced greater muscle soreness and increases in serum creatine kinase (CK) activity
compared with voluntary isometric contractions of the same muscle that generated the
same force as the EMS protocol. Mackey et al. (154) reported histological evidence of
muscle damage, increased plasma CK activity and muscle soreness after 180 isometric
contractions of the gastrocnemius muscle evoked by EMS. However, no previous study
has investigated muscle damage induced by alternating current. It is well known that
the magnitude of muscle damage is attenuated and recovery is enhanced when the same
or similar eccentric exercise is performed again in several weeks (165, 177, 179). This
protective effect induced by a single bout of eccentric exercise is often referred to as the
repeated bout effect (37). It may be that the initial EMS bout results in muscle damage,
but the second one induces lower or no muscle damage. However, no previous study
has compared between the first and second bouts of isometric contraction induced

electrically for changes in markers of muscle damage.

Therefore, the present thesis project was designed to compare alternating current

and pulsed current EMS for their acute effects on varied physiological responses by



focusing on muscle strengthening aspects of EMS for healthy individuals. The
investigation of the acute effect of EMS on muscle and systemic changes is fundamental

for understanding the training effect.

1.2 PURPOSE OF THE STUDY

The main purpose of this thesis was to compare between alternating current and
pulsed current EMS for their acute effects on torque generation, discomfort, skin
temperature, hormonal responses, blood lactate, muscle oxygenation, muscle fatigue,
and muscle damage. To achieve the purpose, two studies were conducted. In the first
study, changes in force generation, skin temperature, blood lactate concentration,
hormone concentrations (GH, IGF-I, cortisol, testosterone) were compared between
alternating and pulsed current EMS. The second study was designed to compare
between alternating current and pulsed current for its effects on muscle oxidative
metabolism, blood lactate and muscle fatigue. In addition, a third study was conducted
to examine the repeated bout effect following a second bout of EMS performed two
weeks after the first bout. The changes in muscle damage markers were compared

between the first and second bouts separated by 2 weeks.

1.3 SIGNIFICANCE OF THE STUDY

EMS has several applications in either treatment or training, and the use of EMS
in sport training or in exercise has been increasing in the last two decades (15, 166).
However, the optimal parameters and currents of EMS to maximise the output have not
been confirmed (16, 248). The EMS currents are most important parameters since they

determine which type of stimulator can be used for either clinical, training or research



settings. Outcomes of this research thesis would contribute to the existing body of
knowledge about the effect of alternating current and pulsed current EMS on torque
generation, muscle damage, hormonal responses, skin temperature and muscle
oxygenation, which provides better understanding of the theory and application of EMS

in sport training.

1.4 RESEARCH QUESTIONS AND HYPOTHESES

The studies above were expected to answer the following research questions:

1. Is there a difference in force generation between alternating current and

pulsed current EMS?

No significant difference is evident between alternating current and pulsed

current.

2. Is there a difference in the level of muscle soreness and tenderness

between alternating current and pulsed current EMS?

Alternating current is expected to cause more muscle soreness and

tenderness than pulsed current.

3. Is there a significant difference in skin temperature changes between

alternating current and pulsed current EMS?

The changes in skin temperature are presumed to be higher during

alternating current compared with pulsed current.

4. Is there a significant difference in hormonal responses between alternating

current and pulsed current EMS?

It is liklely that both alternating current and pulsed current have similar

hormonal responses.

5. Is there a significant difference in blood lactate responses between

alternating current and pulsed current EMS?



Higher blood lactate is expected during and following alternating current

than pulsed current.

Is there a significant difference in muscle oxygenation between alternating

current and pulsed current EMS?

Greater changes in muscle oxygenation are expected during alternating

current compared with pulsed current.

Is there a significant difference in muscle fatigue between alternating

current and pulsed current EMS?

Muscle fatigue is assumed to be higher during alternating current

compared with pulsed current.

Dose muscle damage induced by EMS differ in the case of alternating

current than in the case of pulsed current?

Alternating current is thought to induce greater muscle damage than pulsed

current.

Is the magnitude of muscle damage after the second bout of EMS less than

that after the first EMS bout?

No or less muscle damage is expected after the second bout of EMS

compared with the first bout.
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CHAPTER TWO: LITERATURE REVIEW

2.1 OVERVIEW

The current knowledge about the difference between the currents of
neuromuscular electrical stimulation or electrical muscle stimulation (EMS),
particularly alternating current and pulsed current, will be discussed in this chapter.
Initially, the general principles of EMS are briefly explained including physiology and
parameters. Subsequently, the effects of EMS on skin temperature, hormones, blood

lactate, muscle oxygenation, fatigue and muscle damage are reviewed.

2.2 INTRODUCTION

2.2.1 Basic aspects of electricity

The simple definition of electricity is the flow of electric charge, which is mainly
affected by four main properties: energy, potential difference, resistance and current.
Energy is the power to move the charge, and it is measured by the work done per unit
time. Potential difference or voltage is the pressure to bring charges between the two
ends of any charge system, and it is measured by Volte. Impedance that is applied to the
charge flow refers to the resistance, which is measured in Ohms. Current describes the
behavior of the charge flow, and it generally comes in two forms: alternating current
and direct current. During alternating current, the flow of charges or electrons is in both
directions (positive and negative) to form a back-and-forth motion, while the flow of
charges during direct current is in only one direction. Alternating current is widely used

at home and in factories while direct current is used for small devices in a stored form,
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such as batteries. The electrical current that is used for a clinical or training purpose is
different than normal electricity. The current that is generated by electro-medical

appliances should be intermittent for a period of micro- or millisecond.

There are three types of currents mainly used in clinical and training applications
(199): direct, pulsed and alternating. The charge during direct current flows in one
direction and sustains for at least one second. This type of current is usually used for
iontophoresis through which ions are expelled via the skin. Alternating and pulsed
current are usually used to induce muscle contractions. These types of current are

extensively explained later in this chapter.

2.2.2 Electrical muscle stimulation

EMS or transcutaneous EMS is an application through which an electrical current,
which is delivered by a stimulator, travels through the skin to initiate action potentials in
sensory and motor nerves and then generate muscle contractions. Its application to
neuromuscular tissue to evoke muscle contractions has been used since the eighteenth
century (80), and the modern techniques and parameters of EMS were developed during
the last century (199). EMS has a wide range of uses in rehabilitation (186) including
injury treatments (145), preventing atrophy (8) and strength improvement (15, 209).
However, the optimal parameters for EMS to achieve a desirable output are still

controversial.

2.3 MUSCLE CONTRACTION DURING EMS
Although the general use of EMS in sport science is to imitate voluntary

contractions, the mechanism and activation of skeletal muscle contractions during EMS
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and voluntary actions are different. The main differences between EMS and voluntary

contraction are the stimulus origin and the recruitment patterns of motor units (MUs).

2.3.1 Contribution of the peripheral and central nervous systems

It is obvious that the stimulus is generated from the central nerve system during
voluntary contraction. During EMS, however, the muscle contraction is initiated
peripherally and the peripheral activation is mainly donated to the contracting muscles,
even some contributions of central nerve system were reported (44, 55). During
voluntary contraction, a nerve stimulus that resides in the brain or spinal cord travels
through long threadlike extensions, known as axons, to the targeted muscle cells.
Indeed, the origins of all voluntary and involuntary contractions in the human body,
including unconscious, automatic and reflex, are the central nervous system (the brain
and the spinal cord). During EMS action, however, the depolarization of motor axons is
directly evoked through a peripheral mechanism so that the stimuli, which come from
the electrodes adjusted to skin, activate muscle excitation. Thus, the activation processes
occur at the level of the peripheral rather than the central nervous system. In fact, the
stimulation using EMS does not bypass the central nervous system since the sensory
fibres are involved in the stimulation actions although the stimuli in EMS are triggered
peripherally. It was thought that the activation of sensory fibres, which occurs during
more units activation in EMS, involves more motor units from the central nervous
system by exciting synaptic input in spinal neurons (44, 54). The contributions of the
central mechanism to contractions during EMS were reported to be mainly affected by
long pulse duration, high frequency and at a relatively low intensity (54, 55). Moreover,
the central mechanism was thought to contribute largely to force production (up to 42%

MVC) during EMS at a wide pulse duration of 1-ms (45). Though the activation of
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muscle fibres during EMS is assumed to be in a non-selective order (94), central
contribution was hypothesized to be preferentially with the most fatigue-resistant

muscle fibres (44, 55) than it tends towards the natural order of recruitment.

2.3.2 Fibre recruitment in voluntary and EMS contractions

The recruitment of voluntary MUs is suggested to follow the Henneman size
principle, where small and slow motor units are recruited first and followed by the
larger and fast motor units in an increasing size order (104). In view of that, the size
principle was believed to be reversible in EMS since it is generally accepted that the fast
fibres are thought to locate more peripherally and slow fibres more deeply toward bones
so that there is more distance between electrodes and small motor units (65). In
addition, fast fibres have lower action potential threshold than slow fibres, which
initiates the depolarization in fast fibres before slow fibres in EMS (65). However,
Feiereisen et al. (69) investigated the recruitment thresholds of motor units in the tibialis
anterior muscle during voluntary and EMS contraction, and found that 94% of trails
followed the size principle in voluntary contraction while only about 30% did so in
EMS contractions. Thus, the phenomenon of the revised size principle may not be the
case during EMS. In agreement with that, Knaflitz et al (131) found the principle size
order in voluntary contraction was similar to about 72% of trials that followed EMS
contraction. Based on these findings, it was suggested that motor units are recruited
non-selectively and spectrally during EMS with no emphasis on the size or type of
motor units (94, 120) and predominantly MUs that locate peripherally and close to the
electrodes (235). The spatially fixed/non-selective pattern of motor units during EMS
may lead to muscle fatigue since all fibres are simultaneity recruited (94) while in

voluntary contraction the MUs are recruited asynchronously. Hence, all motor units are
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stimulated at the same time due to the constant discharge frequency, during which
muscle exhaust energy and accelerate fatigue. However, more motor units alternately

facilitate voluntary muscle contraction, which lessen muscle fatigue.

Figure 1 shows two different motor units that stimulate contiguous and imbricate
muscle fibres. It is possible during voluntary contraction to only activate motor unit 1
while motor unit 2 is resting but in EMS stimulation, both motor units are activated

synchronously.

Figure 1: Schematic view of two motor units that activate different contiguous muscle fibres
(Reproduced from [Marieb & Hoehn 2006]).

This difference in muscle activation between EMS and voluntary contraction

raises an argument with respect to the difference in excitability level and in the amount
15



of force production among MUs. The large-diameter axons are thought to have lower
activation threshold and are typically located superficially (217), which can be more
easily excited by EMS than by small-diameter axons. Also, the large-diameter axons are
generally associated with large MUs and typically activate fast muscle fibres (94).
Hence, it can be theoretically speculated that EMS mainly stimulates large MUs, which
yields more force output, to provoke fast muscle fibres that cause more muscle fatigue.
This may be the case for muscle fatigue where less muscle fatigue was reported at a
comparable level of torque output with voluntary contraction (225) but voluntary
contraction was shown to induce greater force than EMS at the maximal intensity (171).

However, the muscles can respond differently when the EMS parameters are altered.

2.4 EMS PARAMETERS

Although EMS has been widely used in rehabilitation and strength training, the
optimal parameters of EMS are still unidentified. There are several parameters of EMS
that can characterize the EMS waveforms and optimize the physiological effect. These
parameters include: amplitude, phase duration (Figure 2), frequency, duty cycle,

ramping time and current types.
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Figure 2: An illustrated diagram of a typical pulsed current waveform. A: Pulse amplitude, B:
Pulse period, C: Phase duration, D: Pulse duration, E: Inter-pulse interval.

2.4.1 Amplitude

The amplitude or intensity is the magnitude of current and it is typically expressed
as milliampere (mA) for constant current and millivoltage (mV) for constant voltage.
When a constant current generator is used, the voltage will vary to maintain a constant
current between electrodes while constant voltage generator will maintain a constant
voltage irrespective of the variation in current flow due to the impedance of electrodes
and tissues. An adequate level of the intensity (hereafter referred to as amplitude) is
needed to exceed the motor units™ threshold and to induce muscle contraction. However,
high intensity applied transcutaneously through surface electrodes that may cause burn
injuries to the skin (195). The intensity is so inversely proportional to the phase or pulse
duration that high intensity requires short pulse duration to achieve action potential of
nerve fibres and vice versa (Figure 3). The intensity is usually adjusted according to the

level of subjects” comfort or tolerance. Several studies have reported a significant effect
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of current intensity on the induced torque output and muscle activation (2, 22, 90). For
example, Adams and others (2) reported an increase in the knee extensor muscle fibres
activated from 18% to 54% when the intensity was increased to increase MVC from
25% to 75%. In the present thesis, the intensity was set at the maximal tolerance for

achieving high torque output.

2.4.2 Phase duration

Phase or pulse duration is the measured time for the entire period that the line of
waveform is above zero in monophasic waveforms or above and below zero in biphasic
waveforms, respectively. This duration is expressed as millisecond (ms) or microsecond
(us). As mentioned in the intensity, sufficient time is required to overcome the nerve
fibre threshold potential (see Figure 3). It should be noted that the “stimulation
duration” is not “phase” or “pulse” duration. Stimulation duration refers to the whole
session of stimulating, while “phase” or “pulse” duration represents the time for a single
phase or pulse. Pulse duration can play an important role in torque production (89, 90).
Although the stimulated motor units can be activated and maintained with a long
stimulation duration, pulse duration was reported to maximize torque output more than
stimulation duration (89). In addition, it is thought that skin impedance is greatly
influenced by pulse duration (240), where longer duration can lower the skin capacitive
impedance, and then the current can penetrate deeper. However, some controversies
exist among studies about the effect of pulse duration on force generation. Pulse
duration of 500 us was reported to produce 40% greater torque compared to 150 us
(111), while other studies showed 100 ps generated the largest torque among varied

pulse durations that ranged between 5 and 1000 ps (6).
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Some evidence showed that pulsed duration of 300 us is more comfortable than
50 us for pulsed current (31) and burst duration between 1-4 ms is best for sensory,
motor and pain threshold during alternating current (241). The optimal pulse duration
for torque output is still indistinct due to the integration between the pulse duration, the
intensity and the variation in excitatory responses as shown in Figure 3. This figure
shows the difference in the behaviour of the thresholds of four different fibres and
responses: (A) sensory threshold, (B) motor threshold, (C) pain threshold and (D)
maximal tolerable pain response, based on their strength-duration properties. The curves
show how long pulse duration (in ps) and how much stimulus intensity (in mA) are
needed to reach the activation thresholds of the fibres and responses. It is obvious that
the sensory fibres require lowest intensity to be activated while the maximal tolerable
pain response has the highest needed intensity in the figure. However, the difference
between the thresholds becomes smaller as the pulse duration gets bigger, which

indicates the great influence of pulse duration on the fibre activation.
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Figure 3: Changes in strength-duration curves of (A) sensory threshold, (B) motor threshold, (C)

pain threshold and (D) maximal tolerable pain response. Reproduced from Alon et al

(6).

A linear relationship between the intensity and pulse duration can be represented
by phase charge, which is defined as the current time integration of each pulse or the
area under entire pulse waveform including positive and negative phases, and it is

represented by the current time integration of each pulse (pulse duration x stimulation
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amplitude). Phase or pulse charge is electrically expressed as the number of electrons
transmitted in each phase or pulse (58) and expressed in micro-Coulomb (pC).
Depending on the characteristics of each nerve's fibres (size and the formation of the
myelin), a certain level of phase charge is needed to reach or exceed the nerve threshold

levels (either sensory or motor) and generate action potentials (6, 122).

Phase charge was found to affect the degree of motor unit activation (29) and the
torque output during EMS contraction (122, 147), and it is affected by the shape of the
waveforms (122). For instance, rectangular waveforms that are generated by constant
current, have higher charge than triangular or sinusoidal waveforms at the same

intensity level and phase duration due to the larger area-time integral.

2.4.3 Frequency

Frequency refers to the number of phases (in monophasic waveform), pulses (in
biphasic waveform) or bursts (in alternating current) delivered per second, and it is
specified by hertz (Hz) or kilohertz (kHz). It is common to modulate kHz frequencies,
as trains or bursts per second, to be cycled within the physiological range 1-150Hz (199,
245) so that the nerve fibres can respond to stimuli. The frequency rate should be
increased to achieve a summation of stimulations where nerve fibres are recruited and
muscle contraction is evoked (i.e. < 20 Hz). Muscle tension is mainly influenced by
motor unit firing frequency, which is controlled by EMS frequency during stimulation
(64). Hence, all the stimulated nerve fibres are fired at the same frequency rate so that
the motor units are activated synchronously as mentioned previously. It is generally
accepted that the stimulation frequency is a major factor that affects the force induced

by muscle contraction including the number of muscle fibres and muscle length during
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stimulation (161). Stimulators have different capacity to adjust the frequency and it is

named as “rate” or “frequency rate” in some devices.

The frequency varies according to the purpose of the stimulation. For example, a
firing rate of 50-120 Hz is usually effective for enhancing muscle strength and power
(56, 159, 214). Force generation and discomfort have been shown to be influenced by
the frequency rate (246). For instance, the frequency of 20 Hz was reported to produce
lower torque output of knee extensors compared with 50 and 100 Hz (142). However,
no difference was found between 50 and 100 Hz in torque output (142). In an early
study by Edwards et al. (64), they found an increase in torque output of knee extensors
as the frequency rate was increased from 3 to about 50 Hz, and then no further increase
in the force was found up to 100 Hz. Moreover, stimulation at 100 Hz showed greater
force generation of both tibialis anterior and triceps surae group than 200 Hz (45),
which may occur because of some blockage in neuromuscular activities during high
frequency. Figure 4 represents the maximum force (% of MVC) that can be obtained by
a range of frequencies from 3 to 100 Hz for two difference muscles (64). These studies
showed evidence that the frequency rate of 50-100 Hz can be the optimal rate for force
generation. However, the limitation of using these levels of frequency rates in muscle
fatigue where frequency rates exceed 50 Hz is characterized as high-frequency fatigue
that may be caused by a neurotransmitter depletion and/or propagation failure (117).
Since the recovery of high-frequency fatigue is rapid (117), long durations between
contractions (off-time) may reduce the influence of this type of fatigue on muscle
performance. The modulation of frequency by a gradual decrease during stimulation
was speculated to limit the effect of fatigue and maintain the force output throughout the
stimulation period (118). However, increasing frequency during fatiguing trains showed

better performance for both peak forces than constant frequency (126). However, the
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modulation of EMS parameters, particularly frequency, is not a common feature among

stimulators.
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Figure 4: The changes in force-frequency curve over different frequencies of quadriceps (e) and
adductor pollicis (o). Reproduced from Man et al. (64).

2.4.4 Duty cycle

The duty cycle is the proportion of time where the stimulation is present and
absent and is defined as the ratio of on-time to off-time. The stimulus duration is a
requirement for determining the duty cycle of stimulus. Without knowing off-time
stimulus, it is impossible to determine the duty cycle. Thus, two contractions or more
with known and fixed off-time are necessary to calculate the duty cycle of EMS
exercise. One of the aforementioned studies (109) used only one evoked contraction to

compare between currents, while the other one (216) used two contractions but with
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unfixed off-time between contractions (minimum of 2 min). For these studies, the duty

cycle could not be measured.

Duty cycle calculation can be made for pulses, bursts or stimulation by dividing

on—time

the on-time on the total time as (199). For example, if the pulse duration

on— +off—time

1s 1 ms delivered at 100 Hz so that the off-time should be 9 ms and the calculation of
pulses duty cycle would be 1—10 X 100, where 10 1s the pulse period (on + off-time). This

means that the time of current flow equals 10% of the entire period of stimulation. The
duty cycle can be also calculated for the stimulation based on the on-off time, so that if

the on-off time ratio is 10:30 (10 s ,on™ followed by 30 s ,off"), the duty cycle of

10
— 0
5130 X 100 = 25%.

stimulation will be

Ward et al. (247) reported that the maximal torque output can be achieved at burst
duty cycle between 10-20% of alternating current at different burst frequencies. A direct
relationship has been reported between stimulation on-time and muscle fatigue (185).
Laufer and Elboim (146), for example, found that during alternating current (2500 Hz),
greater muscle fatigue was induced by burst duty cycle of 50% by 20% at similar torque
output. Obviously, longer off-time with respect to the on-time of stimulation will result
in less muscle fatigue over time (145). This suggests that with lower duty cycle (i.e.

20%) less fatigue can be obtained.

2.4.5 Ramping time

Ramping (or modulations) is a gradual increase or decrease in each on-time
stimulation period. In practical terms, it is a manipulation in EMS parameters to raise
the current from zero to the peak of intensity and to drop the current from the peak to

zero over a specific time period. While the ramping time is usually used to describe the
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changes in several pulses or bursts, rise time is used to describe the changes in a single
pulse. Stimulation can be ramped by modulating frequency, intensity or pulse duration
depending on the objectives of the stimulation and the stimulator*s capabilities. Nerve
fibres threshold may accommodate to a long ramping time period based on the general
law of the nerves excitation (Du Bois Reymond law). Thus, a short rise time is

necessary to avoid membrane accommodation.

The logical assumption behind using ramp time in muscle stimulation is to
decrease the habituation rate (218) that may reduce the pain perception in the sensory
fibres. Ramping may help to avoid the massive current that abruptly provokes sensory
fibres as well as to mimic voluntary contraction by a gradual increase in contractile
force. When the level of stimulation parameters (i.e. intensity) is above the sensory fibre
threshold and the aim of stimulation is to activate motor fibres, a shock response may
take place and vary the subjects™ comfort and tolerance of current. Nonetheless, some
evidence shows no effect of ramp time on the sensory, motor and pain thresholds and

muscle soreness (9, 10).

2.4.6 Currents and waveforms

Current is the flow of electricity or charge per time unit while waveforms
determine the behaviour of this flow. In EMS, current and waveform are used
alternatively to describe the current of stimulation. The most common currents of EMS
are alternating current and pulsed current. In general, the therapeutic use of electrical
stimulation had not started until the Faradic stimulator was discovered in the 1800s,
which could deliver pulses or short duration of electrical current (80). This was known
later as a pulsed current. Few decades later, a new current was demonstrated by a

French physician (d'Arsonval) who was able to magnetically stimulate excitable tissue
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using eddy currents (79), which become the base for using alternating current in
biological tissues. Since that date, pulsed current has been more common in muscle
training because it can be delivered using handy and inexpensive portable or battery-
operated stimulators (152) while alternating current can only be generated by clinical
stimulators. Nonetheless, Kots a Russian researcher, was the first who used alternating
current in sport training, claimed an increase in muscle force (up to 40%) following
alternating current training (143). His findings were reviewed in the English language
literature by Selkowitz (208) who found little evidence to compare force gain using
alternating current with voluntary exercise or a combination of voluntary and EMS

exercise.

As shown in Figure 5, alternating current is delivered as continuous or
uninterrupted pulses while pulsed current is delivered as pulsatile or interrupted pulses.
Alternating current and pulsed current frequency is expressed as hertz (Hz). However,
since muscle fatigue occurs rapidly and during kilohertz frequencies (23), the frequency
of alternating current is modulated to cycles or bursts per second within the
physiological range, 1-150 Hz (199, 240). The waveforms of alternating current must be
reciprocal or bidirectional and comprise three pulses and more (polyphasic), while

pulsed current can be unidirectional (monophasic) or bidirectional (biphasic).

EMS stimulators can be determined by the choice of EMS currents and other
factors. Generally, there are two types of stimulators: mains and battery powered (199).
The major advantages and disadvantages of these stimulators are summarised in Table
1. The easy accessibility to the portable stimulators would make pulsed current more

common than alternating current.
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Table 1: Advantages and disadvantages of mains- and battery-powered stimulators.

Stimulators Advantages Disadvantages
. Potentially not saft tput
] e Multi-stimulator in(?ceilnsiltil i}s] E(i)ghs)a ¢ (outpu
Mams—d *  Generatea large range of Expensive and not easy to be used
powere parameters Relatively large
e Portable IF::::I;GS( :r(ijustment of currents
Battery- ;
d * [Easier Limited treatment duration
powere e Safer
e  Cheaper

Pulsed current (monophasic)

Pulsed current (biphasic)

Alternating current (polyphasic)

Figure 5: A schematic diagram illustrates the difference between alternating current and pulsed

current.




It was assumed that alternating current can overcome skin impedance in
transcutaneous peripheral nerve stimulation that the skin impedance is thought to be
very low at kilohertz frequency of current (196). However, this is probably not correct
because the skin impedance is largely affected by pulse duration more than by
frequency (240). Thus, the skin impedance would be similar to alternating current and
pulsed current when they have the same phase or pulse duration (240). It can be
speculated that less current is dissipated in the superficial epidermis and consequently
more current is available to stimulate underlying tissues (248). However, the advantage
of alternating current over pulsed current for achieving desired physiological responses

is yet to be established.

Several studies have compared between pulsed current EMS and alternating
current EMS for acute (96, 109, 146, 147, 152, 216, 239, 243) and training effects (25,
220). These studies reported the difference between currents for torque output and
increasing strength. However, the difference between alternating current and pulsed
current is not clear for other physiological variables, such as muscle damage and
hormonal responses. These responses may play an important role in sport performance
and chronic adaptation. Moreover, most previous studies that compared between
currents for their acute effects used different stimulators. Stimulators may be a factor
and may have an influence on output even when other parameters were held identical.
Therefore, the investigations of this thesis compared the acute effects of pulsed current
and alternating current on several physiological aspects such as muscle damage,
hormonal responses and muscle oxygenation, using the same stimulator to minimize the

manufacturing variation.
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2.5 EMS AND TORQUE GENERATION

The capability of EMS to generate torque is well documented and it is beyond the
scope of the present thesis. The main focus will be on how alternating current differs
from pulsed current for torque generation. From the literature, several studies have

compared force generation following alternating current and pulsed current (Table 2).
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Table 2: Previous studies comparing between alternating current and pulsed current for peak torque generated during isometric contraction evoked by EMS in

healthy subjects.
EMS characteristics
Stud Muscle, Pulse/oh Stimul Torque Comparison
y application Current Waveform shape Frequency uise/phase tmuius Stimulator % of for force
(year) duration  amplitude .
effect MVIC production
ACT* Sinusoidal 4000, 4100 Hz at 75 S. Nemectrodyn -~ 65
bps tolerance 8
AC1 =PClI
Walmsle PC1* Spike waveform 60 Hz 200 ps S. Multitone ~45
Y I
ctal, 1984 nee oerance
(239) CXLENSOrs Lo Sinusoidal 2200 Hzat50bps 450 ps S. Electrostim 82
P K tolerance 180-2 -
S -— AC2=PC2
. ra-
PC2 S0 Hz 200 ps tolerance pulsator 5 ~ 85
. . . S. Electrostim
Snyder- ACl1 Sinusoidal polyphasic 2500 Hz at 50 bps 200 us tolerance 180-2 61 +32
Mackler et Knee PC Symmetrical biphasic 50 Hz 200 s S. Chattanooga ¢ , o AC2 < A?l
al.. 1989 extensors square K tolerance VMS Aag;l PC’C
) =P
+
(216) AC2 Sinusoidal 4000, 4050 Hzat 50 |, us S. Nemectrodyn ~ 40.1
bps tolerance 7 21.8
Grimby AC Sinusoidal 2500 Hzat 50bps 10 pis S. Electro-Stim ¢, 5
and Kn tolerance 180
. (V9]
Wigerstad- AC=PC
. extensors . S.
Lossin PC Monophasic rectangular 30 Hz 300 ps Respond II 21+4
g tolerance P
1989 (96)
Holcomb Knee AC Sinusoidal polyphasic 2500 Hz at 95 bps S. comfort  Forte 400 24+ 4
et al., 2000 : o Combo AC=PC
(109) extensors PC SSCizlrlI;?;etrlcal biphasic 95 Hz 200 us S. comfort  Chattanooga 21 £4
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Contd.

. S. Staodyn
PC1 Monophasic rectangular 50 Hz 200 ps tolerance EMS 37+17
Laufer et - driceps Symmetrical biphasi S Staod AC <PC1 and
al., 2001 ICCPS  peo ymmetricat biphasic 50 Hz 200 ps ' taodyn 38+ 17 an
(147) femoris rectangular tolerance EMS PC2
. . . S. Dynatron
AC Sinusoidal polyphasic 2500 Hz at 50 bps 200 ps tolerance 650 31+13
Lyons et Quadriceps AC tsr?;?lrgjllflgscal piphasie 2500 Hz at 75 bps 400 ps tSo.lerance ;/;(;S&Stlm 56+2
al, 2005 g oris ’ S ical biphasi s ACPC
(152) PC ymmetrical biphasic 75 Hz 250 ps ' Empi 300PV 61 +2
square tolerance
ACl1 Sinusoidal polyphasic 2500 Hz at 50 Hz 200 ps ber of a purpose- 24 N'm
Numrt er ot built device
Teports o — ACI <AC2,
Ward et Wrist AC2 Sinusoidal polyphasic 1000 Hz at 50 Hz 500 ps discomfort ilﬁllltrrc)i(;i?;e 29 N'm PC1 and PC2;
al., 2006 extensors AC2=PCl,
(243) PC1 Monophasic rectangular 50 Hz 200 us Number of - PUPOse” 28N'm  Ac2=pc2;
s of built device PC1 = PC2
reports o
PC2 Monophasic rectangular 50 Hz 500 ps discomfort & Purpose- 2.6 N'm
built device
ACl1 . . . S. 33+1
(1:1)# Sinusoidal polyphasic 2500 Hz at 50 bps 200 ps tolerance
Laufer and .. AC2 2500 Hzat 50 bps 200 ps S. 32£2
. Wrist (1:4)# tolerance
Elboim extensors AC3 3 Myomed 932 W AC=PC
2008 (146) (1:4)4 2500 Hz at 20 bps 200 us tolerance
PC 50 Hz 200 ps S. 33£8
tolerance

* PC = Pulsed current, AC = Alternating current. # 1:1 = burst duty cycle of 50%, 1:4 = burst duty cycle of 20%; S. tolerance: subject tolerance; S. comfort:
subject comfort.
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Walmsley et al. (239) performed two experiments to compare torque values
generated voluntarily and electrically, using different stimulators. From both
experiments they did not find a significant difference between alternating currents
(4000-4100 Hz at 75 Hz and 2200 Hz at 50 Hz) and pulsed currents (50 Hz) in torque
values of knee extensors regardless of the stimulator types. Snyder-Mackler et al. (215)
also compared the torque generation of three different stimulators generating three
different currents as follows: 2500 Hz alternating current with 200 us phase duration
and 50 Hz bursts frequency delivered, 4000 — 4050 Hz alternating current with 125 us
phase duration and 50 Hz bursts frequency, and the last current was 50 Hz pulsed
current symmetrical biphasic square waveform with 200 us phase duration. Even
though all stimulators were shown to be sufficient to improve muscle strength, they
found from stimulating the quadriceps femoris muscles of 20 healthy participants that
4000 — 4050 Hz alternating current produces significantly less torque (40.05 + 21.84%
of MVC) than other currents (215). This could be attributable to the phase charge of this
current which was less (125 ps phase duration) than others (200 ps phase duration)
(122). However, no significant difference was found between 2500 Hz alternating
current (61.60 + 32.04% of MVIT) and 50 Hz pulsed current (54.10 + 27.85% of
MVIT), which had similar phase duration (200 ps) (215). Consistently, Grimby and
Wigerstad-Lossing (96) reported similar findings whereas no significant difference in
torque production between alternating current (2500 Hz at 50 Hz) and pulsed current
(30 Hz) for quadriceps muscles of 15 healthy individuals at the maximal tolerance.
Holcomb et al. (109) also reported no difference between pulsed current (95 Hz) and
alternating current (2500 Hz at 95) for generating forceful muscle contractions (knee

extensors) of 10 healthy subjects at the maximal tolerance.
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Laufer et al. (147) compared the quadriceps femoris torques generated by three
different waveforms and demonstrated different results. In this study, 30 subjects
underwent three EMS currents as follows: 2500 Hz alternating current with 50 Hz
bursts frequency delivered from a clinical stimulator and two pulsed currents (50 Hz)
with different waveforms (monophasic and biphasic) delivered from a portable
stimulator, where the phase duration was kept in 200 us for all waveforms. Pulsed
currents (either monophasic or biphasic) generated greater torque (36.6 + 17.1 and 38.0

+ 16.6% of MVC, respectively) than alternating current (30.9 £ 12.6% of MVC) (147).

On the other hand, Lyons et al (152) studied the peak isometric torque of
quadriceps femoris induced by two different stimulators: clinical and portable. Forty
healthy subjects were tested and two EMS current protocols were used as follows: 2500
Hz alternating current with 400 ps pulse duration and 75 Hz bursts frequency delivered
from the clinical stimulator and 75 Hz pulsed current with 250 ps pulse duration
delivered from the portable stimulator. Findings indicated no significant difference
between alternating current (56.0 = 16.2% of MVC) and pulsed current (60.5 + 18.7%
of MVC) in the torque production (152), which is consistent with previous findings (96,
109, 216, 239). In addition, Ward et al. (243) also reported similar torque output of wrist
extensors between two alternating currents (2500 Hz and 1000 Hz at 50 Hz) and two

pulsed currents (50 Hz) with phase duration of 200 and 500 us, respectively.

These results have been confirmed by a recent study by Laufer and Elboim (146)
who compared between four different currents: three alternating currents (2.5 kHz at 50
Hz at a burst duty cycle of 1:1; 2.5 kHz at 50 Hz at a burst duty cycle of 1:4 and 2.5 kHz
at 20 Hz at a burst duty cycle of 1:4) and pulsed current delivered at 50 Hz, and the

phase duration was fixed for all currents at 200 ps. They found, after stimulating the
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forearm muscles of healthy subjects, no effect of current types on the contraction force,
which is in consistent with other studies that used the same stimuli frequency (50 Hz)
for comparing between currents. They concluded that the number of stimuli per second
may have more influence on the torque production than the number of pulses or bursts

per second.

Parker et al. (188) compared the effect of three alternating current frequencies
(2500, 3570 and 5000 Hz at 50 bursts per second with cycle duration of 400, 266 and
200 ps respectively) on quadriceps torque responses of 23 healthy subjects. The
frequency at 2500 Hz was found to generate greater torque (69.4 = 18.6% of MVC) than
3570 and 5000 Hz (38.9 + 15.7 and 26.8 £+ 14.1% of MVC, respectively). According to
the previous studies that reported similar torque output between alternating current and
pulsed current (96, 109, 146, 152, 216), all of them used a carrier frequency of 2500 Hz
for their comparison, which was driven from Russian EMS (249). Thus, this frequency

of alternating current would be the preferable option to compare with pulsed current.

The difference between alternating current and pulsed current for the training
effect has been investigated in two studies (Table 3). An early study was conducted by
Stefanovska and Vodovnik (220) who compared 3-week EMS training (10 min daily) of
alternating current (2500 Hz at 25 Hz) and pulsed current (25 Hz) of quadriceps muscle
in 5 healthy individuals for each current type; they found a higher increase in the
maximal voluntary torque after pulsed current (25% of MVC) than after alternating
current (13% of MVC). A training study also conducted by Bircan et al (25) compared
alternating current (2500 Hz at 80 Hz) and pulsed current (80 Hz), and reported no
significant difference between the two protocols for the increase in isokinetic strength

after a 3-week EMS training (15 min per session, 5 days a week). These contradictory
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results are possibly due to the burst cycles that were used for alternating current. In the
study by Stefanovska and Vodovnik (220), the alternating current was modulated at 25
burst per second, which is close to 20 Hz that was shown to result in a higher discomfort

degree than those modulated at 50 Hz (146).
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Table 3: Previous studies comparing alternating current and pulsed current for changes in torque following EMS in healthy subjects.

EMS characteristics

Muscle, Torque Comparison
Study L. Pulse/phase Stimulus )
application Current Waveform shape Frequency ) . Stimulator changes for force
(year) duration amplitude .
effect (%) production
Stefanovska } . 2500 Hz at 25 Subject o
A and Quadrlceps AC Sinusoidal bps comfort T 13 A)
’ i femoris,
Vodovnik trainin Subi AC<PC
L., 1985 g PC Rectangular 30 Hz 300 ps ubject 125%
effect comfort
(220)
Bipol 2500 H 80 Subj fl4at
Quadrlceps AC . tporar . zat Y JeCt Myomed 932 600/8, 19
Bircan et interferential bps tolerance
femoris’ at 120°/s
al., 2002 .. AC=PC
(25) training . ‘ 121 at
effect PC Symmetrical 80 Hz 100 s Subject Myomed 932 60°/s, 23
biphasic tolerance
at 120°/s
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The differences between these studies could be attributable to the variation in the
current characteristics (parameters) and/or the type of stimulators used. A comparison
between alternating current and pulsed current using the same stimulator and identifying
the other parameters, such as pulse duration, duty cycle and intensity, may clearly
demonstrate the difference between currents. Moreover, no data is available for the
difference between pulsed current and alternating current in other physiological
variables, such as muscle damage, skin temperature, hormonal responses and muscle

oxygenation, which can expose further differences between these currents.

2.6 EMS AND DISCOMFORT

Discomfort is one of the major limitations of using EMS as an alternative to
voluntary contraction. During EMS, the nerve axons are stimulated externally by
electrical current, which include all types of peripheral nerve fibres (e.g. motor neurons
and sensory receptors) in non-selective and spatial recruitment patterns (94). This
behavior of untypical activation may cause the discomfort during EMS. The difference
in the level of discomfort between alternating current and pulsed current has been
investigated by several studies (25, 96, 146, 152, 243). Lyons et al. (152) reported
similar discomfort between alternating current (2.5 kHz delivered at 75 Hz) and pulsed
current (75 Hz). In consistence, Laufer and Elboim (146) reported no significant
differences in the degree of discomfort between alternating current (2.5 kHz delivered at
50 burst and duty cycle of 1:1) and pulsed current (50 Hz). However, in a recent study
by Ward et al. (243), pulsed current (50 Hz with pulse duration of 200 or 500 ps)
showed more discomfort compared with alternating current EMS (2.5 and 1 kHz with
pulse duration of 200 and 500 ps, respectively). The inconsistent results warrant further

investigation for the difference between EMS currents for comfortableness.
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2.7 EMS AND SKIN TEMPERATURE

Regulation of body temperature and blood flow distribution during exercise is
associated with a reflex control of specific local circulations that determine the
development of vasoconstriction or vasodilation through cutaneous vascular
conductance mechanism (116). Vasoconstriction is the process by which skin vessels in
the extremities are constricted to reduce blood flow to certain tissues, while during
vasodilation the subcutaneous skin vessels are dilated to allow a greater volume of
blood to flow to these tissues. Skin temperature is largely affected by these processes
where it decreases during vasoconstriction and increases during vasodilation (115). This
mechanism increases skin circulation, which is influenced by two factors: core and local
skin temperature so that the increase in core temperature activates the sympathetic
cholinergic nerves that lead to a vasodilation in skin blood vessels (92), and thus more
blood flow under the skin. An indication of cutaneous vascular responses during and
following exercise can be estimated by the changes in skin temperature (115, 123), and
it is affected by the vasodilation and vasoconstriction of skin blood vessels (92, 115,
221). Several studies reported the changes of blood flow during and after voluntary
contraction (13, 14, 114, 183, 197). However, the effect of EMS on blood flow in

human muscle contraction is not well documented.

Currier et al. (50) investigated the effect of EMS 2500 Hz alternating current at 50
Hz burst frequency on blood flow and skin temperature on plantar flexor muscles for 28
subjects. Findings showed that EMS significantly altered blood flow while there was no
effect on skin temperature. In addition, the effect of selected pulse frequencies on blood
flow in the quadriceps femoris muscles of 30 healthy subjects was investigated, and it
showed that the blood flow significantly increased with EMS using 10, 20, and 50 Hz

pulsed current compared with 1 Hz pulsed current (229). In another study, several
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frequencies were carried by pulsed galvanic stimulation to investigate the changes in
blood flow and skin temperature using the vascular channels of the upper extremity of
ten healthy subjects (103). Blood flow was shown to increase with increasing frequency
rate and at negative polarity but no significant change in skin temperature was noted
(103). Nonetheless, the galvanic stimulation is applied by a continuous direct current
while pulsed and alternating stimulation are applied through an intermittent direct and
alternating current, respectively. Thus, different results could be presumed because of

the interrupted pulses, which allow more blood flow during inter-pulse intervals.

The time of EMS session has also an influence on the blood flow rate. The effect
of EMS 30 Hz pulsed current with 75 ps phase duration (symmetric rectangular
waveform) stimulating time on blood flow in quadriceps femoris muscles of ten healthy
subjects has been investigated by Vanderthommen and others (233). The results of this
study showed that the rate of blood flow close to EMS electrodes increases as the
duration of EMS is increased (233). Conversely, another study showed that EMS 30 Hz
pulsed current with 75 ps phase duration did not increase blood flow in plantar flexor

muscles of 38 healthy participants (238).

As a result of the increase in metabolic activities during exercise, the body
temperature increases (83). Thermoregulation plays an important role in maintaining the
body‘s homeostatic balance and the thermal neutrality by several mechanisms, such as
transferring heat to the periphery (shell) so the warm blood is expelled from the internal
to superficial areas for cooling processes (83, 132). Although the effect of voluntary
isometric exercise on cutaneous vascular responses has been documented (76, 78, 124,
125), little data is available about the changes in skin temperature during and after EMS

in healthy individuals. Bennie et al. (16) reported a significant increase in skin
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temperature (0.02 °C) during the initial 3 min of one EMS contraction sustained 4-min
at 10% MVC using different EMS waveforms. The small changes in the skin
temperature could be due to the lower force production (10% MVC) induced by EMS.
However, the difference between alternating current and pulsed current for the changes
in skin temperature at the maximum tolerated intensity is still unknown. Less blood
flow could be expected during alternating current compared with pulsed current due to
the higher number of stimuli (pulses) during alternating current. Thus, the local skin

temperature would be assumed lower during alternating current.

2.8 EMS AND HORMONAL RESPONSES

It is known that resistance training significantly affects the secretion of anabolic
(e.g. testosterone, growth hormone, insulin-like growth factors) and catabolic (e.g.
cortisol, catecholamines) hormones (4, 140). Despite the fact that EMS training
produces similar effects to resistance training (e.g. increases in muscle strength and
size) or minimises muscle atrophy caused by disuse (66, 82), hormonal responses to
EMS are not well documented. Although hormonal responses of spinal cord-injured
(SCI) patients to EMS have been reported (254), little information about healthy

individuals is available.

2.8.1 Growth hormone

Growth hormone is essential to the growth process and plays an important role in
carbohydrate and lipid metabolism (51). It is secreted by the pituitary gland in response
to several activities, such as exercise, and it has been shown to be greatly affected by
resistance exercise (135). Jubeau et al. (121) reported that increases in blood lactate and

growth hormone were significantly greater for EMS (75 Hz) compared with the
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voluntary isometric contractions at the same level of torque output and at the same
intensity. Sartorio et al. (204) also reported significant increases in GH following EMS
(75 Hz), which were induced by 20 contractions at the maximal tolerance of quadriceps
muscle. However, no data is available regarding hormonal responses to EMS for

alternating current.

2.8.2 Testosterone

Testosterone is an anabolic-androgenic steroid, which is mainly secreted by the
adrenal glands and testes in men and the adrenal glands and ovaries in women. Weight
training has been widely used to increase muscle mass (256). Several studies have
reported an increase in testosterone following resistance exercise (98, 106, 136) but the

effect of EMS on testosterone is yet to be established in healthy individuals.

2.8.3 Cortisol

Cortisol is a corticosteroid hormone that is released by the adrenal cortex of the
adrenal gland and its level is subject to change during the daily cycle (253). Resistance
exercise has been shown to elevate the secretion of cortisol (136, 138) and it is largely
effected by the intensity and volume of exercise (212). In an early study, a low
frequency of transcutaneous electrical nerve stimulation (2 Hz) of elbow flexor muscle
was unable to increase the serum cortisol concentration 63.(59). It is obvious that 2
pulses per second cannot generate muscle tension and thus no alteration in cortisol level
would be expected. In a recent study by Sartorio et al. (204), a significant decrease in
cortisol was reported at 60 min after 20 isometric contractions of the quadriceps muscle

induced electrically (75 Hz). The acute effect of alternating current on cortisol
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concentration is not known, and neither is the difference between alternating current and

pulsed current.

2.8.4 Insulin-like growth factor

Insulin-like growth factor-1 (IGF-1) is a polypeptide hormone that is released
predominantly by liver and other cells (198). IGF-1 has been shown to intrinsically
mediate skeletal muscle repair and adaptation in an autocrine/paracrine mode by
inducing cell proliferation and subsequently enhance hypertrophy (189, 190). Hence,
Froesch et al. (77) noted a significant increase in the IGF-1 plasma concentration when
injecting growth hormone in animals, which demonstrates a possible role of growth
hormone in regulating IGF-1 synthesis (1). The acute effect of resistance exercise on
IGF-1 is not agreed upon among studies whereas some showed an increase during and
immediately following exercise (137, 139) while others found no significant changes
(134, 141). Nonetheless, no previous study has reported changes in IGF-1 in response to
EMS, and the comparison between alternating current and pulsed current for changes in

IGF-1 in healthy individuals has not yet been elucidated.

2.9 EMS AND ANAEROBIC METABOLISM

It is generally accepted that the formation of blood lactate starts when the energy
system shifts to anaerobic metabolic pathway where the conversion of pyruvate to
lactate or anaerobic glycolysis occurs. Blood lactate can rise to a very high level during
intense exercise and it is affected by depleted glycogen stores (68). Several studies have
investigated the influence of EMS on metabolic activation. Hultman and Sj6holm (110),
for example, investigated the accumulation of blood lactate and the depreciation of

adenosine triphosphate (ATP) by calculating the degradation of creatine phosphate
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(PCr) using twitch interpolation 20 Hz pulsed current with 500 us pulse duration to
stimulate the quadriceps femoris muscle of 9 healthy subjects. They found a significant
increase in blood lactate accumulation within 5 s of the beginning of stimulation until
20 s then it remained relatively constant. However, the ATP content was maintained at
initial levels for the first 20 s then started decreasing to 76% after 50 s. In addition, they
provided evidence of the occurrence of glycogenolysis and glycolysis based on the

glucose-6-phosphate changing rate (110).

Another study investigated how the glycolytic system contributes to the
production of ATP. The quadriceps femoris muscles of 7 men were electrically
stimulated using 20 Hz pulsed current with 500 pus pulse duration and the total exercise
time was 100 s (219). They found that, at 25s of exercise, 58% of ATP production was
formed by glycolysis pathway while 40% was produced by phosphocreatine metabolic
pathway. However, the contribution of the glycolytic system to produce ATP increased
significantly to cover 90% of energy demands beyond 25 s of the exercise. In contrast, a
recent study reported a slight increase (insignificant) in serum lactate (an indicator of
glycolytic reactions) after applying EMS (63/ 3 Hz pulsed current, 400 pus pulse

duration) to both knee extensor muscles of five well trained subjects for 30 min (258).

Vanderthommen et al. (235) compared the changing rate of ATP and myoglobin
oxygenation activated by voluntary contraction and EMS by monitoring intracellular O,
and energy metabolism using NMR spectrometer technique. They reported a greater
contribution of glycolysis during EMS (50 Hz pulsed current with 250 ps pulse
duration) compared with voluntary contraction (235). Another study (107) also showed
that EMS of the rectus femoris and vastus lateralis with 20 Hz pulsed current (200 ps

pulse duration) increased blood lactate concentrations greater than 14.6 + 5.0 mg/dL and
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enhanced muscle hypoxia and glycolytic metabolism assessed by near-infrared
spectroscopy (NIRS) measurements. Furthermore, it was reported that continuous
submaximal contractions (40 s) of EMS (50 Hz pulsed current with 200 ps pulse
duration) at 75% MVC for the gastrocnemius and soleus muscles (5 healthy subjects) in

ischaemic condition spends more anaerobic ATP than voluntary contraction (194).

The increase in blood lactate concentration during and after EMS exercise was
reported by several studies (99, 107, 121). Jubeau et al. (121) found a significant
increase in blood lactate concentration during and after 40 isometric EMS contractions
(75 Hz) for quadriceps muscles. These studies have demonstrated significant effects of
pulsed current EMS on anaerobic metabolism and lactate; however, the effects of
alternating current or the difference of pulsed current and alternating current on blood

lactate concentration is unknown.

2.10 EMS AND OXYGEN CONSUMPTION

The energy source for skeletal muscle tends to be aerobic when exercise lasts
more than 2 min at middle or high intensity and more oxidative metabolism is
synthesized (32). When skeletal muscles are electrically stimulated, maximum EMS
frequency and intensity are used to achieve greater muscle tension (150). A recent study
that compared the changes in oxygen consumption, ventilation and respiratory exchange
ratio during EMS (75 Hz pulsed current with 400 ps) and voluntary contractions of the
quadriceps muscle (12 healthy men) at same force output found that the average of these
variables during EMS was significantly higher in comparing with voluntary contraction
(225). The phosphate/phosphocreatine (Pi/PCr) ratio also was found different between

EMS and voluntary exercise where 64 isometric contractions induced electrically
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increased Pi/PCr ratio greater than voluntarily at the same (20% MVC) work load (236).
This finding suggests a difference in muscle activation pattern between EMS and
voluntary contraction. However, these results showed the effect of EMS on the global

muscle oxygenation rather than the local changes.

Near-infrared spectroscopy (NIRS) is an optical method used to monitor muscle
oxidative metabolism non-invasively (30). Muscle oxygenation and blood flow have
been assessed using NIRS during EMS by several studies (18, 167, 170, 171, 225).
McNeil et al (167), for example, reported a high metabolic demand and more blood
volume following EMS (25 Hz pulsed current, pulse width of 50 ps, 400 V) comparing
with voluntary contractions of dorsiflexor muscles at equal work (50% MVC).
Similarly, greater average oxygen consumption, ventilation and respiratory exchange
ratio were reported during EMS (75 Hz, pulse duration of 400) compared with voluntary
contractions of the quadriceps muscle at the same force output (46 + 10% of MVC) in
healthy men (225). They attributed this difference to the variance in the motor unit
recruitment between EMS and voluntary contraction. On the contrary, Muthalib et al.
(171) have recently reported a comparable level of oxygen demand between 30
isometric contractions induced by EMS (30Hz pulsed current, pulse duration of 200 ps)
at the maximum tolerated current and 30 voluntary isometric contractions of biceps
brachii muscle. These inconsistent results could be due to the level of force output
where the maximal torque produced by EMS in the latter study (171) was about 30-40%
MVC but the voluntary contraction was at 100% MVC. However, the differences in
muscle oxygenation using NIRS between alternating current and pulsed current are

currently unknown.
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2.11 EMS AND MUSCLE FATIGUE

The failure to generate or maintain the force output is described as muscle fatigue,
which may occur due to the reduction in the number of recruited muscle fibres (63).
Although the origin of stimulus is peripheral during EMS, a contribution of both central
and peripheral fatigue was reported during EMS (28). Interestingly, greater muscle
fatigue has been shown during EMS compared with voluntary contraction at the same
force output (225). The authors of this study explained their findings by the difference
in the patterns of motor unit recruitment between EMS and voluntary contraction
regardless of the level of force. This held true when considering the recruitment patterns
during EMS where it is non-selective to fibre types (94) so that more fast (fatigable)
motor units are activated at the initial stage of exercise. Thus, it would be expected that

fatigue will be accelerated during EMS compared with voluntary contraction.

Muscle fatigue during EMS was reported to be greatly influenced by the
parameters of EMS (24, 85), particularly EMS frequency (88). Muscle fatigue can be
greatly attenuated by reducing frequency to 20 Hz or lower (118). However, higher
frequency of 50-100 Hz is required to produce a maximum force as discussed earlier
and reported by several studies (21, 64). This is also the case when comparing between
low-frequency EMS (pulsed current) and kilohertz-frequency EMS (alternating current).
Since fatigue is known as a decrease in the muscle capacity to produce maximum force
generation (20), several studies have reported a comparable level of torque output
between alternating current and pulsed current (96, 109, 146, 216, 220). It can be
assumed that the absolute force output may not be a valid indicator of muscle fatigue
during EMS contractions regardless of the EMS current types. Nonetheless, several
studies have reported that pulsed current can cause less muscle fatigue than alternating

current at the same force output (146) or at different force output (147, 220). Muscle
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fatigue could be determined when force output is different between variables but the
challenge when no significant differences in strength are detected. Grimby and
Wigerstad-Lossing (96) found similar torque output between alternating and pulsed
current but larger variability within the torque curve during alternating current
compared with pulsed current. This could be an indication of high-frequency fatigue,
where the force loss occurs extensively at a high frequency stimulation (e.g. 50 Hz and
higher) and recovers rapidly due to the reduction in frequency (117). The variability in
toque curve during alternating current could be due to the current incapability to
activate additional motor units as a result of muscle fatigue. The reduction in the
number of recruited fibres during contraction may reduce the amount of muscle volume
involved in the contraction, which may be reflected in muscle oxygen demand.

However, this assumption has not been confirmed yet.

2.12 EMS AND MUSCLE DAMAGE

The major limitation of using EMS in training is the pain during stimulation (244)
and muscle damage (36). The occurrence of muscle damage after EMS has been well
investigated (34, 40, 48, 121, 154, 179). However, limited research has been conducted
on muscle damage and recovery of muscle function after EMS-evoked isometric

contractions.

It has been documented that repetitive eccentric muscle contractions cause a
significant increase in circulating creatine kinase (CK) and a decrease in muscle
strength (43, 49, 160, 178). Although voluntary isometric exercise seems unlikely to

induce muscle damage when performed at the same level of torque generated by EMS at
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maximal intensity (121), muscle damage has been reported in several studies following

isometric exercise induced electrically (36, 121, 155, 169, 179, 225, 258).

Muscle soreness and damage have been assessed before and after an EMS (70 Hz
pulsed current with 40 pus) session and concentric exercise of the quadriceps muscle for
12 male athletes (169). A significant increase in plasma CK activity and muscular
soreness after EMS compared with concentric exercise was reported (169). A recent
study reported a significant decrease in maximal voluntary force after EMS (75 Hz
pulsed current with 400 ps pulse duration) compared with voluntary contraction of the
quadriceps muscle of 12 healthy men (225). These findings have been supported by a
recent study that showed that maximal voluntary strength decreased significantly after
EMS (75 Hz pulsed current with 400 us pulse duration), and it also showed a significant
increase in serum CK activity and muscle soreness compared with the voluntary
contraction (121). Delayed-onset muscle soreness (DOMS) was higher after EMS (125
Hz pulsed current with 40 us pulse duration) and was associated with muscular soreness

and strength loss (36).

In contrast, Zorn et al (258) reported a non-significant increase in muscle soreness
with no DOMS after EMS (63, 3 Hz pulsed current with 400 us pulse duration) in both
knee extensor muscles of five trained subjects even though a significant increase was
shown in serum CK. This result was expected to be seen in trained subjects who may
have experienced a repeated bout effect (discussed later) in the early stages of a training

programme (67, 164).

Nosaka et al (179) showed that eccentric contractions induced more muscle
damage than isometric contractions that were electrically evoked (100 Hz pulsed current

with 400 ps pulse duration) in the elbow flexor muscles for 17 participants. Another
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study reported that 30 isometric contractions of the knee extensors evoked by EMS (70
Hz, duration 40 ps, on-off ratio 620 s) resulted in small increases in plasma CK
activity and muscle soreness after EMS (169). Myofibre damage has been investigated
after applying EMS (35 Hz pulsed current with 300 ps pulse duration) and eccentric
contractions on quadriceps muscle of eight healthy sedentary male subjects, and muscle
fibre necrosis and subsequent regeneration was observed with the EMS condition (48).
Mackey et al. (154) have also recently shown histological evidence of muscle damage
such as macrophage infiltration, desmin negative fibres (Figure 6), and z-line disruption
(Figure 7) after 180 isometric contractions of the gastrocnemius muscle evoked by EMS
(60 Hz, duration 300 us, on-off ratio 4-6 s) lasted 30-min, together with increased
plasma creatine kinase (CK) activity and muscle soreness. However, muscle strength
measures, which have been proposed as the best indicator of muscle damage (251) as a
sensible evidence that affects performance, were not included in the study. The previous
studies demonstrated that EMS pulsed current induced a significant muscle damage
compared with voluntary contractions. However, little is known about the effects of
alternating current on muscle damage or how the EMS currents (alternating current and

pulsed current) are different.

Figure 6: Desmin staining loss (A) and inflammatory cell infiltration (B) show evidence of muscle
damage following 48 h of isomteric exercise induced electrically. The images were
obtained using immunohistochemistry process. Reproduced from Mackey et al (154).
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Figure 7: Myofibrillar damage of z-line disruption following 48 h of isometric exercise induced
electrically compared with control sample. The images were taken using transmission

electron microscopy. Reproduced from Mackey et al (154).

2.13 EMS AND REPEATED BOUT EFFECT

It is well documented that the magnitude of muscle damage developed after
exercise is attenuated and that the recovery of muscle function is enhanced when the
same or similar eccentric exercise is performed within several weeks (158, 173). This
protective effect induced by a single bout of eccentric exercise is referred to as the
repeated bout effect (164). The repeated bout effect has received considerable attention
from researchers (27, 33, 74, 75, 163, 164, 173-175, 181, 222, 230). However, little is
known about the repeated bouts of EMS on muscle damage. Nosaka et al. (179)
reported that the second bout of eccentric exercise in which the elbow flexors were
forcibly stretched while being stimulated by EMS (100 Hz pulsed current, 400 ps pulse
duration) resulted in smaller changes in maximal voluntary isometric contraction
strength, range of motion, upper arm circumference and muscle thickness, muscle
soreness, plasma CK and aspartate aminotransferase levels compared with the initial
bout of the same exercise performed 2 weeks before. Black et al. (27) have also recently
shown that changes in T2 relaxation time of magnetic resonance images and muscle

soreness following 80 lengthening contractions of the quadriceps femoris of 16 subjects
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stimulated by EMS (100 Hz pulsed current, 450 pus pulse duration) were significantly
smaller after the second bout compared with the first bout that was performed 7 weeks
before. However, it should be noted that these studies compared the first and second
EMS bouts consisting of lengthening contractions. No previous study has investigated
the repeated bout effect of EMS bouts consisting of isometric contractions that are

generally performed in EMS training for changes in markers of muscle damage.

2.14 SUMMARY AND CONCLUSION

EMS can be delivered using different currents to excite sensory and motor nerves.
Alternating current and pulsed current are most commonly used to induce muscle
contractions. Pulsed current is used more frequently because almost all stimulators can
produce it. However, the use of alternating current has been increased with some
evidence of its benefits in strength training. The physiological responses to alternating
current and pulsed current are not well known. A small number of studies have
compared pulsed current and alternating current for torque output, muscle fatigue and

discomfort and have shown varying results.

For other physiological aspects, such as hormonal responses, muscle oxygenation
and muscle damage, little data is available for the difference between currents. In
healthy populations, the effect of EMS on some different hormonal secretions is not
known. Only one study reported an increase in growth hormone and cortisol after pulsed
current but no studies have investigated other hormones, such as testosterone or IGF-1
for both currents. Many studies have demonstrated high muscle oxidative metabolism

following pulsed current but none for alternating current. Several studies reported
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muscle damage following pulsed current but little is known about alternating current or
how pulsed current and alternating current differ. There is currently a clear gap in the
body of knowledge regarding differences between alternating current and pulsed

current.
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CHAPTER THREE: STUDY ONE

COMPARISON BETWEEN ALTERNATING AND PULSED
CURRENT ELECTRICAL MUSCLE STIMULATION FOR
MUSCLE AND SYSTEMIC ACUTE RESPONSES

3.1 INTRODUCTION

Electrical muscle stimulation (EMS) applies electrical current transcutaneously to
muscles through electrodes to induce involuntary contractions. There are two types of
currents commonly used in EMS: alternating current and pulsed current. Pulsed current
EMS delivers intermittent pulses at generally 1-150 Hz (245). In contrast, alternating
current EMS consists of a continuous series of alternating biphasic high frequency
pulses (e.g. 1-25 kHz) generally modulated and delivered within the biological range,
normally between 10 and 150 Hz (245). Clinical use of alternating current EMS
includes pain control, spasticity management, prevention of atrophy and edema control
(242). However, it is also used in muscle training since a Russian scientist Kots
advocated so called “Russian current” (2.5 kHz sinusoidal pulse stimulation) for its
efficacy in increasing muscle strength in 1977 (for review see 249). Although the use of
alternating current EMS has been increasing (249), pulsed current EMS is more widely
used in sports training and rehabilitation, since most of the portable or battery-operated

stimulators can deliver only pulsed current (152).
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In alternating current EMS, the stimulus is delivered in bursts, where each burst
consists of many pulses. As shown in Figure 11, the number of bursts per second in the
modulated alternating current EMS is the same as the number of pulses per second in
the pulsed current EMS; however, each stimulus consists of greater number of pulses in
the alternating current than the pulsed current EMS. It is possible that the distinct
difference in the number of pulses delivered to muscle in stimulation produces different
physiological responses between alternating and pulsed current EMS. In fact, some
studies (147, 220) reported a difference in muscle force generation between alternating
and pulsed current EMS. However, systematical comparisons between the two
waveforms for acute muscle and systemic responses are lacking.

Snyder-Mackler et al. (216) compared the torque generation of the knee extensors
among three different waveforms; 2.5-kHz alternating current and 4-kHz alternating
current delivered at 50 Hz, and 50-Hz pulsed current. They reported that the torque
generation was significantly lower in the 4-kHz alternating current compared with
others; however, no significant difference in torque output was evident between the 2.5-
kHz alternating current and the 50-Hz pulsed current. Another study compared the
quadriceps femoris torque generation during 2.5-kHz alternating current delivered at 50-
Hz and 50-Hz pulsed current, and showed that the torque was significantly higher for
the pulsed current than alternating current (147). In contrast, no difference was found in
isometric torque of the knee extensors between 2.5-kHz alternating current delivered at
50-Hz and 30-Hz pulsed current (96) and between 2.5-kHz alternating current delivered
at 95 burst per second and 95-Hz pulsed current (109). Other studies also reported
similar force generation by 2.5-kHz alternating current delivered at 75-Hz and 75-Hz
pulsed current (152), or by 2.5-kHz alternating current delivered at 50-Hz and 50-Hz

pulsed current (146). It does not appear that the information regarding the difference in
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the muscle force generation between alternating and pulsed current EMS is consistent.
To the best of our knowledge, no previous study has compared the torque output
between pulsed current and alternating current by keeping all parameters as similarly as
possible except the waveform, and using the same stimulator. It is possible that a
difference exists between the two current types for perceived exertion during EMS. It
may be that the effect of EMS on skin temperature is associated with discomfort, and
changes in skin temperature and discomfort are different between alternating current
and pulsed current EMS. However, these have not been investigated in the previous
studies.

Several studies have demonstrated that skeletal muscle damage is induced by
isometric contractions evoked by EMS (121, 154, 169, 179). For example, Jubeau et al.
(121) showed that EMS (75 Hz pulsed current) resulted in decreases in maximal
voluntary isometric contraction torque, delayed onset muscle soreness (DOMS), and
increases in serum creatine kinase (CK) activity. Mackey et al. (154) have reported
histological damage in muscle fibers after EMS (60 Hz pulsed current). It should be
noted that all of these studies used pulsed current EMS, and no previous studies have
investigated skeletal muscle damage induced by alternating current EMS.

In the study by Jubeau et al. (121), they also reported that increases in blood
lactate and growth hormone (GH) were significantly greater for EMS compared with the
voluntary isometric contractions of the same force output. Sartorio et al. (204) compared
the first and second EMS bouts (75 Hz pulsed current with pulse duration of 400pus)
consisting of 20 isometric contractions of the quadriceps femoris, and showed
significant increases in GH following EMS, and a significant decrease in cortisol at 60
min after the first EMS. To understand the effect of EMS on hormonal responses better,

other anabolic hormones (e.g. testosterone, insulin-like growth factor-1: IGF-1) that are
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often investigated in resistance exercise (140) should be investigated. No previous study
has compared between alternating current and pulsed current EMS for changes in

hormones (GH, testosterone, IGF-1, and cortisol) and blood lactate.

Therefore, the purpose of this study was to compare between alternating current
and pulsed current during a typical EMS strength training session (145, 234) for torque
generation, perception and skin temperature, symptoms of skeletal muscle damage, and
hormonal responses. To compare between pulsed current and alternating EMS, the
present study set the stimulation parameters similarly between the two stimulation
conditions. Based on the previous studies (95, 168, 223), 75 Hz was chosen for the
frequency of the pulsed current EMS, and 2.5 kHz was chosen for alternating current
(188, 210, 216). It was hypothesized that alternating current would trigger more changes
in torque output, skin temperature, skeletal muscle damage and hormonal responses

than pulsed current due to the greater number of pulses delivered by alternating current.

3.2 METHODS

3.2.1 Study Design

Twelve volunteers participated in two EMS sessions separated by 2 weeks; one
for pulsed current session and the other for alternating current session in a randomized,
counterbalanced order. The 2-week interval between bouts was set to provide a time for
elevated plasma CK activity after the first EMS session to return to baseline value. The
subjects did not receive any information which current they were receiving in the EMS
sessions. A familiarization session was conducted before the study, which included
maximal voluntary isometric contraction strength (MVC) measures at different knee

joint angles (40°, 70°, 100°), and EMS that included 3-5 electrically evoked isometric
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contractions at submaximal intensity. For each EMS session, the subjects were asked to
report to the laboratory for 6 days; baseline measure session held 1-3 days before EMS
session, EMS session day, and 4 consecutive days following the EMS session (Figure
8). Forty isometric contractions of the knee extensors of one leg were evoked in each
EMS exercise, and one leg received pulsed current EMS, and the other leg had
alternating current EMS. Both EMS sessions were performed at the same time of the
day for each subject between 8 am and 10 am to eliminate the effects of possible diurnal
variations on hormonal responses and other measures. The independent variable in this
study was the waveform used in EMS (alternating current versus pulsed current), and
the dependent variables consisted of knee extensors™ torque and rate of perceived
exertion during EMS, skin temperature, blood lactate concentration, growth hormone,
testosterone, IGF-1, and cortisol concentrations, and indirect markers of muscle damage
such as MVC of the knee extensors, muscle soreness, pressure pain threshold, and
plasma CK activity. Figure 9 shows the experiment setting. The study was approved by

the Edith Cowan University Human Research Ethics Committee.

Figure 8: A diagram showing the measurement time line. MVC: maximal voluntary contraction at
different knee joint angles (40°, 70° and 100°),PPT: pressure pain threshold, VAS:
visual analogue scale for muscle soreness assessment, CK: plasma creatine kinase

activity, RPE: rate of perceived exertion.
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Figure 9: Experiment setting.

Figure 10: Electrodes placements. Electodes between the blue arrow (left) for vastus latteralis,

and the red arrow (right) for vastus medialis muscles.
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3.2.2 Subjects

Twelve healthy men (mean = SD age: 31.2 + 5.5 y, body mass: 81.4 £ 15.2 kg,
height: 174.3 + 4.8 cm), who had not been involved in resistance training program for at
least 6 months prior to the study and not had an injury in their knee joints, participated
in this study after signing the informed consent form. During the experimental period,
subjects were asked not to change their diet habits, and not to take any medicines nor
have any interventions other than those given in the study. Subjects were requested to
avoid consuming caffeine and alcohol one day before the EMS session and not to
undertake any physical activity during the experimental period. Female subjects were
excluded to avoid possible gender difference in hormonal responses (35, 137, 252) and
muscle damage (42, 228), and to make the variability of the criterion measures as small

as possible to increase the statistical power.

3.2.3 Electrical muscle stimulation (EMYS)

Each subject seated on a Biodex isokinetic dynamometer chair (Biodex Medical
Systems, Inc., USA) with his knee joint angle of 100° (0° corresponding to the full
extension) and the trunk angle of 110°. Straps secured the pelvis and chest to minimize
the movements of the hip and trunk during contractions. The type of EMS current was
kept blind to the subjects for each EMS session. An Intelect Advanced®Colour Stim
(Chattanooga Group, TN, USA) was used to stimulate the quadriceps femoris muscles.
The skin surface was cleaned with alcohol pads, and then four self-adhesive electrodes
were placed on the anterior surface of one thigh as follows: two positive electrodes (50
x 50 mm) over the motor point of the vastus lateralis and vastus medialis muscles, and

two negative electrodes (50 x 100 mm) placed on the proximal portion of the
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quadriceps femoris muscle based on a previous study (121). The placement of

electrodes was similar between the two EMS sessions.

As shown in Figure 11, the waveform of pulsed current was biphasic symmetrical
rectangular, and balanced stimulus pulses were delivered with frequency of 75 Hz, and
pulse duration of 400 ps (157, 225). The EMS parameters for alternating current were
adjusted at 2.5 kHz alternating sinusoidal current (pulse duration = 400 ps) and
delivered in bursts with a carrier frequency of 75 Hz and the bursts duration of 6.5 ms
based on previous studies (152, 202, 249). The other stimulation parameters were the
same between the alternating and pulsed current EMS (Table 4). For both currents, the
ratio was 5 s stimulus on time and 15 s stimulus off time, so the duty cycle time was
25%. The ramping time was included in the stimulation time (on-time) such as 1 s for
the rise time and 1 s for the fall time. Current intensity started from 0 mA and was
increased rapidly to muscle contraction threshold of each subject every 4-5 contraction
by a 3-6 mA increment (Figure 12A). The settings were to achieve the maximum
possible force output of each subject in the EMS. The EMS session consisted of a total
of 45 isometric contractions of the extensor muscles for 15 min; however, only the last
40 contractions were used for further analysis, since the intensity of the first five
contractions was generally very low. The isometric torque of each contraction was

recorded by the isokinetic dynamometer.
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Figure 11: A schematic diagram of alternating current and pulsed current EMS for two
waveforms used in the present study. The alternating current was delivered at 2500
Hz and modulated at 75 burst per second, which results in 33 pulses in each burst,
while the pulsed current was delivered at 75 Hz, therefore only one pulse in each
cycle. The pulse duration was 400us for both currents.
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Table 4: Stimulation parameters for alternating current and pulsed current electrical muscle

stimulation.

Alternating current

Pulsed current

Pulse frequency 2.5 kHz delivered at 75 Hz 75 Hz
Pulse duration 400 us 400 us
Burst duration 6.7 ms Not applicable

Stimulus on time

5 s (rise time 1 s / fall time 1

5 s (rise time 1 s / fall time 1

s) s)
Stimulus off time 15s 15s
Cycle time 13.3 ms 13.3 ms

Duty cycle (on-off
time)

25% (5s/15's)

25% (5s/15s)

Pulse duty cycle

Not applicable

3 %

Burst duty cycle

50 %

Not applicable

Waveform

Alternating sinusoidal

Biphasic, symmetrical
rectangular

Generating current

Constant current

Constant current

Stimulus intensity

Maximal tolerance

Maximal tolerance

3.2.4 Dependent variables

3.2.4.1 Knee flexion torque during EMS

Each contraction torque induced by EMS was measured and recorded over 40
isometric contractions using a Biodex isokinetic dynamometer software and saved for
later analysis to determine torque (peak torque, average torque) and torque time integral
of each contraction. The average torque during the EMS-evoked contraction excluding

the ramp time and torque time integral of each contraction were calculated using Chart

data analysis software (ADInstruments, Bella Vista, Australia).
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3.2.4.2 Rate of perceived exertion (RPE)
The RPE during the EMS was assessed by a Borg's standard 620 scale at every 6

contractions.

3.2.4.3 Skin temperature (T)

Skin temperature (Ts) was recorded continuously before, during and for 30 min
after EMS. Four skin thermistors (YSI Temperature, 400 series; Dayton, OH, USA)
were placed on the skin using fixomull tape near the positive electrodes (vastus medialis
and vastus lateralis), mid thigh of the stimulated leg, and the mid thigh of non-
stimulated leg. Temperature was recorded by a data-logger set (Squirrel SQ series,
Grant Instruments Ltd, UK) at 1 Hz with 1-min intervals starting from 5 min pre
exercise to 15 min post EMS. The temperature was obtained at 5 min intervals from the

recorded data for further analysis.

3.2.4.4 Blood lactate concentration

A 5 pl sample of blood was obtained by finger prick and loaded to a test strip of
Lactate Pro Analyzer (Arkray, Inc. Kyoto, Japan) to determine lactate concentration.
The measurement was taken before, during the middle of EMS session (after the 20™

contraction), immediately after, 15, 30 and 60 min post EMS exercise.

3.2.4.5 Serum hormone concentration

A 21-gauge Teflon® cannula (Becton Dickinson, Franklin Lakes, NJ) was
inserted to a superficial forearm vein, and an extension tube fitted with a two-way
stopcock was attached to the cannula. Blood samples was obtained into disposable
syringes before, immediately after, 15, 30, 45 and 60 min following EMS, and put into a
plain 3 mL Vacutainer® tubes (Becton Dickinson, Franklin Lakes, NJ). The tubes were

left at room temperature for 20 min to clot and centrifuged at 3,000 rpm for 10 min at 4
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°C. The serum samples were frozen and stored at -80 °C for later analyses of growth-
hormone (GH), total testosterone, cortisol and insulin-like growth factor-1 (IGF-1)
using enzyme-linked immunosorbent assay with test kits (GH: DSL-10-1900; total
testosterone: DSL-10-4000, cortisol: DSL-10-2000, IGF-1: DSL-10-9400, Diagnostic
Systems Laboratories, Webster, TX, USA). Each sample was duplicated in the measures
and the average value of the two values was used for further analysis. The hormones
concentrations were determined using a multi-label counter set to 450 nm (VersaMax,
Molecular Devices, Sunnyville, CA). The coefficient of variation (CV) for GH, total
testosterone, cortisol and IGF-1 in the present study were 6.5, 4.8, 8.0 and 8.8%,

respectively.

3.2.4.6 Maximal voluntary isometric contraction torque (MVC)

Subjects sat on the Biodex isokinetic dynamometers chair in the same setting as
the EMS protocol, and the rotation axis of the knee of the tested leg was aligned with
the rotation axis of the dynamometer's armature, and the ankle cuff was joined ~1 cm
proximal to the medial malleolus. Gravity corrections were made at 10° of knee flexion.
Subjects were asked to keep both arms positioned across the chest with each hand
clasping the opposite shoulder. MVC was measured at three different knee joint angles;
40°, 70°, and 100° at 1-3 days before, and 1, 24, 48, 72 and 96 h after EMS exercise. At
immediately before and after EMS exercise, MVC was assessed at 100° only in order to
minimize the influence of maximal voluntary isometric contractions on hormones, and
the angle (100°) was chosen because it was the angle that the isometric contractions
were evoked by EMS. No significant difference in MVC measured at 100° was found
between the measures taken 1-3 days prior to and immediately before the EMS exercise.
The reliability of the MVC measure at 100° indicated by CV based on the two baseline

measures taken 1-3 days before and immediately before the EMS session was 5.8%.
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Three maximal voluntary isometric contractions for 3 s with a 30-s rest between
attempts were performed for each angle, and a 60-s rest was given between different
angles. Strong verbal encouragement was given to the subjects during each trial. The
peak torque from three contractions for each angle was used for later analysis. The
stimulated leg was always measured first followed by the control leg, and the time lag

between the legs was approximately 10 min.

3.2.4.7 Muscle soreness

Subjects were asked to rate their pain of the knee extensors on a 100 mm visual
analogue scale (VAS) as 0 representing “no pain” and 100 as “unbearable pain” while
the subjects were asked to squat. Subjects were asked to stand with their legs shoulder

width apart, and bent each knee slowly to a 90° angle then return to the initial position.

3.2.4.8 Pressure pain threshold (PPT)

PPT was assessed using an electronic algometer (Type II, Somedic Production
AB, Sollentuna, Sweden). The algometer was calibrated for each occasion, and the same
investigator took all measurements. The probe head (surface area = 1.0 cm?®) of the
algometer was placed perpendicular to four sites of the quadriceps femoris muscle used
for the palpation soreness measures that were clearly marked by a water-proof ink pen.
Force was gradually applied at a constant rate of 50-60 kPa-s™ until the subject reported
the first feeling of noticeable pain. Three measurements were taken from each site
sequentially with a minimum of 30 s interval and 1 min between different sites (151) in
the following order: the middle point of the rectus femoris, the proximal points of rectus
femoris, vastus medialis and vastus lateralis. The wvalue in kilopascals (kPa)

corresponding to the amount of force applied was recorded. The mean of the three
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measurements for each site was used for further analysis, and the values of all sites were

averaged to assess the tenderness in quadriceps muscle.

3.2.5 Plasma CK activity

Blood samples for CK were taken from a fingertip using a heparinized capillary
(30 pul) and loaded onto a test strip. CK activity was assessed using a Reflotron
spectrophotometer (Boehringer-Mannheim, Pode, Czech Republic) in duplicate, and if
the difference of the two values was greater than 10%, additional measurements were
taken. In this method, the normal reference ranges for adult men are 20-220 TU-L"
according to the instruction sheet of the test kit (Reflotron® CK, Roche Diagnostics

GmbH, Germany).

3.2.6 Statistical analysis

Changes in stimulation intensity (amplitude), RPE, and torque over 40
contractions and Tg, blood lactate, and hormones before, during, and after EMS were
compared between the current and pulsed EMS using a two-way repeated measures
ANOVA. A two-way repeated measures ANOVA also compared the changes in MVC,
VAS of muscle soreness, pressure pain threshold, plasma CK activity before and after
EMS between the two stimulation conditions. When the ANOVA showed a significant
interaction effect, a Tukey's post hoc test was followed to compare between the
stimulation conditions for each time point. The statistical analyses were performed
using a Statistical Package for Social Sciences (version 18.0; SPSS Inc., IL, USA). All

data are expressed as mean + SD, and a significant level was set at P < 0.05.
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3.3 RESULTS

3.3.1 Stimulation intensity, RPE, and torque generated during EMS

Changes in stimulation intensity (Figure 12A) and RPE (Figure 12B) over 40
contractions are not significantly different between the alternating and pulsed EMS.
Stimulation intensity gradually increased throughout the EMS for both currents
similarly. RPE increased in the first 20 contractions and reached to a nearly maximum
value after 25™ contraction, without a significant difference between the waveforms. As
shown in Figure 12C, no significant difference between the waveforms was evident for
the torque output over 40 contractions. The torque increased in the first 10-15
contractions in both currents, but no further increases were seen after that in spite of the
increases in the intensity. The averaged torque evoked by EMS was 54 + 24 Nm for
alternating current and 62 + 28 Nm for pulsed current with no significant difference
between the currents. The level of the torque output during EMS relative to the MVC at
100° was 28.4 + 4.4% for the alternating current EMS and 31.8 £ 3.7 % for the pulsed

current EMS, without significant difference between the waveforms.
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Figure 12: Changes in stimulation intensity (A), rating of perceived exertion (RPE, B), and peak
torque (C) over 40 isometric contractions during alternating current (AC) and pulsed
current (PC) electrical muscle stimulation. ns: no significant difference between

currents for the changes over time.
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3.3.2 Skin temperature

Changes in Ty were similar among the three sites on the stimulated leg, thus the
data of the mid thigh of the simulated leg is shown in Figure 13. It also includes T of
the mid thigh of the non-stimulated leg. Ty increased significantly from the baseline
after 10 min of EMS for the stimulated leg while the control leg showed significant

decreases. No significant difference was evident between the waveforms.
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Figure 13: Changes in skin temperature of the electrically stimulated (EMS) and control (CON)
leg before (Pre), during (EMS) and for 30 min after EMS (REC) for alternating current
(AC) and pulsed current (PC) electrical stimulation. ns: no significant difference
between currents for the changes over time. *: a significant (p < 0.05) change from
the baseline, #: a significant (p < 0.05) difference between legs.

3.3.3 Blood lactate and hormones
Table 5 shows changes in blood lactate and serum hormone concentrations. Blood

lactate increased significantly during and immediately after EMS, and returned to
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baseline values within 15 min post exercise. No significant difference in the changes in
blood lactate concentration over time was evident between pulsed current and
alternating current. No significant differences in the changes in any hormones were
evident between the waveforms. Serum GH increased more than 400% after EMS and
peaked at 15 min post exercise in both currents. Serum testosterone also significantly
increased about 150% immediately and 15 min after EMS. Serum cortisol decreased
significantly from baseline to 60 min post-EMS. Serum IGF-1 did not change

significantly over time.

3.3.4 Muscle damage markers

MVC was not significantly different between currents before EMS for both legs
for all angles (Figure 14). The MVC of the control leg did not change significantly over
time following EMS. MVC decreased significantly below the baseline immediately
after alternating current EMS and pulsed current EMS by 23.1 + 4.2% and 26.1 + 2.8 %,
respectively, without significant difference between the waveforms. No significant
differences in the recovery of MVC were evident between the alternating and pulsed
current EMS for all angles. The recovery of MVC at 40° and 70° was significantly
faster than that at 100°, and returned to the baseline values within 24 hours; however,

MVC at 100° remained lower than baseline for all time points following EMS.

Muscle soreness peaked 48 h post-EMS for both currents (Figure 15A), and no
significant differences in muscle soreness were evident between the waveforms. The
four locations of PPT measurements showed similar values, and the changes were not
significantly different among the sites, thus changes in the mean PPT value of the four
sites are shown in Figure 15B. A decrease in PPT indicates that muscles became more

tender after EMS, but no significant difference between the conditions was found.
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Plasma CK increased significantly after both currents, and peak value was 1,262 + 339
IU-L" for alternating current, and 1,677 + 491 for pulsed current, without significant

difference in the changes between the two conditions (Figure 15C).
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Figure 14: Changes in maximal voluntary isometric contraction torque at 40°, 70° and 100°
before (Pre), immediately after (0), and 1, 24, 48, 72, and 96 hours after alternating
current (AC) and pulsed current (PC) electrical stimulation. ns: no significant

difference between currents for the changes over time. *: a significant (p < 0.05)

difference from the baseline.
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Table 5: Changes (mean * SD) in blood lactate, and serum growth hormone (GH), testosterone, IGF-1, and cortisol concentrations before (Pre), in the
middle of electrical muscle stimulation after 20th contraction (EMS), immediately after (0), and 15, 30, 45 and 60 min following alternating
current (AC) and pulsed current (PC) electrical stimulation. *: significantly different from the pre value.

Hormones Current Pre 0 min 15 min 30 min 45 min 60 min
AC
1.5+0.1 2.9+ 0.2 17402 1.4+01 _ 11+01
Lactate
l.L" PC
(mmol-L7) 1.8+0.1 3.4+ 03" 1.7 +0.1 1.5+0.1 ; 1.3+0.1
AC 0.8+0.3 3.1+1.0* 3.5+0.8* 2.9+0.7* 23+05 1.8+04
GH
mL! PC
(ng-mL") 08402 23407 3.140.7* 251+0.7* 1.9+05 14+04
AC
198 +1.6 282+3.9¢* 281+3.0° 275+28° 25824 21323
Testosterone
mL™"’ PC
(pg-mL") 184 +1.9 284+36° 285+29* 261+35 23325 197 +2.1
AC
-y 34.4+39 333+57  321+47 312+34  328+35  289+36
LT PC
(nmol-L™) 31.8+4.8 320+48  332+63  336+47  344+52 325450
AC
Cortiso 658.3 + 28.4 6146 +295 599.6+37.5 592.7+464 542.8+438 562.1+5.8"
(nmol-L ) PC
692.3 + 26.4 659.6 +30.3 631.6+339 591.1+417 553.8+445 5752+52*
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3.4. DISCUSSION

The present study showed that no significant differences existed between the
alternating current and pulsed current for 1) torque generation and RPE during EMS, 2)
changes in skin temperature, blood lactate, and hormones before, during, and after
EMS, and 3) changes in markers of muscle damage following EMS. Additionally, this
is the first study to report that testosterone increases but IGF-1 does not change
significantly during and after EMS.

Our data support the previous studies (96, 109, 146, 152, 216) reporting that
isometric force generation during EMS was similar between alternating and pulsed
currents, in which equivalent number of stimuli per second was delivered for both
current, although the number of pulses in a stimulus was different. In the present study,
the currents were delivered at 75 Hz for both stimulation conditions, either bursts per
second (alternating current) or pulses per second (pulsed current), and the muscles were
stimulated at maximally tolerable level for both conditions (Figure 12). The other
stimulation parameters were the same between the conditions (Table 5), and no
significant difference in the stimulation amplitude was evident between the alternating
and pulsed current EMS (Figure 12A). It seems that the number of stimuli per second
determines the force generation (75 stimuli in the present study) rather than the number
of pulses in each stimulus (33 stimuli for alternating current, and 1 stimulus for pulsed
current in the present study). Thus, the additional pulses in the alternating current EMS
do not appear to contribute to the force generation (146). Several studies have reported
that greater muscle fatigue is induced during alternating current than pulsed current
EMS (146, 147, 152, 220). Although the peak torque generated during EMS was not
significantly different between alternating current EMS and pulsed current EMS (Figure

12C), the present study also found that the torque during alternating current EMS was
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not as stable as that during pulsed current EMS as reported in previous studies (96,

220).

The torque output increased to the level of approximately 30% MVC in the first
15 contractions and no further increases were seen afterward for both waveforms
(Figure 12C), in spite of the consistent increases in the stimulation intensity (Figure
12A). The level of torque output in the present study (approximately 30% of MVC) was
similar to that of a previous study (121) in which the same electrode placement and
stimulation parameters (e.g. 75 Hz, pulse duration 400 ps) to those of the present study
were used. The plateau of maximal torque despite the increases in stimulation intensity
(Figure 12A) would indicate that no further increases in motor unit recruitment were
made. It appears that muscle fatigue occurs at central and/or peripheral origins during
EMS (28), which prevented further increases in force generation. It is possible that the
high-frequency stimulation (75 Hz) impaired muscle excitation (46). Additionally, the
plateau might be due to muscle damage, where a structural damage to the force-bearing

elements and/or a failure of the excitation-contraction coupling occurred (250).

The non-linear increases in RPE appears to indicate an increase in subjects™
tolerance to EMS, probably due to an increase in threshold of pain receptors (184). Two
previous studies reported that the level of discomfort or pain during stimulation was
similar between alternating current and pulsed current EMS (96, 152). For example,
Grimby and Wigerstad-Lossing (96) reported that discomfort of the quadriceps muscle
stimulated at maximally tolerable intensity was similar between alternating and pulsed
current using a Borg's scale. Lyons et al. (152) also showed no significant difference in
discomfort between alternating current EMS and pulsed current EMS using a numeric

pain rating scale. Since the stimulation intensity was set at the maximum tolerance of
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each subject in the present study, the similar RPE between the conditions seems
reasonable. Thus, neither of alternating current or pulsed current can be preferably

chosen to the other in term of discomfort especially for muscle strengthening purpose.

As shown in Figure 13, Ty did not change during exercise but increased
significantly in the stimulated leg (~ 2 C°) and decreased in the control leg (~ 1 C°)
during recovery period for both stimulation conditions. It does not appear that the
increases in Tg are associated with the discomfort of EMS. Tg reflects the skin blood
flow, and it increases as a result of a vasodilation in skin blood vessels (92, 221). The
delayed increase in Ty may suggest that little or no changes in skin blood flow were
induced during isometric contractions, but increases in skin blood flow occurred after
EMS. The decrease in Ty in the control leg was unexpected. However, Bishop et al.
(26) reported that blood flow decreased in the hand skin during a leg exercise, and
Cotzias and Marshall (47) also reported a vasoconstrictor response of the cutaneous
circulation occurred in the contralateral forearm when isometric handgrip exercise was
performed with the other arm. The similar changes in Ty between the alternating and
pulsed current EMS reflect a similar muscle usage in the two conditions.

Blood lactate increased similarly in alternating current and pulsed current EMS
(Table 5). The magnitude of increase in blood lactate was approximately 20% less than
that reported after EMS (121) in which 40 isometric contractions of the knee extensors
were evoked electrically in two legs simultaneously. It is likely the muscle volume
involved in exercise has an effect on the blood lactate response. The hormonal
responses to resistance exercise have been well documented (140); however, little
information is available on the effects of EMS on hormonal responses. Two studies
(121, 204) reported changes in GH after EMS in which pulsed current was used to

stimulate the knee extensors of both legs. The present study showed that EMS increased
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GH by 400% and testosterone by 150% (Table 5). The magnitude of increase in GH in
the present study was less than a half of that reported in the previous studies (121, 204).
This could be due to the difference in the volume of stimulated muscles that the knee
extensors of both legs were stimulated in the previous studies, but only one leg was
stimulated in the present study. The magnitude of increase in testosterone after EMS
was similar to that reported following four sets of slow concentric exercise of knee
extensors at 50% IRM to failure (91). It is interesting that stimulation of only knee
extensors of one leg increased testosterone to a similar level as resistance exercise in
which more muscles mass are involved. Jubeau et al. (121) reported that the increase in
GH was higher after EMS compared with voluntary contractions of the knee extensors
when both were performed at the same torque output, and speculated that pain during
EMS might be associated with the greater GH release in EMS than voluntary
contractions. It might be that EMS is effective for stimulating anabolic hormone release
to a greater extent than voluntary contractions.

It was expected to see increases in IGF-1 after EMS because GH stimulates IGF-1
secretion (231). However, no significant changes in IGF-1 were evident up to 45 min
post-EMS in the present study. It is important to note that the time course of changes in
IGF-1 is different from that of GH or testosterone, such that IGF-1 increases 3-9 h
following resistance exercise (106, 135). Thus, it is possible that changes in IGF-1
would have been missed. Further investigation is necessary to track the IGF-1 changes
following EMS for an extended period. The constant decrease in cortisol is likely due to
the circadian rhythm (227), since all EMS sessions in the present study were performed
in the morning, and the time between the pre-EMS blood sample and the last blood
sample was approximately 3 h. It is reported that cortisol decreases approximately 300

nmol-L" over the 3 h period from 8 to 1lam (227), whereas the magnitude of the

77



decrease was approximately half (=150 nmol-L™") in a similar time frame in the present
study. Sartorio et al. (204) reported that cortisol decreased at 1 h after the first EMS
bout consisting of 20 isometric contractions started between 8 and 8:30am, but
increased significantly for 30 min following the second EMS bout that was performed 2
h after the first bout. Thus, it is possible that EMS increased or at least attenuated the
decrease in cortisol in the circadian rhythm, which would suggest catabolic aspects of
EMS.

The changes in MVC, muscle soreness, and plasma CK activity after EMS
exercise suggest the occurrence of muscle damage following EMS. However, no
significant difference between alternating current EMS and pulsed current EMS were
evident for any of the parameters (Figure 14 & Figure 15). Since the baseline MVC was
similar, and the torque output during EMS was also similar between the bouts (Figure
12C), it seems reasonable to assume that mechanical stress to the muscles was similar
between the conditions. It is known that the level of force produced during lengthening
contractions is a strong predictor of muscle damage (251). Thus, it appears that the
waveform itself does not affect the magnitude of muscle damage (146).

As shown in Figure 14, the decreases in MVC at the angle of stimulation (100 °)
were significantly greater and longer lasting compared with other angles (40° and 70°).
It should be noted that the isometric contractions were performed at 100° in the present
study, and the magnitude of MVC decrement appears to be angle specific. The overlap
of myosin and actin in isometric contractions at a long length is less compared with that
at a short muscle length (41), which may give more mechanical stress over sarcomeres,
and cause a disruption to cross-bridge (61). Changes in MVC and plasma CK activity
have been reported to be greater following eccentric exercise of elbow flexors at long

muscle lengths compared with short muscle length (180). Several studies (180, 205)
78



have reported that isometric contractions at a long muscle length induce muscle damage
but not at a short muscle length. Nosaka et al (179) found that muscle damage following
intermittent isometric contractions of the elbow flexor induced by EMS was minimal
when the biceps brachii was stimulated at a short muscle length (90°). However, our
recent study (unpublished) found that when the biceps brachii was stimulated at a long
muscle length (160°), EMS-evoked isometric contractions resulted in appreciable
changes in muscle damage markers such as MVC, muscle soreness and plasma CK
activity. Thus, it seems likely that the cause of muscle damage was not EMS itself, but
repeated isometric contractions at a long muscle length (5).

Changes in muscle soreness following EMS were similar to those reported in
previous studies in which isometric contractions of the knee extensors were evoked by
EMS (5, 121). The magnitude of increase in plasma CK activity in the present study
was approximately half of that reported in the previous study (121). The amount of
stimulated muscles was different between the previous study (two legs) and the present
study (one leg), and this could explain the difference. Our previous study (5) showed
that the magnitude of muscle damage was significantly attenuated in the second EMS
bouts performed 2 weeks after the initial bout using pulsed current. It seems likely that
this is also the case for alternating current EMS; however, this should be investigated in

future studies.

In conclusion, alternating and pulsed current have a similar effect on force
production, RPE, skin temperature, hormonal responses, and muscle damage, when the
stimulation parameters except the waveform were matched between the two. These
findings suggest that acute effects are similar between alternating and pulsed current
EMS, thus the waveform itself is less important for EMS. For example, if a EMS

machine has an capacity to maximally stimulate a muscle when other parameters such
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as stimulation intensity, frequency and pulse duration are the same. Considering the fact
that a pulsed current stimulator is less expensive and more portable than an electrical
stimulator that can deliver alternating current, pulsed current EMS may be more
advantageous over alternating current EMS, especially when it is used for muscle
training. It is important to note that the present study focused on the use of EMS in
muscle training of healthy men; therefore it is necessary to examine women, elderly
individuals, and clinical populations in future studies. Chronic effects of the use of
different current in a treatment or a training program cannot be speculated from the
present study. Thus, further study is warranted to compare the effects of chronic use of
EMS on muscle adaptation between alternating current and pulsed current EMS for

healthy and clinical populations.
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CHAPTER FOUR: STUDY TWO

MUSCLE OXYGENATION OF VASTUS LATERALIS AND
MEDIALIS MUSCLES DURING ALTERNATING AND PULSED
CURRENT ELECTRICAL STIMULATION

4.1 INTRODUCTION

Electrical muscle stimulation (EMS) is widely used in rehabilitation and sport
training, and has been shown to be effective for improving muscle strength (209, 214).
There are many types of EMS, which are basically determined by waveform, frequency,
intensity and pulse duration (22, 86, 90). The most commonly used EMS waveforms are
alternating current and pulsed current. Pulsed current EMS has been more commonly
used in sport training than alternating current EMS, because of easier access to a pulsed
current stimulator (152, 240, 249). The use of alternating current in sport training
increased after a Russian scientist Kots had claimed that the muscle strength increased
up to 40% with alternating current (2500-Hz) modulated at 50-Hz, so called Russian
current (249). If both waveforms are possible to use, the question is which is better for
strength training. However, physiological differences between alternating current and
pulsed current EMS are not necessarily clear, and controversy exists among the findings
of previous studies.

Some studies showed that alternating current EMS induced more muscle fatigue
than pulsed current EMS (146, 147, 220). For example, Stefanovska and Vodovnik

(1985) reported that decreases in isometric torque of the knee extensors over 10
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contractions (10 s stimulation, 50 s rest between stimulations) were significantly greater
by 25% for alternating current EMS (2500-Hz delivered at 25-Hz) compared with
pulsed current EMS (25-Hz), and this was also the case for 60-s continuous stimulation
(the magnitude of decrease in the torque was 43% greater for the alternating current
than pulsed current). If muscle fatigue develops at early stage in EMS, the mechanical
stimulus to the muscle would be less, which may not be ideal for strength training.
However, the greater muscle fatigue indicated by lower force generation in alternating
current than pulsed current EMS reported in the previous studies (146, 147, 220) was
not necessarily observed in other studies. For example, several studies (96, 109, 152,
216) reported no significant difference in isometric contraction torque between
alternating and pulsed current EMS, when muscles were stimulated at the maximal
tolerable intensity over intermittent isometric contractions. Thus, further study is
necessary to compare muscle fatigue in EMS between alternating current and pulsed
current by using other measures that could monitor changes in motor unit recruitment
during EMS.

Near infrared spectroscopy (NIRS) can monitor muscle oxidative metabolism
during exercise (101, 193). Felici et al. (70) reported that biceps brachii myoelectric
activity assessed by surface electromyography (EMG) was correlated (r = 0.72) with
muscle oxygenation assessed by NIRS during sustained and repeated isometric
contractions. Since EMS interferes with EMG measurements, EMG cannot assess a
decrease in muscle activity during EMS exercise. However, a decrease in muscle
activity should be reflected in a reduction in muscle oxygen (O;) consumption, thus
NIRS could provide information relating to muscle fatigue (e.g. reduction in muscle
activity) during muscle contractions evoked by EMS. No previous studies have

investigated muscle oxygenation during alternating current EMS nor compared between
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alternating and pulsed current EMS for changes in muscle oxygenation during

intermittent isometric contractions of the knee extensors.

The purpose of the present study therefore was to compare between alternating
current EMS and pulsed current EMS for changes in vastus lateralis and vastus medialis
muscle oxygenation and change in blood volume using NIRS during intermittent
isometric contractions. It was hypothesized that the muscle oxygenation during the
isometric contractions would be less for alternating current EMS compared with pulsed

current EMS, if the former results in greater muscle fatigue.

4.2 METHODS

4.2.1 Subjects

Nine men (mean + SD age: 34.0 = 7.0 y, body weight: 85.4 = 14.1 kg, height:
174.0 £ 5.1 cm) who had not been involved in resistance training programs for at least 6
months prior to the present study were recruited. Subjects with any health problems
(e.g. hypertension, epilepsy, neurological and neuromuscular disorders) or who had any
muscle or joint injuries of knee were excluded. All subjects were informed about the
study, and a medical questionnaire and an informed consent written form were obtained
prior to participation from each subject. The subjects were requested not to involve in
any physical activity before reporting to the laboratory. This study was approved by the
Edith Cowan University Human Research Ethics Committee and conducted in

accordance with the Declaration of Helsinki.
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4.2.2 Electrical muscle stimulation (EMS)

All subjects received alternating current EMS for one leg, and pulsed current EMS
for the other leg in different days separated by 2 weeks in a randomised,
counterbalanced order with no emphasis on the limb dominance. For each EMS session,
the subjects were not informed which current was applied, thus the use of the waveform
was blind to the subjects. The knee extensors were stimulated by an Intelect
Advanced®Colour Stim (Chattanooga Group, TN, USA) that could deliver both
alternating current and pulsed current. After cleaning the skin surface with alcohol pads,
two positive electrodes (50 x 50 mm) were placed over the motor point of vastus
lateralis and vastus medialis, which were identified as the sites on the skin where the
smallest current amplitude was required to produce muscle contraction (199). Two
negative electrodes (50 x 100 mm) were placed on the proximal portion of rectus
femoris muscle (121). The subjects were seated on a Biodex isokinetic dynamometer*s
chair (Biodex Medical Systems, Inc., USA), and the knee joint angle was set at 100° (0°
corresponding to the full extension), and the trunk, pelvis, and thigh were firmly secured
to the seat by straps at trunk angle of 110°.

Figure 16 shows the diagram of the waveforms that were used in the present
study for alternating and pulsed current EMS. The waveform of pulsed current was
biphasic, symmetrical and rectangular, and the pulses were delivered at a frequency of
75-Hz (pulses per second) and pulse duration was 400 ps, which was used in a previous
study (121). The waveform of alternating current was polyphasic, sinusoidal and
balanced, and adjusted at 2500-Hz alternating current (400 ps pulse duration), delivered
in bursts with a carrier frequency of 75-Hz and the burst duration was 6.5 ms. These
alternating current parameter settings were similar to those used in previous studies

(152, 202, 249). The stimulation protocols were adjusted to match other parameters than
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waveform such as pulse duration and duty cycle as identical as possible between the
alternating and pulsed current EMS. The stimulation time was 5 s followed by a 15-s
rest, so the duty cycle time was 25%, and the ramping time was included in the
stimulation (1 s for the rise time and 1 s for the fall time) based on previous studies

(121, 152).

The stimulation amplitude was started with 0 mA, and gradually increased to a
maximally tolerable intensity in the first 10 contractions to reach a plateau force,
thereafter current amplitude was consistently increased every 5 contractions to complete
30 isometric contractions at maximally tolerable stimulation intensity. The magnitude of
increase in the stimulation amplitude was depending on the feedback from each subject,
and the increment was between 0 and 5 mA for each time point. The torque of each
contraction was recorded by the Biodex software and analysed using Chart data analysis

software (ADInstruments, Bella Vista, Australia).
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Figure 16: Schematic diagrams of alternating and pulsed waveforms used in the study.

4.2.3 Maximal voluntary isometric contraction torque (MVC)

Subjects sat on the Biodex isokinetic dynamometer®s chair and the setting was the
same as that of the EMS protocol described above. The rotation axis of the tested knee
was aligned with the rotation axis of the dynamometer's armature, and the ankle cuff
was joined ~1 cm proximal to the medial malleolus. Gravity corrections were made at

10° of knee flexion from a full-extension position. Subjects were asked to keep both
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arms positioned across the chest with each hand clasping the opposite shoulder. MVC
was measured at 100° of the knee joint, because it was the angle that the isometric
contractions were evoked by EMS. Each subject performed two maximal contractions
with a 30-s rest between contractions, before and immediately (within 5 s) after EMS
session. The contraction lasted for 5 s and the MVC was determined by the peak of the
torque curve of each contraction. The higher peak value of the two attempts was used

for further analysis.

4.2.4 Blood lactate concentration

A 5 ul of blood was taken by finger prick and loaded to a test strip of a Lactate
Pro Analyzer (Arkray, Inc. Kyoto, Japan). The samples were obtained before,
immediately after the 20" isometric contraction during the EMS session, and

immediately and 15 min after EMS exercise.

4.2.5 Near-infrared spectroscopy (NIRS)

A NIRO-200 oximeter (Hamamatsu Photonics K.K, Hamamatsu, Japan) was used
to measure the concentration changes in oxygenated haemoglobin (AO,HDb),
deoxygenated haemoglobin (AHHDb), and total hemoglobin volume (AtHb = AO,Hb +
AHHb) from an arbitrary baseline of zero. The NIRO-200 is a spatially resolved
spectroscopy (224) and it provides an absolute measure of O,Hb saturation as tissue
oxygenation index (TOI = O,Hb / tHb x 100). The NIRS probe secured in a rubber
holder consisted of a laser diode that delivers three wavelengths (775, 810, and 850 nm)
and an optical photodetector with two photodiodes, and the light emitter and detector
were separated by a distance of 4 cm. The NIRS light has a penetration depth of ~2 cm

(i.e., half of the distance between the emitter and the detector) from the skin surface
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(39), which was shown to be sufficient for attaining a reflected light signal from the
targeted muscle (162). Two NIRS probes were placed proximally adjacent to each of the
EMS positive electrodes and parallel to the longitudinal axis of the mid-belly of the
vastus lateralis (one probe) and vastus medialis (the other probe). The NIRS probes
were covered with a black fabric cloth to minimise the interference of stray light and
loss of NIR light from the interrogation field. The NIRO-200 sample rate was set at 6
Hz and the signals were recorded at 200 Hz and saved in a data acquisition system

(PowerLab, ADInstruments, Bella Vista, Australia) for later analysis.

The concentration changes in AO,Hb, AHHb and AtHb are expressed as pM-cm,
and TOI is expressed as a percentage. The resting baseline values for AO,Hb, AHHbD,
AtHb and ATOI were determined as the average of 30 s before exercise, and were
represented as the magnitude of change in these parameters with respect to their
respective baseline that was set to zero. As shown in Figure 17, the NIRS parameters
used in the present study included minimum ATOI amplitude (ATOI,), maximum
ATOI amplitude (ATOIx), mean AtHb amplitude (AtHbpean) and maximum AtHb
amplitude (AtHby,.x) that were used in previous studies (38, 70). ATOl, is the
difference between the baseline and the lowest TOI at the end of contraction, which has
been shown to be inversely proportional to O, consumption relative to O, supply; while
ATOl,x 1s the difference between the baseline and the highest value during the
relaxation phase, and indicates the O, supply relative to O, consumption. AtHbpean Was
the difference between the baseline and the average AtHb value during contraction, and
it is an indication of the blood volume/flow changes. AtHbuy.x was the difference
between the baseline and the highest value during the relaxation phase, and reflects

blood volume/flow changes during relaxation.
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4.2.6 Statistical analyses

The normality of the data distribution was checked by a Shapiro-Wilk test for the
torque and NIRS parameters. Changes in average peak torque, torque time integral,
ATOlin, ATOlyax, AtHbmean and AtHbyax over 30 contractions were analysed using a
one-way repeated measures ANOVA, and compared between alternating and pulsed
current EMS by a two-way repeated measures ANOVA. Changes in MVC from pre to
post EMS exercise, and blood lactate before, during, and after EMS were compared
between waveforms using a two-way repeated measures ANOVA. When a significant
interaction effect was found, a Tukey"s post hoc test was followed to compare between
bouts for each time point. The significance level was set at P < 0.05. All data are

expressed as mean = SEM.
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4.3 RESULTS

4.3.1 MVC torque and Torque during EMS

No significant difference in the baseline MVC was evident between the
alternating current (190 £+ 23 N'm) and pulsed current (207 = 22 N-m). When comparing
to pre-EMS values, MVC decreased significantly immediately after EMS by 20.8 +
5.1% for alternating current and 24.4 + 8.3% for pulsed current, without a significant
difference between them. The torque generated during contractions was more stable in
the pulsed current than alternating current EMS, especially from the half way of the
EMS session, although the peak torque values were similar between the waveforms in

the first 10 contractions at least (Figure 18).

As shown in Figure 19A, the stimulation amplitude increased significantly over
30 contractions, and no significant difference in the changes in amplitude was evident
between waveforms. Figure 19B shows changes in peak torque of each contraction
relative to the pre-EMS MVC over 30 contractions. The peak torque during EMS (69.1
+ 5.6 N'm) was approximately 30% of the pre-EMS MVC at 10" — 30" contractions for
both waveforms. Changes in the peak torque over 30 contractions were significantly
different between waveforms such that the torque increased significantly for the pulsed

current, but no significant increases were found for alternating current.
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Figure 18: Typical torque curve obtained during 5-s stimulation in alternating current (dotted line) and pulsed current (solid line) EMS sessions for the
9th and 10th, 19th and 20th, and 29th and 30th isometric contraction.
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4.3.2 Blood lactate concentration

No significant difference between alternating current and pulsed current EMS was
evident for the changes in blood lactate concentration. Blood lactate concentration
increased significantly from pre (1.5 + 0.1 mM-L", 1.8 + 0.1 mM-L") to the 20"
contraction (2.0 £ 0.1 mM-L™, 2.6 £ 0.2 mM-L™") and immediately post-EMS (2.7 + 0.2
mM-L", 3.1 + 0.1 mM-L") for alternating current and pulsed current, respectively, but

returned to the pre-exercise value by 15 min following exercise.

4.3.3 NIRS parameters

No significant differences in the changes in any of the NIRS parameters over 30
contractions were evident between vastus lateralis and vastus medialis muscles. The
mean TOI baseline value was approximately 60% for both waveforms with no
significant difference between the conditions. Figure 17 shows typical torque, ATOI and
AtHb traces obtained from vastus lateralis muscle for two consecutive isometric
contractions (the 20" and 21%) for the alternating current and pulsed current EMS. ATOI
decreased during contraction and reached a minimum value (ATOlI ;) at the end of each
contraction, then increased toward baseline during the relaxation phase to reach the
maximum level (ATOl.x) before the next contraction. AtHb decreased rapidly at the
onset of contraction and did not significantly change during contraction (AtHbpmean), and
reached the maximum level (AtHb,,x) soon after the end of stimulation. However, the
great fluctuation can be due to the electrical current since the EMS electrodes were

adjacent to NIRS probes.
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Figure 19C shows mean changes in ATOIn.x and ATOIyi, of vastus lateralis
muscle over 30 isometric contractions for both waveform conditions. ATOI .y increased
significantly from the first contraction to the 30™ contraction for both waveforms, and
no significant difference between the conditions was found. Changes in ATOIpifrom
the baseline were significantly smaller for the alternating current compared with pulsed

current after the 18™ contraction.

Mean changes in AtHbpyean and AtHbyax over 30 isometric contractions in both
waveforms are shown in Figure 19D. AtHbpe.n decreased significantly over 30
contractions, and no significant difference was found between conditions. No significant
difference between the waveforms was evident for the changes in AtHbpm,x, which

showed significant increases over 30 contractions for both waveforms.

4.4 DISCUSSION

The results of this study showed that EMS-evoked peak isometric contraction
torque significantly increased over the 30 contractions in response to the increases in the
stimulation intensity only for the pulsed current EMS, and the decreases in ATOI during
the contraction phases from baseline (ATOI i) were significantly greater for the pulsed
current than alternating current from the 18™ contraction onwards. However, no
significant differences between the alternating current and pulsed current EMS were
evident for the changes in MVC from pre to post EMS, the changes in ATOIx,
AtHbyax, and AtHbyean over 30 isometric contractions, and the changes in blood lactate
before, during and after EMS.

The torque produced during EMS-induced isometric contractions was

approximately 30% of pre-EMS exercise MVC measured at the same knee joint angle
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as the stimulation (i.e. 100°) for both waveforms at least for the first 10 contractions.
The level of torque output was comparable to that reported in a previous study (26 +
14% MVC) in which the knee flexors were stimulated at the same angle as that of the
present study (i.e. 100°) using pulsed current (75-Hz) at maximum tolerable current
intensity (121). When looking at the torque curves, the torque was less steady for the
alternating than pulsed current EMS, and greater decreases in the torque were seen
toward the end of each contraction in the alternating current EMS (Figure 18). This was
also reported in previous studies (96, 220). Grimby and Wigerstad-Lossing (96) stated
that pulsed current EMS (30-Hz) was less fatiguing than alternating current EMS (2500-
Hz delivered at 50-Hz). Stefanovska and Vodovnik (220) documented that high-
frequency stimuli (alternating current EMS: 2500-Hz delivered at 25-Hz) caused rapid
fatigure of the stimulated muscle compared with pulsed current EMS (25-Hz). 1t
appears that the decrease in force toward the end of contraction in the alternating current
EMS indicates that “fatigue” induced in alternating current was greater than that in

pulsed current EMS.

Jones (117) described that action potential propagation along the surface
membrane was affected in “high-frequency” stimulation, and this was referred to as
“high-frequency fatigue” that occurs at a frequency higher than 50-Hz, resulting in force
loss, but the force quickly recovers in the cessation of the stimulation. The force
generation recovered rapidly in the interval between contractions in the present study
(Figure 18), therefore it may be that “high-frequency fatigue” was the cause of the force
loss during isometric contraction evoked by EMS. If this was the case, it seems
possible that the higher frequency of the alternating current (2500-Hz) was responsible

for the decreases in the torque toward the end of each 5-s contraction.
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Stefanovska & Vodovnik (220) compared between alternating current (2500-Hz
modulated at 25-Hz) and pulsed current (25-Hz) for the torque generation of the knee
extensors over 10 isometric contractions (10 s contraction, 50 s rest), and found greater
decreases in torque during the alternating current than pulsed current EMS. However in
the present study, no significant decreases in isometric torque were observed over 30
isometric contractions for both waveforms (Figure 19B). Laufer and Elboim (146)
compared an alterneting current delivered at 2500-Hz (modulated either at 20-Hz or 50-
Hz) and pulsed current delivered at 50-Hz for force integral of the wrist extensors over
21 consecutive isometric contractions (3 s ramp up, 7 s on, 3 s off). They reported that
decreases in the force integral were significantly greater for alternating current
compared with the pulsed current, and stated that this was related to a failure of the
action potential to propagate within muscle fibers due to “high-frequency fatigue” as
mentioned above. In the present study, it is possible that the long interval (15-s off-
time) between contracions might have provided a sufficient time for recovery of high-
frequency fatigue, thus the torque did not decrease over 30 contractions (Figure 19B). It
should be noted that the EMS-evoked peak torque significantly increased over 30
isometric contractions only for the pulsed current EMS session in response to the
increase in the stimulation intensity (Figure 19A, B). This may indicate that some
muscle fibres were unable to be recruited in response to the increase in the stimulation
intensity in alternating current EMS. It is also important to note that the subjects were
able to tolerate higher stimulation intensity during both EMS protocols, and the
stimulation intensity increased about 65% over the 30 contractions. It appears that the
pain tolerance increased during EMS, which could be due to the increase in threshold of

pain receptors (153, 184).
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To the best of our knowledge, only one study (133) investigated vastus lateralis
muscle oxidative metabolism during pulsed current EMS in healthy subjects using
NIRS. Kooistra et al. (133) found no difference in muscle O, consumption when
compared 10 s of EMS isometric contraction (50-70 Hz, pulsed duration: 100 ps at the
highest tolerated intensity) and 15 s of a maximal voluntary isometric contraction at
different angles of the knee extensors. However, they recorded the changes in O,
consumption during single sustained isometric contractions, which may differ from
intermittent isometric contractions performed repeatedly in the present study. As shown
in Figure 19C, the changes in ATOl . were not different between alternating current
and pulsed current (Figure 19C), which may indicate a similar O, supply relative to O,
consumption during the relaxation phase between waveforms. ATOIly.x increased
significantly over 30 isometric contractions, which is likely to indicate that O, supply
during the relaxation phase increased. In contrast, ATOl i, was significantly lower in
pulsed current from the 18" contraction onwards compared with alternating current. The
dynamic balance between O, demand and O, supply is reflected in the changes in ATOI,
and the changes are affected by O, extraction and blood flow/volume (100). Since blood
flow/volume did not appear to be different between the waveform conditions as shown
in the similar changes in AtHb between conditions (Figure 19D), the difference in the
ATOli, during the last 13 isometric contractions could be attributed to a difference in

O, consumption between conditions.

The gradual increases in ATOlin during the alternating current EMS may indicate
decreases in O, consumption due to a smaller muscle volume being recruited. As
discussed above, the torque data showed possible incapability of recruiting additional

motor units in alternating current EMS. The decrease in peak torque during the
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alternating current EMS-evoked isometric contractions (Figure 17) may explain the
smaller decrease in ATOI during the contraction phase, which results in gradual
increases in ATOl, for the alternating current EMS compared with pulsed current
EMS from the 18" contraction onwards (Figure 19C). It appears that the difference in
ATOlin observed between the waveforms is mainly due to the difference in evoked
torque. Since the evoked torque toward the end of the EMS session was greater for
pulsed current than alternating current EMS, the former required more O,. It seems
possible that the higher frequency stimulation in the alternating current EMS decreased
acetylcholine release at the neuromuscular junction, inadequately depolarised the
sarcolemma resulting in a failure of action potential propagation along the sarcolemma
and/or impaired excitation-contraction coupling (211, 245), thus inducing a lower

evoked torque during this condition.

The changes in AtHb were similar between the waveform conditions (Figure
19D). As shown in Figure 17, AtHb decreased and sustained during contractions
(AtHbpean) but rapidly recovered and increased above baseline (AtHby.x) during
relaxation, which would indicate that blood flow was occluded during contractions but
resumed between contractions. It has been shown that blood flow to the biceps brachii
was completely impeded during sustained isometric contractions at 50% MVC, due to
increased intramuscular pressure compressing blood vessels (203). If this is also the
case for vastus lateralis and vastus medialis muscles during knee extension isometric
contractions, it seems reasonable to assume that muscle blood flow was completely
occluded during isometric contractions evoked by EMS in the present study. In fact,
AtHb decreased rapidly at the onset of contraction and did not change during
contraction (Figure 17). However, the blood flow was restored during the interval

between contractions for both stimulation conditions similarly. The gradual increases in
99



AtHby,ax over 30 contractions appear to correspond the gradual decreases in AtHbpean
(Figure 19D), indicating greater blood flow in the region of NIRS investigation,

particularly in the relaxation phases.

The difference in the muscle force characteristics between alternating and pulsed
current EMS should be considered by therapists or trainers when designing a treatment
or training program using EMS. It appears that muscle contractions in alternating
current EMS are not as strong as those in pulsed current EMS, since muscle force
produced during the alternating current EMS-evoked isometric contractions is not as
stable as that in pulsed current EMS. Thus, if it is necessary to maximise mechanical
stimulus to the stimulated muscles, it is better to use pulsed current EMS than
alternating current EMS. In fact, several authors (96, 146, 147, 152, 220) have already
documented that pulsed current is preferable to alternating current EMS, since the
pulsed current is less fatiguing and induces more constant contraction in comparison to
alternating current. Further studies are necessary to investigate whether a long-term use
of pulsed current EMS is more beneficial for increasing muscle strength and muscle

volume compared with alternating current.

In summary, the present study showed that decreases in muscle oxygenation
during the contractions phases were greater for pulsed current EMS than alternating
current EMS using NIRS. This was likely associated with no increases in torque in the
alternating current EMS despite the increases in stimulation intensity, and less stable
force output in the alternating current EMS compared with the pulsed current EMS.
Further study is necessary to investigate the underlying mechanisms of the difference in
the muscle force output characteristics between alternating current EMS and pulsed

current EMS.

100



CHAPTER FIVE: STUDY THREE

LESS INDICATION OF MUSCLE DAMAGE IN THE SECOND
THAN INITIAL ELECTRICAL MUSCLE STIMULATION BOUT
CONSISTING OF ISOMETRIC CONTRACTIONS OF THE KNEE
EXTENSORS

5.1 INTRODUCTION

Electrical muscle stimulation (EMS) has been used clinically and in sport training
to improve muscle function (97, 145). EMS training has been shown to be effective for
enhancing muscle strength (11, 87), power (156, 159) and muscle endurance (129), and
minimising muscle atrophy caused by disuse (66, 82). While EMS provides these
benefits, it is known that EMS is limited by pain during stimulation (244) and could
result in delayed onset muscle soreness (36). However, limited research has been
conducted concerning delayed onset muscle soreness and recovery of muscle function

after EMS-evoked isometric contractions.

Mackey et al. (154) have recently shown histological evidence of muscle damage
such as macrophage infiltration, desmin negative fibres, and z-line disruption after 180
isometric contractions of the gastrocnemius muscle evoked by EMS (60 Hz, duration
300 ps, on-off ratio 4-6 s), together with increased plasma creatine kinase (CK) activity
and muscle soreness. However, muscle strength measures, which have been proposed as
the best indicator of muscle damage (251), were not included in the study. Jubeau et al.

(121) compared between 40 isometric contractions of the knee extensors evoked by

101



EMS (75 Hz, duration 400 ps, on-off ratio 6.25-20 s) and 40 voluntary isometric
contractions of the same muscles performed at the same intensity. They showed that
muscle soreness peaked 48 h after EMS and serum CK activity exceeded 3,000 TU-L™ at
72 h post-EMS; however, no such changes were evident after voluntary isometric
contractions. They also reported a significantly greater decrease in maximal voluntary
isometric contraction torque after EMS (-22%) compared with voluntary contractions (-
9%) at 45 min post-exercise; however, no muscle strength measures were taken after

that time point to follow the recovery process.

It is well documented that the magnitude of muscle soreness developed after
exercise 1s attenuated and recovery of muscle function is enhanced when the same or
similar eccentric exercise is performed within several weeks (158, 173). This protective
effect induced by a single bout of eccentric exercise is referred to as the repeated bout
effect (164). It is possible that the second EMS bout does not induce as severe muscle
damage as the initial EMS bout. In fact, Nosaka et al. (179) reported that the second
bout of eccentric exercise in which the elbow flexors were forcibly stretched while
being stimulated by EMS resulted in smaller changes in maximal voluntary isometric
contraction strength, range of motion, upper arm circumference and muscle thickness,
muscle soreness, plasma CK and aspartate aminotransferase activities compared with
the initial bout of the same exercise performed 2 weeks before. Black and McCully (27)
have recently shown that changes in T2 relaxation time of magnetic resonance images
and muscle soreness following 80 lengthening contractions of the quadriceps femoris
stimulated by EMS were significantly smaller after the second bout compared with the
first bout that was performed 7 weeks before. However, it should be noted that these
studies compared the first and second EMS bouts consisting of lengthening

contractions. No previous study has investigated the repeated bout effect for EMS bouts
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consisting of isometric contractions that are generally performed in EMS training, for

changes in indirect markers of muscle damage.

Therefore, the present study tested the hypothesis that the second bout of EMS
exercise consisting of 40 electrically evoked isometric contractions of the knee
extensors performed 2 weeks after the initial EMS would result in smaller changes in
maximal voluntary isometric contraction torque of the knee extensors, muscle soreness
and tenderness, and plasma CK activity following EMS, and faster recovery of muscle
function. Although the main aim of the current thesis was to compare between
alternating current and pulsed current, only pulsed current was investigated in the this
study since no significant difference was detected between alternating current and
pulsed current for changes in muscle damage markers after EMS-evoked isometric

contractions in the first study.

5.2 METHODS

5.2.1 Study design

Nine volunteers participated in two EMS sessions separated by 2 weeks. The two-
week interval between bouts was chosen, because it appeared that the duration was long
enough for the muscles to recover from the initial EMS bout, but maximal protective
effect if any could be observed, based on previous studies in which maximal voluntary
eccentric exercise of the elbow flexors was investigated (173, 181). For each session,
the subjects were asked to report to the laboratory for 6 occasions (1-3 days before
EMS, EMS day, and 4 consecutive days after EMS). Each EMS session consisted of 40
electrically evoked isometric contractions of the knee extensors of one leg, which was

randomly chosen but counterbalanced among subjects, and the same leg was used for
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the second bout. Each subject performed the two EMS sessions at the same time of the
day, and all EMS sessions were performed between 8 am and 10 am. The intensity of
EMS and torque induced by each stimulation were monitored and recorded, and rating
of perceived exertion (RPE) was assessed every 2 min (6 contractions) during EMS that
took 15 min to be completed. The independent variable in this study was the first versus
second EMS bouts, and the dependent variables to assess muscle damage consisted of
maximal voluntary isometric contraction torque (MVC) of the knee extensors, muscle
soreness and tenderness, and plasma CK activity. These measures were taken 1-3 days
before, immediately before, and 1, 24, 48, 72 and 96 h following exercise. The MVC
was also assessed immediately after EMS. The subjects were asked to remain in the seat
of the dynamometer until the 1 h post-EMS measurements for the EMS session day.
The study was approved by the University Human Research Ethics Committee, and the

study was conducted in conformity with the Declaration of Helsinki.

5.2.2 Subjects

Nine healthy men (mean £ SD age: 31.3 + 4.7 y, body mass: 76.3 + 11.2 kg,
height: 173.2 = 4.2 cm), who had not been involved in any resistance training program
for at least 6 months prior to the study, were recruited for this study. During the
experimental period, subjects were asked not to change their regular physical activities
and diet habits. All subjects were informed about the study, and a written informed
consent form was obtained prior to participation. Subjects were requested to avoid
consuming caffeine and alcohol one day before the EMS session and not to complete
any extra physical activity during the experimental period. A familiarization session was

completed by the subjects at least 4 days before the data collection, which included two
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MVC measures at 100° and EMS to evoke 3-5 isometric contractions at submaximal

intensity.

5.2.3 Electrical muscle stimulation (EMS)

EMS was applied while each subject seated on a on a Biodex isokinetic
dynamometer chair (Biodex Medical Systems, Inc., USA) with the knee joint angle of
100° (0° corresponding to the full extension) and the trunk angle of 110°. This knee
joint angle was chosen because a previous study (Jubeau et al. 2008) showed indications
of muscle damage following EMS performed at this angle (100°). For minimizing any
possible movement of hip and thigh during the contractions, straps were bound across

the pelvis and chest.

The quadriceps femoris muscles were stimulated by an Intelect Advanced®Colour
Stim (Chattanooga Group, TN, USA). Fours self-adhesive electrodes were placed on the
anterior surface of one thigh based on a previous study (121). Prior to fix the electrodes,
the skin surface was cleaned with alcohol pads. Two positive electrodes (50 x 50 mm)
were placed over the motor points of the vastus lateralis and vastus medialis muscles,
which were identified as the sites on the skin where the smallest current amplitude was
required to produce muscle contraction (199). Two negative electrodes (50 x 100 mm)
were placed on the proximal portion of the quadriceps femoris muscle. The placement
of the electrodes was kept as consistent as possible between bouts by the same

investigator identifying the sites with the same procedures between bouts.

A biphasic symmetrical rectangular stimulus pulses were delivered with frequency
of 75Hz, and pulse duration of 400 us (121). The ratio was 5 s stimulus on time and 15 s
stimulus off time, thus the duty cycle time was 25%. The ramping time was included in

'on-time' so that 1 s for the rise time and 1 s for the fall time, and only 3 s were at
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dosage stimulus intensity based on the previous studies (121, 152). In this way, an
isometric contraction was evoked every 20 s, and the whole EMS session lasted for 15
min to induce 45 contractions. The stimulation amplitude (intensity) was started with 0
mA, and gradually increased for the first 3-5 contractions, thereafter consistently
increased every 1-3 contractions toward maximally tolerable level of each subject to
induce maximal force generation. The first 5 contractions were excluded from the
analysis, since the stimulation intensity did not reach the level of maximally tolerable
intensity, and force produced in these contractions was low (e.g. less than 10% MVC).
The amplitude of each contraction was recorded, and the subjective intensity of the
stimulated contractions was assessed by a Borg's standard RPE 6-20 scale (52) at 1, 3,
5,7,9,11, 13 and 15 min during the EMS. The torque produced in each contraction was
recorded using the Biodex software and saved for later analysis for the determination of
torque (peak torque, average torque) and torque time integral of each contraction. The
average torque during the EMS-evoked contraction excluding the ramp time and torque
time integral of each contraction were calculated using Chart data analysis software

(ADInstruments, Bella Vista, Australia).

5.2.4 Dependent variables

5.2.4.1 Maximal voluntary isometric contraction torque (MVC)

MVC measures for both legs were performed on the Biodex isokinetic
dynamometer. Each subject sat on the dynamometer's chair in the same setting as the
EMS protocol such that the backrest angle was set at 110° of posterior incline, and the
rotation axis of the knee was aligned with the rotation axis of the dynamometer's
armature. MVC was measured at the knee joint angle of 100°, which was the angle used

in EMS to stimulate the knee extensors. During the measurements, both arms were
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positioned across the chest with each hand clasping the opposite shoulder. Subjects
performed three maximal voluntary isometric contractions for 3 s with a 30-s rest
between attempts. The stimulated leg was always measured first followed by the control
leg, and the time lag between the legs was approximately 10 min. Because of the time
constraint, the MVC measurements of the control leg were not performed immediately
after EMS. The peak torque of each contraction was calculated, and the highest value of

the three attempts was used for further analysis.

5.2.4.2 Muscle soreness

A 100 mm visual analogue scale (VAS) was used to assess muscle soreness.
Subjects were asked to rate their pain on the VAS as 0 representing “no pain” and 100
as “unbearable pain” while the muscles being palpated and upon squatting motion. For
palpation, four sites on the quadriceps femoris (the midpoint between apex patellaec and
the anterior superior iliac spin, 5 cm proximal and 5 cm distal to this point, vastus
medialis and vastus lateralis) were checked by the investigator placing his three fingers
at each site and applying pressure for 3 s. The pressure and palpation regions were
standardized throughout the experiment such that the same investigator gave a
consistent pressure between days and among subjects. The average values of the four
sites were used for further analysis. For the muscle soreness upon squatting, subjects
were asked to stand with their legs shoulder width apart, and bend their knees slowly to
90° and then return to the standing position. The pain level of the knee extensors having

the EMS was reported immediately after the movement on the VAS scale.

5.2.4.3 Pressure pain threshold (PPT)
PPT was assessed using an electronic algometer (Type II, Somedic Production

AB, Sollentuna, Sweden). The algometer was calibrated for each occasion, and the same
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investigator took all measurements using a standardised protocol. The probe head
(surface area = 1.0 cm?) of the algometer was placed perpendicular to the four sites of
the quadriceps femoris muscle that were used for the palpation soreness measures (the
middle point of the rectus femoris, the proximal of rectus femoris, vastus medialis and
vastus lateralis that were clearly marked by a water-proof ink pen). Subjects were
familiarised with 5 s of pressure in no-painful ranges (0 — 5 kPa's™) before the
assessments. Force was gradually applied at a constant rate of 50-60 kPa-s™ until the
subject reported the first feeling of noticeable pain. Three measurements were taken
from each site sequentially with a 30 s interval between measures in the following
order: the middle point of the rectus femoris, the proximal of rectus femoris, vastus
medialis and vastus lateralis. The value in kilopascals (kPa) corresponding to the
amount of force applied to elicit pain sensation was recorded. The mean of the three
measurements for each site was used for further analysis, and the values of the four sites

were averaged to assess the tenderness in quadriceps muscle.

5.2.4.4 Plasma CK activity

A small amount of blood sample was taken from a fingertip that had been cleaned
with an alcohol swab using a spring-loaded lancet. A heparinised capillary tube was
used to collect a 30 ul of whole blood and loaded onto a test strip (Reflotron®
Creatinine Test Tabs) of a Reflotron spectrophotometer (Boehringer-Mannheim, Pode,
Czech Republic) to assess CK activity. The measurements were duplicated, and if the
difference of the two values was greater than 10%, additional measurements were taken.
In this method, the normal reference ranges for adult men are 20-220 IU-L" according

to the instruction sheet of the test kit.
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5.2.5 Statistical analysis

The normality of the data distribution was checked by a Shapiro-Wilk test, and all
variables except for CK passed the test. Changes in the MVC, VAS of muscle soreness,
and pressure pain threshold over time were compared between the first and second
bouts by a two-way repeated measures ANOVA. Changes in stimulation intensity
(amplitude), RPE, peak and average torque, and torque time integral over 40 isometric
contractions were also compared between bouts using a two-way repeated measures
ANOVA. When a significant interaction effect was found, a Tukey"s post hoc test was
followed to compare between bouts for each time point. For plasma CK activity,
because of the normality was not established, a Mann-Whitney test was used to compare
between bouts for the changes over time. A Student t-test was also used to compare
peak plasma CK activity and peak muscle soreness between bouts. The significance

level was set at P < 0.05. All data are expressed as mean + SD.

5.3 RESULTS

5.3.1 Stimulation intensity, RPE and torque during EMS

Changes in stimulation intensity and RPE over the last 40 contractions were
shown in Figure 20. The stimulation intensity gradually increased throughout the EMS
without significant difference between bouts. RPE increased in the first 9 min and was
close to the maximum after 10 min of EMS, with no significant difference between
bouts. No significant difference between bouts was evident for changes in peak torque,
average torque (Figure 21), and torque time integral over the last 40 contractions. The
peak torque of each contraction was approximately 15-25% higher than the average
torque shown in Figure 21; however, the changes over 40 contractions were similar
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between the two. The pattern of changes in the torque time integral was also similar to
that shown in the average torque. The peak torque evoked by EMS was approximately
25-30% of baseline MVC torque (185 + 12 Nm). The average torque increased in the
first 10-15 contractions, but no further increases were seen thereafter in spite of further

increases in the stimulation intensity.
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Figure 20: Stimulation intensity (A) and the rating of perceived exertion (B) during the first and
second EMS bouts in which isometric contraction was evoked every 20 s for 15 min.
The measurements were taken every 2 min starting at 1 min (after 3 contractions). ns:

no significant difference between bouts for the changes over time.

111



(o3
o
]

o
[an]
1

=
o

Average Torque (Nm)
[
o

20
10 A -O-First ]ns
—o-5Seacond
 4+—1rr-—r-—r—1—rmr-—rr-—r-—r-r—r-rrr-r———TrTrrr-rrrr-rrrrr-r-rrn
1 5 10 15 20 25 30 35 40

Contractions number

Figure 21: Average torque of 40 isometric contractions during the first and second EMS boults.

ns: no significant difference between bouts for the changes over time.

5.3.2MVC

MV C was not significantly different between bouts before EMS for both legs. The
MVC of the control leg did not change significantly over time following the first and
second bouts. As shown in Figure 22, MVC of the stimulated leg decreased
significantly below the baseline after EMS by approximately 26% immediately and 1 h
after EMS for both bouts, without a significant difference between bouts. However, the
recovery of MVC was significantly faster after the second bout compared with the first
bout such that the MVC returned to the baseline by 72 h post-EMS for the second bout,
but it was still significantly lower than the baseline at 96 h post-EMS for the first bout

(81%).

112



250 97  -o-First- EMS ]p=:005
- Second-EMS '
-O-First- CON ]ns
. @ Second-CON
= J
z 200
j1b]
-
=]
L2
<
< 150 A
L
#
100 . . , .
Pre 0 1 24 48 72 96

Time (h)

Figure 22: Maximal voluntary contraction isometric torque before (Pre), immediately after (0),
and 1, 24, 48, 72, and 96 h after the first and second EMS bouts for the stimulated leg
(EMS) and control leg (CON). *: significantly (p < 0.05) different from the baseline, #:
significantly (p < 0.05) different between the first and second bouts for the stimulated
leg.

5.3.3 Muscle soreness

Figure 23 shows changes in muscle soreness upon palpation and in squatting
before and for 4 days after the first and second EMS bouts. No significant difference in
the magnitude of muscle soreness was found among the four palpation sites. The time
course of changes in muscle soreness upon palpation and in squatting was similar, and
muscle soreness peaked 48 h after EMS. The magnitude of muscle soreness was

significantly less after the second bout compared with the first bout.
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Figure 23: Muscle soreness (VAS) before (Pre), and 1-96 h after the first and second EMS

bouts for the soreness upon palpation (A) and in squatting (B). *: significantly (p <

0.05) different from baseline, #: significantly (p < 0.05) different between bouts.
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5.3.4 PPT
Muscles became more tender only after the first EMS bout, and the decrease in

PPT was significantly smaller after the second bout compared with the first bout (Figure

24).

600 1 —o-First
-8 Second

]p<[}.[}5

4]

o

o
1

400 ~

300 ~

Pressure Pain Threshold(kPa)

200

Pre 1 24 48 72 96
Time (h)

Figure 24: Pressure pain threshold before (Pre), and 1-96 h after the first and second EMS
bouts. *: significantly (p < 0.05) different from baseline, #: significantly (p < 0.05)

different between bouts.

5.3.5 Plasma CK activity

No significant difference was found for the pre-exercise CK activity between
bouts. Plasma CK activity increased significantly only after the first bout and the
highest value was observed at 96 h after EMS (Figure 25). The peak CK activity was
significantly higher after the first bout (1,431 + 612 TU-L™") compared with the second

bout (208 £ 35 TU-L™).
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Figure 25: Plasma CK activity before (Pre), and 24-96 h after the first and second EMS bouts. *:
significantly (p < 0.05) different from baseline, #: significantly (p < 0.05) different
between bouts.

5.4 DISCUSSION

This was the first study to compare between the first and second bouts of EMS-
evoked isometric contractions of the knee extensors for muscle damage profile, and to
report that the repeated bout effect occurs for isometric contractions induced by EMS.
The results showed that decreases in MVC lasting more than 4 days, development of
muscle soreness, and increases in plasma CK activity occurred after the first EMS bout.
Although the same magnitude of decrease in MVC was induced immediately and 1 h
after the second EMS bout, the recovery of MVC was significantly faster, and the
development of muscle soreness and increases in plasma CK activity were significantly

smaller following the second bout compared with the first bout. These results supported
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the hypothesis that less indication of muscle damage would be evident in the second
EMS bout compared with the first bout, and clarified the time course of changes in

MVC following EMS.

A previous study (121) reported that MVC decreased 22% at 45 min after EMS
consisting of 40 isometric contractions at maximally tolerable intensity. The magnitude
of decrease in MVC in the present study immediately and 1 h after EMS was 26%
(Figure 22), which is comparable to that shown in the previous study. The time course
of changes in muscle soreness and peak muscle soreness found in the present study was
similar to those reported in the previous study by Jubeau et al. (121). However, the
increase in CK activity in the blood in the previous study (peak: ~3,500 IU-L™") was as
more than 2-fold as that of the present study (peak: 1,372 IU-L™). This could be due to
the difference in the amount of stimulated muscles between the previous study (two
legs) and the present study (one leg), and the difference in other muscles involved in the
exercise between studies due to a different posture (lying versus sitting). However, it
appears that the magnitude of muscle damage to one leg induced by the EMS in the
present study was comparable to that in the previous study (121), although there were
some differences in the experimental setup. In contrast, Zorn et al. (258) reported that
no delayed onset muscle soreness was induced after 30 min of EMS (63.3 Hz, duration
400 ps, on-off ratio 3.5-4.5 s) to provoke strong tetanic contractions of the knee
extensors at 90° for trained cyclists, although plasma CK activity showed a small
increase at 24 h post-EMS. It is possible that the difference in the subjects between the
present study (untrained) and the study by Zorn et al. (trained cyclists) attributed to the

different muscle soreness responses.
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It is important to note that the muscle damage in the present study was induced by
isometric contractions evoked by EMS. It has been documented that isometric
contractions do not result in as severe muscle damage as lengthening contractions (179).
Black and McCully (27) have recently reported that MVC decreased approximately
20% on 1-2 days after 80 lengthening contractions evoked by EMS, and resulted in
muscle soreness (peak: approximately 60 mm in VAS). These values appear to be
comparable to those in the present study, although the number of contractions (40
versus 80) and the contraction type (isometric versus eccentric) were different between
the studies. Jubeau et al. (121) showed that the magnitude of muscle damage induced by
isometric contractions evoked by EMS was significantly greater than that by voluntary
isometric contractions at the same intensity. However, it is not known whether maximal
voluntary isometric contractions result in the same magnitude of muscle damage as the
isometric contractions by EMS. It should be noted that the isometric contractions were
performed at a long muscle length in the present study. Several studies (119, 205) have
reported that isometric contractions at a short muscle length do not induce muscle
damage, but do at a longer muscle length. It may be that maximal voluntary isometric
contractions of the knee extensors at a long muscle length (e.g. 100°) induce similar
changes in muscle damage markers to those shown in the present study. If so, the cause
of muscle damage is not EMS itself, but isometric contractions at a long muscle length.

This should be investigated in future studies.

The torque evoked by EMS was estimated approximately 25-30% of the baseline
MVC torque (185 £ 12 Nm) and post-EMS MVC torque (126 £ 9 Nm). Adam et al. (2)
reported using a magnetic resonance imaging technique that the cross sectional area of
the vastus lateralis activated by EMS was associated with the intensity of EMS, and

approximately 25% of the cross sectional area was activated when the stimulation
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induced the torque of 25% MVC. Thus, it is assumed that even when the muscles were
stimulated at maximally tolerable intensity in the present study, the number of muscle
fibres that contributed to the force production was less than one-third of that during
maximal voluntary contractions. It is known that muscle fibre recruitment in EMS is
different from voluntary contractions such that muscle fibres are recruited non-
selectively, synchronously and spatially fixed during EMS (94). It is possible that the
synchronous muscle fibre activation in EMS induces more mechanical stress to muscle
fibres (128, 154). Hansen et al. (102) have recently shown greater myofibrillar
proteolysis after lengthening contractions with EMS than maximal voluntary
lengthening contractions, and stated that electrically stimulated muscle contractions are
likely to result in greater intracellular strain and higher stress forces due to a highly
uniform contraction of all muscle fibres within the stimulated region. This may be also

the case for isometric contractions evoked by EMS.

When comparing between the first and second bouts, no significant differences in
stimulation intensity and RPE (Figure 20) and peak torque produced over 40
contractions (Figure 21) were evident. It is interesting that no improvement in the
tolerance to EMS was seen in the second bout. It may be that the interval between the
two EMS bouts was too long to see any improvement in tolerance. It is important to
note that the second EMS bout was performed after complete recovery from the first
EMS bout, since there were no significant differences in any of the pre-EMS measures
between bouts. Moreover, the decreases in MVC immediately and 1 h post-EMS (26%)
were similar between the bouts (Figure 22). Zory et al. (259) reported that MVC
decreased approximately 20% immediately after 30 isometric contractions of the knee
extensors evoked by EMS (75 Hz, on-off ratio 6.25-20 s), and neuromuscular

propagation failure was mainly responsible for the decrease. It seems that excitation-
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contraction coupling failure was at least partially responsible for the decreases in MVC
(112); however, ultrastructual changes in myofibrils as shown in the study by Mackey et
al. (154) may also account for the long-lasting decreases in MVC after EMS. Therefore,
the deceases in MVC immediately and 1 h following EMS in the present study are
likely to reflect the combination of muscle fatigue and muscle damage, and it seems
reasonable to assume that the two EMS bouts affected muscles similarly during the
exercise, resulting in the similar extent of decrease in MVC within 1 h following EMS.
Thus, the differences between the bouts for the changes in the dependent variables
between 24 and 96 h following EMS were likely due to protective effect conferred after

the first EMS bout.

The present study was the first to compare between the first and second EMS
bouts consisting of isometric contractions; however, two previous studies (27, 179) had
compared between the first and second EMS bouts with lengthening contractions. Black
and McCully (27) compared between the first and second bouts consisting of 80
lengthening contractions of the knee extensors with EMS separated by 7 weeks, and
reported that the changes in T2 and muscle soreness were significantly smaller for the
second bout than the first bout. Nosaka et al. (179) examined the elbow flexors for their
responses to first and second bouts of lengthening contractions with EMS separated by
2 weeks. They showed faster recovery of MVC, smaller decrease in range of motion,
less swelling of the muscle, smaller increases in muscle soreness and blood markers of
muscle damage (e.g. CK) following the second bout compared with the first bout, which
was similar to the repeated bout effect reported in the studies comparing two bouts of
voluntary eccentric exercise (33, 174). It appears that the characteristics of the repeated
bout effect found in the present study were similar to those found in the previous EMS

(27, 179) and voluntary eccentric exercise studies (33, 174).
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The underlying mechanisms of the repeated bout effect have not been elucidated;
however, a combination of neural, mechanical, and cellular adaptations has been
documented (164). It seems that neural adaptations (e.g. more efficient recruitment of
motor units, increased synchrony of motor unit firing, better distribution of the
workload among muscle fibres, improved usage of synergist muscles, increased slow-
twitch fibre recruitment) had little or minor contribution to the repeated bout effect in
EMS found in the present study, since it is unlikely that the listed neural adaptations
were induced by the initial EMS. However, it should be noted that EMS does not
actually bypass the peripheral nervous system, because of the bilateral propagation of
action potentials along the stimulated axons (44), and would even activate selected brain
regions in a dose-response manner (213). Thus other neural adaptations might be
involved in the protective effect conferred by the initial EMS. The repeated bout effect
following EMS may be attributed more to mechanical adaptations (e.g. increases in
passive or dynamic muscle stiffness, remodeling of intermediate filament system,
increased intramuscular connective tissue) and/or cellular adaptations (e.g. longitudinal
addition of sarcomeres, adaptation in inflammatory response, adaptation to maintain E-
C coupling, strengthened plasma membrane, increased protein synthesis, increased
stress proteins, removal of stress-susceptible fibres). Further muscle histological and
molecular investigations are necessary to investigate the underlying mechanisms of the

repeated bout effect.

The findings of the present study and previous studies (121, 154) show that
muscle soreness and other symptoms of muscle damage (e.g. prolonged strength loss)
are caused by EMS-evoked isometric contractions, but changes in the markers of
muscle damage induced in the subsequent EMS bout are not as large as that after the

initial bout. Thus, practitioners do not need to be concerned so much about muscle
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damage in EMS when it is repeatedly used, and muscle damage caused by EMS should
not limit the utilisation of EMS in training and/or rehabilitation. If it is necessary to
avoid muscle damage in the first EMS bout, the strategies that have been used to
minimise eccentric exercise-induced muscle damage such as pre-conditioning muscle
by increasing the intensity, number of contractions, muscle length gradually (119, 176,
205) may be effective. However this warrants further investigations to confirm this. It
is also important to investigate further muscle damage in EMS of other modes,
intensities, and duration, and whether the effect of EMS on muscles is similar among
different muscles. In conclusion, EMS induces symptoms of muscle damage, but a
protective adaptation is conferred after the initial EMS bout, resulting in less indication

of muscle damage following the second EMS bout.
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CHAPTER SIX: OVERALL DISCUSSION,
RECOMMENDATIONS AND CONCLUSIONS

The main aim of this thesis project is to compare between alternating current and
pulsed current electrical muscle stimulation (EMS) for torque output, discomfort skin
temperature, hormonal responses, blood lactate, muscle oxygenation, muscle fatigue
and muscle damage. The difference between alternating current and pulsed current EMS
for torque output, discomfort, skin temperature, hormonal responses, blood lactate and
muscle damage were investigated in Study 1. In Study 2, muscle oxygenation during
alternating current and pulsed current EMS was compared, and muscle fatigue was
assessed. In the third study, since no significant difference in muscle damage between
alternating current and pulsed current EMS was found in Study 1, the incidence of
repeated bout effect was examined only for pulsed current EMS. As shown in Chapter
1, there were nine research questions in the present project. The answers to the
questions are shown below, and a brief discussion for each question is made. More
detailed discussion can be found in the discussion in the Chapters 3-5. Based on the
answers found in the present project, this chapter discusses which would be better for
muscle strengthening purpose in sport training, alternating current EMS or pulsed
current EMS. This chapter also provides future research directions based on the

findings and limitations of the studies conducted in the thesis, followed by conclusion.

6.1 ANSWERS TO THE RESEARCH QUESTIONS
Q1: Is there a difference in force generation between alternating current and

pulsed current EMS?
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No. Torque output during EMS was approximately 30% of MVC with no
significant difference between alternating current and pulsed current. This finding
supports the previous studies which reported the similarity of generated muscle force in
both alternating current and pulsed current EMS (96, 109, 152, 216). The number of
pulses per second does not appear to affect force output. The frequency of alternating
current was modulated to 75 bursts per second, which was matched with pulsed current
delivered at 75 pulses per second in the present study. Although the peak and average
torque were not significantly different between alternating and pulsed current EMS in
Study 1, Study 2 showed that the average torque of the only 30 contractions relative to
MVC was significantly greater for pulsed current EMS compared with alternating
current EMS when the first ten contractions before the plateau were ignored. It should
be noted that the torque did not increase with the increase in the stimulation intensity for
alternating current EMS, but steady increases in torque were observed for pulsed current
EMS. The force output during alternating current was less steady and decreased earlier
within a contraction compared with pulsed current EMS, especially toward the end of
the EMS session. As seen in Study 3 (Figure 18), the toque traces seem to be more
consistent during pulsed current compared with alternating current, particularly during
the last ten contractions. Previous studies (96, 220) also reported greater fluctuations of
force during alternating current EMS compared with pulsed current EMS, and suggested

greater muscle fatigue during alternating current than pulsed current EMS.

Q2: Is there a difference in the level of discomfort between alternating current

and pulsed current EMS?

No. The results of Study 1 and 2 showed a comparable level of perceived
discomfort between alternating current and pulsed current EMS-evoked isometric

contractions. This finding is consistent with previous studies reporting similar
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discomfort between alternating current and pulsed current in which muscles were
stimulated at maximally tolerable levels (25, 96, 146, 152). Since intensity of EMS was
set at the maximal tolerance, it seems reasonable that no difference in the perceived
discomfort existed between the current types. It is also important to note that no
significant difference between the current types existed for the torque level during the

stimulation at maximal tolerable level.

Q3: Is there a significant difference in skin temperature changes between

alternating current and pulsed current EMS?

No. The change in skin temperature was seen only during the recovery time (peak
at 15 min post-EMS) where it increased ~ 2°C in the stimulated muscles. The increases
in skin temperature at the end of exercise and during recovery indicate more activation
in the cutaneous vessels to allow more blood flow peripherally for the heat exchange
process. No significant difference in the increase in skin temperature between
alternating and pulsed current EMS suggests that both conditions similarly increased the

skin blood flow.

Q4: Is there a significant difference in hormonal responses between alternating

current and pulsed current EMS?

No. The effects of EMS on growth hormone (GH), testosterone, cortisol and
insulin-like growth factor-1 (IGF-1) were similar between alternating and pulsed current
EMS. Since GH and testosterone responses are affected by the intensity of muscle
contractions (3, 206), it seems reasonable that both resulted in similar increases in GH
and testosterone because of the similar force level. Cortisol showed no increase
immediately after EMS, but it decreased following EMS without significant difference

between alternating current and pulsed current EMS. No changes in IGF-1 was evident
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between alternating current and pulsed current EMS, which may be related to the

delayed increases in IGF-1 (106, 135).

Q5: Is there a significant difference in blood lactate responses between

alternating current and pulsed current EMS?

No. Blood lactate increased significantly during EMS and reached the peak at the
end of the session for both current conditions similarly. This suggests that energy source
(e.g. glycolysis) for the EMS-evoked contractions was not different in both alternating

current and pulsed current EMS.

QG6: Is there a significant difference in muscle oxygenation between alternating

current and pulsed current EMS?

Yes. Although there was no significant differences in ATOlx, AtHbmean and
AtHbyax over 30 contractions were observed, ATOly, was significantly higher for
alternating current during the last 18 contractions. This indicates lower O, demand
during alternating current compared with pulsed current EMS-evoked isometric
contractions. The difference may be attributed to the incapability of alternating current
EMS to recruit additional motor units, which reduced the muscle volume involved in the
contractions. This could rebut the thought that high frequency stimulation can lower the
skin impedance and thus have analgesic effects (84, 130) and thus more current

penetrates tissue and stimulates more fibres.

Q7: Is there a significant difference in muscle fatigue between alternating current

and pulsed current EMS?

Yes. The torque data in Study 2 showed a possibility that muscle fatigue during
alternating current is greater compared with pulsed current EMS. In addition, as shown

above, O, consumption during contractions was lower during alternating current
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compared with pulsed current EMS. Muscle fatigue is thought to be related to the

number of pulses (2.5 kHz vs 75 Hz) more than bursts (146).

Q8: Dose muscle damage induced by EMS differ in the case of alternating current

than in the case of pulsed current?

No. The indirect markers of muscle damage such as loss of muscle force, muscle
soreness and tenderness, and increases in plasma CK activities showed significant
changes after EMS with no difference between current conditions. The torque output
and the amplitude of the intensity during EMS session were similar in both alternating
and pulsed current, which suggests that mechanical stress applied to the muscles was
similar between the conditions. The magnitude of muscle damage is unlikely affected

by the waveform of stimulation current.

Q9: Is the magnitude of muscle damage after the second bout of EMS less than

that after the first EMS bout?

Yes. It was shown that the magnitude of change in maximal isometric contraction
strength, muscle soreness and plasma CK activity was significantly smaller after the
second EMS bout compared with first bout. This suggests that the first EMS session
induced greater muscle damage than the second session, and muscle damage was
attenuated in the subsequent EMS session. This represents a typical protective effect
induced by the previous EMS session, which is similar to the repeated bout effect
reported in eccentric exercise (27, 179). Since no difference in muscle damage was
evident between alternating current and pulsed current EMS, it seems reasonable to
assume that a similar repeated bout effect would be observed for alternating current

EMS.

127



6.2 INTEGRATED DISCUSSION - WHICH IS BETTER:
ALTERNATING CURRENT EMS OR PULSED CURRENT EMS?

As shown above, differences between alternating and pulsed current EMS were
limited to some aspects of force generation and muscle oxygenation during contraction
phases. The less steady force generation in a contraction and smaller decreases in
muscle oxygenation during the contraction phases in alternating current than pulsed
current EMS are likely due to greater muscle fatigue occurring during alternating
current EMS. Muscle fatigue is considered a major factor that affects performance
during exercise (149). Avoiding or limiting muscle fatigue would enhance the benefits

of any strength training program (93).

Since other parameters (discomfort, skin temperature, hormonal responses, muscle
damage) examined in the present study did not show significant differences between
alternating current and pulsed current EMS, the choice of current cannot be made based
on these. However, if it is necessary to maximise mechanical stimulus to muscles, it is
important to minimise muscle fatigue during the EMS unless the training for fatigue is
desirable. Moreover, a stimulator that can produce alternating current is generally more
expensive than the one that produces only pulsed current. In fact, the most of currently
available portable stimulators cannot produce alternating current. Thus, it seems
reasonable to state that pulsed current EMS is more advantageous than alternating
current EMS, at least for muscle strengthening purposes for healthy individuals.
However, it is not possible to speculate from the present study whether pulsed current
EMS actually results in greater strength gains and muscle hypertrophy. Further studies

are warranted.

The use of EMS in sport training or exercise has increased in the last two decades

(15, 166), and it is expected that the use of EMS would further increase in healthy and
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clinical populations. As shown in the present study, muscle damage is one of the issues
that practitioners should be concerned about; however, as shown in the present study,
muscle damage may not be a big issue when EMS is repeatedly performed, if care is
taken for the first EMS session. Moreover, it appears that muscle length rather than
EMS itself is a factor to determine the magnitude of muscle damage. Thus, muscle

damage should not discourage the use of EMS in strength training.

Although the present study focused on the current of EMS, there are other
parameters such as frequency, amplitude, phase/pulse duration, duty cycle and
waveform to be concerned to set up optimum EMS procedures for muscle training. It
should be noted that the present study compared alternating and pulsed current EMS by
matching the other parameters rather than current as closely as possible. Thus, many
other comparisons can be made for alternating and pulsed current EMS by modulating
the parameters. This thesis project is only a step toward better understanding of the

theory and application of EMS in sport training.

6.3 LIMITATIONS OF THE PRESENT PROJECT AND
RECOMMENDATIONS

One of the limitations of the present thesis project was the number of subjects
used in the studies. In the first study, 12 subjects were recruited, which met the
statistical power of the required sample size estimation. The sample size of the
subsequent studies (n=9) was also considered to be adequate to find a possible
difference between alternating current and pulsed current EMS (Study 2) or between the
first and second bout EMS (Study 3). Because of the difficulty of recruiting subjects

who met the criteria, the number of subjects was minimal.
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In the present study, only young healthy men were used as subjects. Young
healthy men could have endured the discomfort of EMS of alternating and pulsed
current. Thus, it is not clear if the findings of the present study are reproducible for

other populations such as women, elderly or clinical individuals.

As mentioned previously, the comparisons between alternating and pulsed current
EMS were made by settings of the other EMS parameters such as stimulus frequency
(75 Hz), pulse duration (400 us) and duty cycle (25%) that were the same between the
conditions. The variation of these parameters may produce different results in terms of
the difference between alternating current and pulsed current. Further comparisons
between alternating and pulsed current using different settings of EMS parameters are

necessary.

The responses of leg muscles to EMS were reported to be different from those of
arm muscles (dorsal forearm muscle) where legs (dorsiflexor muscle) have higher
thresholds of motor nerve excitation than forearm (122). EMS is used not only for the
knee extensors but also other muscles. It is important to investigate other muscles to

compare between alternating current and pulsed current EMS.

The present study focused on the acute effects of EMS; however, it is not possible
to speculate the effects of chronic use of EMS (i.e. EMS training) on muscle function
and muscle hypertrophy from the results of the present study. Only two studies (25,
220) compared between alternating and pulsed current for the training effect on muscle
strength in healthy subjects. Although both reported a significant increase in the
strength, one study (220) showed that the increase in strength following pulsed current
was greater than that following alternating current, while the other (25) showed no

difference between the two conditions. From the acute responses found in the present
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study, it is assumed that pulsed current EMS training might result in greater muscle
strength and muscle mass gains compared with alternating current EMS training, since
mechanical stress during pulsed current stimulation seemed to be greater than in

alternating current stimulation. This hypothesis should be investigated in future studies.

Muscle damage was assessed in this study using indirect markers such as force
loss, muscle soreness and plasma CK activity. It cannot be denied that morphological
changes differ between alternating current EMS and pulsed current EMS. It is
interesting to compare between alternating current EMS and pulsed current EMS for
histological changes in myofibre contractile components and sarcolemma following

acute bout as well as repeated bouts of EMS session.

6.4 CONCLUSION

In conclusion, no significant difference was evident between alternating current
and pulsed current for their acute effects on force output, muscle damage, hormonal
response, skin temperature and blood lactate, which could be due to the comparable
level of torque output during EMS and the number of stimuli per second (75 Hz). The
difference that was shown in muscle oxygenation during the second half of EMS
session could be due to muscle fatigue where alternating current probably caused more
fatigue of the stimulated muscles as a result of high-frequency fatigue. It can be
suggested that pulsed current conditions are preferable to alternating current for muscle
strengthening of healthy individuals because of its accessibility. However, more
investigation is necessary to substantiate this conclusion for different populations, and
EMS training effects on muscle function and muscle hypertrophy should be investigated

in future studies. In addition, investigating different dosages of EMS parameters may
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bridge the gap for their effect on different physiological variables. Thus, further studies

related to dose-responsiveness of alternating and pulsed current are needed.
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INFORMATION LETTER

INFORMATION LETTER TO PARTICIPANTS

Project Title

The differences between the effects of electrical pulsed current and alternating

current on muscle damage and hormonal responses.

Purpose

The aim of this project is to compare two types of electrical stimulation currents:

pulsed and alternating current.

Overview

This study will include three electrical muscle stimulation (EMS) sessions. One
week will be given between first and second session, and at least one week
between the second and third session. For each session, you will be asked to
report to the Exercise Physiology Laboratory (JO 19.150) for 6 consecutive
days (1 day before, EMS session day and 4 days after the EMS session).
During the day before EMS session, muscle strength will be measured. During
the EMS session, one of your legs will receive an electrical stimulation for 15
minutes, and blood sample will be collected before, immediately after, and 15,
30, 45 and 60 minutes after EMS from your vein for hormone measurements. In
addition, skin temperature, heart rate, blood pressure, muscle soreness and
tenderness, Creatine kinase and muscle force will be monitored and measured.
During the days after EMS session, muscle force and soreness will be
measured and a drop of blood will be collected from your finger. The total time
commitment will be about 5 hours for each session (15 hours for the whole
experiment). To start this study, you need to go through all details and then fill

out the medical questionnaire and sign the informed consent. You have been
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selected to participate in the study because you are healthy and untrained male.
This research has been approved by the ECU Human Research Ethics

Committee.

Background

Electrical stimulation is a process through which a stimulator releases several
electrical impulses that travel through the skin to the underlying motor units to
induce involuntary muscle contractions. These contractions are similar to
voluntary ones; however, you cannot control the contraction. Electrical
stimulation is clinically used to help people who have a difficulty inducing
voluntarily muscle contraction, such as spinal cord injury. In addition, electrical
stimulation has been widely used to increase muscle strength in healthy
individuals and some athlete trainers use it as a part of their training programs.
Recent research shows that electrical stimulation can significantly improve
muscle function. Nevertheless, the optimal setting for electrical stimulation is
still unknown. Thus, the outcomes of this study will help us to specify a better
choice of electrical stimulation parameters in terms of muscle damage and

hormonal responses.

Methods

You are asked to participate in the study because you are healthy and untrained
male. Prior to beginning study activities, you will be asked to complete a general
medical questionnaire with questions pertaining to lifestyle (e.g. exercise
history, medications, etc). As a participant, you will attend one day before the
electrical stimulation session, the day of electrical stimulation, and every day for
four days after the experiment. This will be repeated three times over a 5 — 8
week period. You will involve three separate electrical stimulation sessions. In
the first session, a specific current will be applied to one leg and in the second
session the same current will be applied to the same leg. One week will be

allowed between these sessions. The other current will be applied to the other
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leg during the third week. One week at least will be allowed after the ending of
session two. This design will enable us to determine the influence of each
current on muscle damage and hormonal responses. Also, it will show us the

effect of a second bout on these variables.

Measurements

You will need to attend a familiarization session several days prior the
experiment commencement. During this session, you will be familiarized with

electrical muscle stimulation and muscle force and soreness measurements.

As mentioned, you will be involved in three electrical stimulation sessions, for
each one you will come to the laboratory six times in six continuous days as

below.

The day before (30 min): The maximal isometric and dynamic strength will be
measured. You will set on a isokinetic dynamometer (Biodex) and the maximal
isometric strength will be measured at three angles (100°, 70 ° and 40 °) of your
full knee extension. After a few minutes rest, your isokinetic force will be
measured at three angular velocities; 30°ssec-1, 180°+sec-1, 300°ssec-1. The
range of motion will be 60° starting from 100° of full knee extension. It will take

about 15 minutes to complete this testing.

The day of electrical stimulation(~3 hours): During the day prior to this
session, you will be asked to avoid consuming alcohol and performing any sport
training. All measurements on this day will be obtained during the morning as

follows:
Before exercise (60 minutes):

e You will sit on the stimulation chair.
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You will have three electrodes placed in various part of your thigh.

You will have four thermistors (temperature devices) attached to the skin
on different part of your thigh.

You will have a cannula inserted into a vein of your arm and fixed for
drawing blood samples.

3 mL of blood (less than one teaspoon) will be obtained.

A drop of blood will be taken from a finger via skin puncture device.

You will rank the pain on a visual analogue scale.

You will report your pain threshold when a pressure from an algometer is
applied.

Your maximal tolerance of the electrical stimulation intensity will be

determined by 2-6 contractions.

During exercise (15 minutes):

Electrical stimulation will be applied to one thigh for 17.5 minutes and 40
contractions will be performed.

Skin temperature, heart rate and blood pressure will be monitored
continuously.

Force production of each contraction will be recoded.

After exercise (100 minutes):

3 mL blood sample from the vein and a drop blood sample from the
finger will be obtained at five time points: immediately after, 15, 30, 45
and 60 minutes.

You will rank the pain on a visual analogue scale.

You will state your pain threshold when a pressure applied from the
algometer is applied.

Skin temperature will be monitored for 15 minutes.

At the end, muscle force will be measured.
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The days after exercise (40 min): you will come every day to the laboratory
for four days after the experiment for about 40 minutes to perform the following

measurements:

e A drop of blood from your finger.
e The maximal isometric and dynamic strength.
e The pain on a visual analogue scale

e The pain threshold from the algometer.

You will need to avoid any physical and sport training during the whole session
(6 days) except the usual daily activities. All these measurements will be

repeated three times as mentioned.

Risks

You may experience some mild discomfort with the electrical stimulation. There
may also be some discomfort with having the blood sample taken. Muscle

soreness could be felt after exercise and it will disappear within 2-3 days.

Benefits

Participation in the study will give you an opportunity to have several sessions
of electrical stimulation exercise and experience this kind of training. Also, you
will get an indication of your level of muscle strength. All study activities are

provided at no cost to the participants.

Confidentiality

Your results will be kept as confidential as is possible by law. All data will be

kept in the possession of the investigators. If the results of the study are
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published in a scientific journal, your identity will not be revealed. Participants
will not be referred to by name during research reports or study discussions. All
records will be stored in a locked filing cabinet with restricted access for a
minimum of five years in a private office. All computer records are restricted by

password.

Contacting the Investigators

We are happy to answer any questions you may have at this time. If you have

any queries later, please do not hesitate to contact:

Abdulaziz Aldayel at (08) 6304 5152, email a.aldayel@ecu.edu.au

Dr Mike McGuigan at (08) 6304 2118, email m.mcquigan@ecu.edu.au

Associate Professor Ken Nosaka at (08) 6304 5655, email

k.nosaka@ecu.edu.au

If you have any concerns or complaints about the research project and wish to

talk to an independent person, you may contact:

Research Ethics Officer

Human Research Ethics Officer
Edith Cowan University

100 Joondalup Drive
JOONDALUP WA 6027

Phone: (08) 6304 2170

Email: research.ethics@ecu.edu.au

Feedback
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All participants will be provided with test results as soon as they are available. A
summary of study results will be made available to all interested participants

upon completion of the trial.

Voluntary Participation

Whether you decide to participate in the study or not, your decision will not
prejudice you in any way. If you do decide to participate, you are free to

withdraw your consent and discontinue your involvement at any time.

Privacy statement

The conduct of this research involves the collection, access and / or use of your
identified personal information. The information collected is confidential and will
not be disclosed to third parties without your consent, except to meet
government, legal or other regulatory authority requirements. A de-identified
copy of this data may be used for other research purposes. However, your

anonymity will at all times be safeguarded.
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INFORMED CONSENT FORM

INFORMED CONSENT FORM

Project Title

The differences between the effects of electrical pulsed current and

alternating current on muscle damage and hormonal responses

| have read the information letter and the consent form. | agree to participate in
the study entitled ‘The differences between the effects of electrical pulsed
current and alternating current on muscle damage and hormonal responses’
and give my consent freely. | understand that the study will be carried out as
described in the information letter, a copy of which | have retained. | recognize
that | will receive electrical stimulation to my muscles and that this may cause
discomfort and that blood samples will be collected from my vein and fingers
throughout the research. | am aware the study consists of three sessions, each
session contains 6 consecutive days as described in the information letter. |
realise that whether or not | decide to participate is my decision. | also realise
that | can withdraw from the study at any time and that | do not have to give any

reasons for withdrawing. | have had all questions answered to my satisfaction.

Date:

Participant:
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MEDICAL QUESTIONNAIRE

MEDICAL QUESTIONNAIRE

The following questionnaire is designed to establish a background of your
medical history, and identify any injury and or illness that may influence your

testing and performance.

Please answer all questions as accurately as possible and if you are unsure
about anything please ask for clarification. All information provided is strictly
confidential. If you answer YES to any non-exercise related question that may
contraindicate you from completing this study a clearance from a qualified
medical practitioner will be required prior to commencement of any exercising or

testing.

Personal Details
Name: Subject No.:

Medical History
Have you ever suffered, or do you currently suffering any of the following: Tick if

YES

Heart disease/abnormalities High or abnormal blood
pressure

Angina severe headaches
Epilepsy

Asthma or bronchitis

Back, knee or other joint

High cholesterol
Rheumatic fever

Recurring back/knee or neck
pain

Any injury/breaks in muscle or
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problems joint

Diabetes Severe allergies

Infectious diseases Any neurological disorders
Any infectious diseases Any neuromuscular disorders
Are you on any medications?

If the answer to any of these questions is YES, please give details here:

Is there any other condition not previously mentioned which may affect your
knee exercise?

Lifestyle Habits

Questions Yes

Have you participated in resistance training in the last six months?

Do you exercise regularly?

If YES, what do you do?
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Do you smoke tobacco?

If YES, how much per day?

Do you consume alcohol?

If YES, how much per week?

Do you consume tea or coffee?

If YES, how many cups per day?

Declaration

| acknowledge that the information provided on this form is to the best of my

knowledge, a true and accurate indication of my current state of health.

Participant Name:

Date:
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EMS, because of easier access to a pulsed current stimu-
lator (Lyons et al. 2005; Ward 2009; Ward and Shkuratova
2002). The use of alternating current in sport training
increased after a Russian scientist Kots had claimed that
the muscle strength increased up to 40% with alternating
current (2500 Hz) modulated at 50 Hz, so called Russian
current (Ward and Shkuratova 2002). If both waveforms
are possible to use, the question is which is better for
strength training. However, physiological ditferences
between alternating current and pulsed current EMS are not
necessarily clear, and controversy exists among the find-
ings of previous studies.

Some studies showed that alternating current induced
more muscle fatigue than pulsed current EMS (Laufer
and Elboim 2008; Laufer et al. 2001; Stefanovska and
Vodovnik 1985). For example, Stefanovska and Vodovnik
(1985) reported that decreases in isometric torque of the
knee extensors over 10 contractions (10 s stimulation, 30 s
rest between stimulations) were significantly greater by
25% for alternating current EMS (2500 Hz delivered at
25 Hz) when compared with pulsed current EMS (25 Hz),
and this was also the case for 60-s continuous stimulation
(the magnitude of decrease in the torque was 43% greater
for the alternating current than pulsed current). If muscle
fatigue develops at early stage in EMS, the mechanical
stimulus to the muscle would be less, which may not be
ideal for strength training. However, the greater muscle
fatigue indicated by lower force generation in alternating
current than pulsed current EMS reported in the previous
studies (Laufer and Elboim 2008; Laufer et al. 2001;
Stefanovska and Vodovnik 1985) was not necessarily
observed in other studies. For example, several studies
(Grimby and Wigerstad-Lossing 1989; Holcomb et al.
2000; Lyons et al. 2005; Snyder-Mackler et al. 1989)
reported no significant difference in isometric contraction
torque between alternating and pulsed current EMS, when
muscles were stimulated at the maximal tolerable intensity
over intermittent isometric contractions. Thus, further
study is necessary to compare muscle fatigue in EMS
between alternating current and pulsed current using other
measures that could monitor changes in motor unit
recruitment during EMS.

Near-infrared spectroscopy (NIRS) can monitor muscle
oxidative metabolism during exercise (Hampson and
Piantadosi 1988; Quaresima et al. 2003). Felici et al.
(2009) reported that biceps brachii myoelectric activity
assessed by surface electromyography (EMG) was corre-
lated (r= 0.72) with muscle oxygenation assessed by
NIRS during sustained and repeated isometric contractions.
Since EMS interferes with EMG measurements, EMG
cannot assess a decrease in muscle activity during EMS
exercise. However, a decrease in muscle activity should
be reflected in a reduction in muscle oxygen (Os)
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consumption, thus NIRS could provide information relat-
ing to muscle fatigue (e.g.. reduction in muscle activity)
during muscle contractions evoked by EMS. No previous
studies have investigated muscle oxygenation during
alternating current EMS nor compared between alternating
and pulsed current EMS for changes in muscle oxygenation
during intermittent isometric contractions of the knee
extensors.

The purpose of the present study therefore was to
compare between alternating current EMS and pulsed
current EMS for changes in vastus lateralis and vastus
medialis muscle oxygenation and change in blood volume
using NIRS during intermittent isometric contractions. It
was hypothesized that the muscle oxygenation during the
isometric contractions would be less for alternating current
EMS compared with pulsed current EMS, if the former
results in greater muscle fatigue.

Methods
Subjects

Nine men (mean = SD age: 34.0 £ 7.0 years, body
weight: 85.4 = 14.1 kg, height: 174.0 & 5.1 ¢m) who had
not been involved In resistance training programs for at
least 6 months prior to the present study were recruited.
Subjects with any health problems (e.g.. hypertension,
epilepsy, neurological and neuromuscular disorders) or
who had any muscle or joint injuries of knee were exclu-
ded. All subjects were informed about the study, and a
medical questionnaire and an informed consent written
form were obtained prior to participation from each sub-
ject. The subjects were requested not to involve in any
physical activity before reporting to the laboratory. This
study was approved by the Edith Cowan University Human
Research Ethics Committee and conducted in accordance
with the Declaration of Helsinki.

EMS

All subjects received alternating current EMS for one leg,
and pulsed current EMS for the other leg in different days
separated by 2 weeks in a randomised, counter-balanced
order with no emphasis on the limb dominance. For each
EMS session, the subjects were not informed which current
was applied, thus the use of the waveform was blind to the
subjects. The knee extensors were stimulated by an Intelect
Advanced®Colour Stim (Chattanooga Group, TN, USA)
that could deliver both alternating current and pulsed cur-
rent. After cleaning the skin surface with alcohol pads, two
positive electrodes (50 x 50 mm) were placed over the
motor point of vastus lateralis and vastus medialis, which



Eur J Appl Physiol

were identified as the sites on the skin where the smallest
current amplitude was required to produce muscle con-
traction (Robertson et al. 2006). Two negative electrodes
(50 x 100 mm) were placed on the proximal portion of
rectus femoris muscle (Jubeau et al. 2008). The subjects
were seated on a Biodex isokinetic dynamometer’s chair
(Biodex Medical Systems, Inc., USA), and the knee joint
angle was set at 100° (0° corresponding to the full exten-
sion), and the trunk, pelvis, and thigh were firmly secured
to the seat by straps at trunk angle of 110°.

Figure 1 shows the diagram of the waveforms that were
used in the present study for alternating and pulsed current
EMS. The waveform of pulsed current was biphasic,
symmetrical and rectangular, and the pulses were delivered
at a frequency of 75 Hz (pulses per second) and pulse
duration was 400 ps, which was used in a previous study
(Jubeau et al. 2008). The waveform of alternating current
was polyphasic, sinusoidal and balanced, and adjusted at
2500 Hz alternating current (400 ps pulse duration),
delivered in bursts with a carrier frequency of 75 Hz and
the burst duration was 6.5 ms. These alternating current
parameter settings were similar to those used in previous
studies (Lyons et al. 2005; Rooney et al. 1992; Ward and
Shkuratova 2002). The stimulation protocols were adjusted
to match other parameters than waveform such as pulse
duration and duty cycle as identical as possible between the
alternating and pulsed current EMS. The stimulation time
was 3 s followed by a 15-s rest, so the duty cycle time was
25%, and the ramping time was included in the stimulation
(1 s for the rise time and 1 s for the fall time) based on
previous studies (Jubeau et al. 2008; Lyons et al. 2005).

The stimulation amplitude was started with 0 mA, and
gradually increased to a maximally tolerable intensity in
the first 10 contractions to reach a plateau force, thereafter
current amplitude was consistently increased every five
contractions to complete 30 isometric contractions at
maximally tolerable stimulation intensity. The magnitude
of increase in the stimulation amplitude was depending on
the feedback from each subject, and the increment was
between 0 and 5 mA for each time point. The torque of
each contraction was recorded by the Biodex software and
analysed using Chart data analysis software (ADInstru-
ments, Bella Vista. Australia).

Maximal voluntary isometric contraction torque

Subjects sat on the Biodex isokinetic dynamometer’s chair
and the setting was the same as that of the EMS protocol
described above. The rotation axis of the tested knee was
aligned with the rotation axis of the dynamometer’s
armature, and the ankle cuff was joined ~ 1 em proximal to
the medial malleolus. Gravity corrections were made at 10°
of knee flexion from a full-extension position. Subjects
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were asked to keep both arms positioned across the chest
with each hand clasping the opposite shoulder. Maximal
voluntary isometric contraction (MVC) was measured at
100° of the knee joint, because it was the angle that the
isometric contractions were evoked by EMS. Each subject
performed two maximal contractions with a 30-s rest
between contractions, before and immediately (within 5 s)
after EMS session. The contraction lasted for 5 s and the
MVC was determined by the peak of the torque curve for
each contraction. The higher peak value of the two
attempts was used for further analysis.

Blood lactate concentration

A 5 pl of blood was taken by finger prick and loaded to a
test strip of a Lactate Pro Analyzer (Arkray, Inc. Kyoto,
Japan). The samples were obtained before, immediately
after the 20th isometric contraction during the EMS ses-
sion, and immediately and 15 min after EMS exercise.

Near-infrared spectroscopy

A NIRO-200 oximeter (Hamamatsu Photonics K.K, Ham-
amatsu, Japan) was used to measure the concentration
changes in oxygenated haemoglobin (AO,Hb), deoxygen-
ated haemoglobin (AHHb), and total hemoglobin volume
(AtHb = AO-Hb + AHHb) from an arbitrary baseline of
zero. The NIRO-200 is a spatially resolved spectroscopy
(Suzuki et al. 1999) and it provides an absolute measure
of O;Hb saturation as tissue oxygenation index (TOI =
O,Hb/tHb x 100). The NIRS probe secured in a rubber
holder consisted of a laser diode that delivers three wave-
lengths (775, 810, and 850 nm) and an optical photode-
tector with two photodiodes, and the light emitter and
detector were separated by a distance of 4 cm. The NIRS
light has a penetration depth of ~2 cm (i.e., half of the
distance between the emitter and the detector) from the
skin surface (Chance et al. 1988), which was shown to be suf-
ficient for attaining a reflected light signal from the targeted
muscle (McCully and Hamaoka 2000). Two NIRS probes were
placed proximally adjacent to each of the EMS positive elec-
trodes and parallel to the longitudinal axis of the mid-belly of
the vastus lateralis (one probe) and vastus medialis (the other
probe). The NIRS probes were covered with a black fabric
cloth to minimise the interference of stray light and loss of NIR
light from the interrogation field. The NIRO-200 sample rate
was set at 6 Hz, and the signals were recorded at 200 Hz and
saved in a data acquisition system (PowerLab, ADInstruments,
Bella Vista, Australia) for later analysis.

The concentration changes in AO,Hb, AHHb and AtHb
are expressed as (M em, and TOIl is expressed as a per-
centage. The resting baseline values for AO,Hb, AHHb,
AtHb and ATOI were determined as the average of 30 s
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as that of the present study (i.e., 100°) using pulsed current
(75 Hz) at maximum tolerable current intensity (Jubeau
et al. 2008). When looking at the torque curves, the torque
was less steady for the alternating than pulsed current
EMS, and greater decreases in the torque were seen toward
the end of each contraction in the alternating current EMS
(Fig. 3). This was also reported in previous studies
(Grimby and Wigerstad-Lossing 1989; Stefanovska and
Vodovnik 1985). Grimby and Wigerstad-Lossing (1989)
stated that pulsed current EMS (30 Hz) was less fatiguing
than alternating current EMS (2500 Hz delivered at
50 Hz). Stefanovska and Vodovnik (1985) documented
that high-frequency stimuli (alternating current EMS:
2500 Hz delivered at 25 Hz) caused rapid fatigue of the
stimulated muscle when compared with pulsed current
EMS (25 Hz). It appears that the decrease in force toward
the end of contraction in the alternating current EMS
indicates that “fatigue” induced in alternating current was
greater than that in pulsed current EMS.

Jones (1996) described that action potential propagation
along the surface membrane was affected in “high-fre-
quency” stimulation, and this was referred to as “high-
frequency fatigue” that occurs at a frequency higher than
50 Hz, resulting in force loss, but the force quickly
recovers in the cessation of the stimulation. The force
generation recovered rapidly in the interval between con-
tractions in the present study (Fig. 3), therefore it may be
that “high-frequency fatigue™ was the cause of the force
loss during isometric contraction evoked by EMS. If this
was the case, it seems possible that the higher frequency of
the alternating current (2500 Hz) was responsible for the
decreases in the torque toward the end of each 5s
contraction.

Stefanovska and Vodovnik (1985) compared between
alternating current (2500 Hz modulated at 25 Hz) and
pulsed current (25 Hz) for the torque generation of the
knee extensors over 10 isometric contractions (10 s con-
traction, 50 s rest), and found greater decreases in torque
during the alternating current than pulsed current EMS.
However in the present study, no significant decreases in
isometric torque were observed over 30 isometric con-
tractions for both waveforms (Fig. 4b). Laufer and Elboim
(2008) compared alterneting current delivered at 2500 Hz
(modulated either at 20 Hz or 50 Hz) and pulsed current
delivered at 50 Hz for force integral of the wrist extensors
over 21 consecutive isometric contractions (3 s ramp up,
7 s on, 3 s off). They reported that decreases in the force
integral were significantly greater for alternating current
compared with the pulsed current, and stated that this was
related to a failure of the action potential to propagate
within muscle fibers due to “high-frequency fatigue” as
mentioned above. In the present study, it is possible that the
long interval (15 s off-time) between contractions might
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have provided a sufficient time for recovery of high-fre-
quency fatigue, thus the torque was not decreased over 30
contractions (Fig. 4b). It should be noted that the EMS-
evoked peak torque significantly increased over 30 iso-
metric contractions only for the pulsed current EMS ses-
sion in response to the increase in the stimulation intensity
(Fig. 4a, b). This may indicate that some muscle fibres
were unable to be recruited in response to the increase in
the stimulation intensity in alternating current EMS. It is
also important to note that the subjects were able to tolerate
higher stimulation intensity during both EMS protocols,
and the stimulation intensity increased about 65% over the
30 contractions. It appears that the pain tolerance increased
during EMS, which could be due to the increase in
threshold of pain receptors (Mackel and Brink 1995;
Owens and Malone 1983).

To the best of our knowledge, only one study (Kooistra
et al. 2008) investigated vastus lateralis muscle oxidative
metabolism during pulsed current EMS in healthy subjects
using NIRS. Kooistra et al. (2008) found no difference in
muscle O, consumption when compared 10 s of EMS
isometric contraction (50-70 Hz, pulsed duration: 100 ps
at the highest tolerated intensity) and 15 s of a maximal
voluntary isometric contraction at different angles of the
knee extensors. However, they recorded the changes in O;
consumption during single sustained isometric contrac-
tions, which may differ from intermittent isometric con-
tractions performed repeatedly in the present study. As
shown in Fig. 4¢, the changes in ATOI,,,, were not dif-
ferent between alternating current and pulsed current
(Fig. 4c), which may indicate a similar O, supply relative
to O, consumption during the relaxation phase between
waveforms. ATOL,,,, increased significantly over 30 iso-
metric contractions, which is likely to indicate that O;
supply during the relaxation phase increased. In contrast,
ATOlyin was significantly lower in pulsed current from the
18th contraction onwards when compared with alternating
current. The dynamic balance between O, demand and O,
supply is reflected in the changes in ATOI, and the changes
are affected by O, extraction and blood flow/volume
(Hamaoka et al. 2007). Since blood flow/volume did not
appear to be different between the waveform conditions as
shown in the similar changes in AtHb between conditions
(Fig. 4d), the difference in the ATOl, during the last 13
isometric contractions could be attributed to a difference in
O, consumption between conditions.

The gradual increases in ATOL,,;, during the alternating
current EMS may indicate decreases in Oy consumption
due to a smaller muscle volume being recruited. As dis-
cussed above, the torque data showed possible incapability
of recruiting additional motor units in alternating current
EMS. The decrease in peak torque during the alternating
current EMS-evoked isometric contractions (Fig. 2) may
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Mackey et al. (2008) have recently shown histological
evidence of muscle damage such as macrophage infil-
tration, desmin negative fibres and z-line disruption after
180 isometric contractions of the gastrocnemius muscle
evoked by EMS (60 Hz, duration 300 ps, on—off ratio
4-6 s). together with increased plasma creatine kinase
(CK) activity and muscle soreness. However, muscle
strength measures, which have been proposed as the best
indicator of muscle damage (Warren et al. 1999), were
not included in the study. Jubeau et al. (2008) compared
between 40 isometric contractions of the knee extensors
evoked by EMS (75 Hz, duration 400 ps, on—off ratio
6.25-20 s) and 40 voluntary isometric contractions of the
same muscles performed at the same intensity. They
showed that muscle soreness peaked 48 h after EMS and
serum CK activity exceeded 3,000 IU 17" at 72 h post-
EMS:; however, no such changes were evident after
voluntary isometric contractions. They also reported a
significantly greater decrease in maximal voluntary iso-
metric contraction (MVC) torque after EMS (—22%)
compared with voluntary contractions (—9%) at 45 min
post-exercise; however, no muscle strength measures
were taken after that time point to follow the recovery
process.

It is well documented that the magnitude of muscle
soreness developed after exercise is attenuated and recov-
ery of muscle function is enhanced when the same or
similar eccentric exercise is performed within several
weeks (Mair et al. 1995; Newham et al. 1987). This pro-
tective effect induced by a single bout of eccentric exercise
is referred to as the repeated bout effect (McHugh et al.
1999). It is possible that the second EMS bout does not
induce as severe muscle damage as the initial EMS bout. In
fact, Nosaka et al. (2002) reported that the second bout of
eccentric exercise in which the elbow flexors were forcibly
stretched while being stimulated by EMS resulted in
smaller changes in MVC strength, range of motion, upper
arm circumference and muscle thickness, muscle soreness,
plasma CK and aspartate aminotransferase activities com-
pared with the initial bout of the same exercise performed
2 weeks before. Black and McCully (2008) have recently
shown that changes in T2 relaxation time of magnetic
resonance images and muscle soreness following 80
lengthening contractions of the quadriceps femoris stimu-
lated by EMS were significantly smaller after the second
bout compared with the first bout that was performed
7 weeks before. However, it should be noted that these
studies compared the first and second EMS bouts consist-
ing of lengthening contractions. No previous study has
investigated the repeated bout effect for EMS bouts con-
sisting of isometric contractions that are generally per-
formed in EMS training, for changes in indirect markers of
muscle damage.
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Therefore, the present study tested the hypothesis that
the second bout of EMS exercise consisting of 40 electri-
cally evoked isometric contractions of the knee extensors
performed 2 weeks after the initial EMS would result in
smaller changes in MVC torque of the knee extensors,
muscle soreness and tenderness, and plasma CK activity
following EMS, and faster recovery of muscle function,
compared with the first bout.

Methods
Study design

Nine volunteers participated in two EMS sessions separated
by 2 weeks. The 2-week interval between bouts was chosen,
because it appeared that the duration was long enough for
the muscles to recover from the initial EMS bout, but
maximal protective effect if any could be observed, based
on previous studies in which maximal voluntary eccentric
exercise of the elbow flexors was investigated (Newham
et al. 1987; Nosaka et al. 2001). For each session, the
subjects were asked to report to the laboratory for six
occasions (1-3 days before EMS, EMS day and four con-
secutive days after EMS). Each EMS session consisted of
40 electrically evoked isometric contractions of the knee
extensors of one leg, which was randomly chosen but
counterbalanced among subjects, and the same leg was used
for the second bout. Each subject performed the two EMS
sessions at the same time of the day, and all EMS sessions
were performed between 8.00 am. and 10.00 a.m. The
intensity of EMS and torque induced by each stimulation
was monitored and recorded. and rating of perceived
exertion (RPE) was assessed every 2 min (six contractions)
during EMS that took 15 min to be completed. The inde-
pendent variable in this study was the first versus second
EMS bouts, and the dependent variables to assess muscle
damage consisted of MVC torque of the knee extensors,
muscle soreness and tenderness and plasma CK activity.
These measures were taken 1-3 days before, immediately
before and 1, 24, 48, 72 and 96 h following exercise. The
MVC was also assessed immediately after EMS. The sub-
jects were asked to remain in the seat of the dynamometer
until the 1 h post-EMS measurements for the EMS session
day. The study was approved by the University Human
Research Ethics Committee, and the study was conducted in
conformity with the Declaration of Helsinki.

Subjects
Nine healthy men (mean £ SD age 31.3 & 4.7 years, body

mass 76.3 + 11.2 kg, height 173.2 & 4.2 em), who had
not been involved in any resistance training programme for
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at least 6 months prior to the study, were recruited for this
study. During the experimental period, subjects were asked
not to change their regular physical activities and diet
habits. All subjects were informed about the study, and a
written informed consent form was obtained prior to par-
ticipation. Subjects were requested to avoid consuming
caffeine and alcohol 1 day before the EMS session and not
to complete any extra physical activity during the experi-
mental period. A familiarization session was completed by
the subjects at least 4 days before the data collection,
which included two MVC measures at 100° and EMS to
evoke three to five isometric contractions at submaximal
intensity.

Electrical muscle stimulation

Electrical muscle stimulation was applied while each
subject seated on a Biodex isokinetic dynamometer chair
(Biodex Medical Systems, Inc., USA) with the knee joint
angle of 100° (0° corresponding to the full extension) and
the trunk angle of 110° This knee joint angle was chosen
because a previous study (Jubeau et al. 2008) showed
indications of muscle damage following EMS performed at
this angle (100°). For minimizing any possible movement
of hip and thigh during the contractions, straps were bound
across the pelvis and chest.

The quadriceps femoris muscles were stimulated by an
Intelect Advanced® Colour Stim (Chattanooga Group, TN,
USA). Fours self-adhesive electrodes were placed on the
anterior surface of one thigh based on a previous study
(Jubeau et al. 2008). Prior to fix the electrodes, the skin
surface was cleaned with alcohol pads. Two positive
electrodes (50 mm x 50 mm) were placed over the motor
points of the vastus lateralis and vastus medialis muscles,
which were identified as the sites on the skin where the
smallest current amplitude was required to produce muscle
contraction (Robertson et al. 2006). Two negative elec-
trodes (50 mm x 100 mm) were placed on the proximal
portion of the quadriceps femoris muscle. The placement of
the electrodes was kept as consistent as possible between
bouts by the same investigator identifying the sites with the
same procedures between bouts.

A biphasic symmetrical rectangular stimulus pulses
were delivered with frequency of 75 Hz, and pulse duration
of 400 us (Jubeau et al. 2008). The ratio was 5 s stimulus
on-time and 15 s stimulus off time, thus the duty cycle time
was 25%. The ramping time was included in “on-time” so
that | s for the rise time and 1 s for the fall time, and only
3 s were at dosage stimulus intensity based on the previous
studies (Jubeau et al. 2008; Lyons et al. 2003). In this way,
an isometric contraction was evoked every 20 s, and the
whole EMS session lasted for 15 min to induce 45 con-
tractions. The stimulation amplitude (intensity) was started
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with 0 mA, and gradually increased for the first three to
five contractions, thereafter consistently increased every
one to three contractions towards maximally tolerable level
of each subject to induce maximal force generation. The
first five contractions were excluded from the analysis,
since the stimulation intensity did not reach the level of
maximally tolerable intensity, and force produced in these
contractions was low (e.g. less than 10% MVC). The
amplitude of each contraction was recorded, and the sub-
jective intensity of the stimulated contractions was asses-
sed by a Borg’s standard RPE 6-20 scale (Day et al. 2004)
at 1,3,5,7,9, 11, 13 and 15 min during the EMS. The
torque produced in each contraction was recorded using the
Biodex software and saved for later analysis for the
determination of torque (peak torque, average torque) and
torque time integral of each contraction. The average tor-
que during the EMS-evoked contraction excluding the
ramp time and torque time integral of each contraction was
calculated using Chart data analysis software (ADInstru-
ments, Bella Vista, NSW, Australia).

Dependent variables
Maximal voluntary isometric contraction torgue

Maximal voluntary isometric contraction torque measures
for both legs were performed on the Biodex isokinetic
dynamometer. Each subject sat on the dynamometer’s chair
in the same setting as the EMS protocol such that the
backrest angle was set at 110° of posterior incline, and the
rotation axis of the knee was aligned with the rotation axis
of the dynamometer's armature. MVC was measured at the
knee joint angle of 100°, which was the angle used in EMS
to stimulate the knee extensors. During the measurements,
both arms were positioned across the chest with each hand
clasping the opposite shoulder. Subjects performed three
MVC for 3 s with a 30-s rest between attempts. The
stimulated leg was always measured first followed by the
control leg, and the time lag between the legs was
approximately 10 min. Because of the time constraint, the
MVC measurements of the control leg were not performed
immediately after EMS. The peak torque of each contrac-
tion was calculated, and the highest value of the three
attempts was used for further analysis.

Muscle soreness

A 100 mm visual analogue scale (VAS) was used to assess
muscle soreness. Subjects were asked to rate their pain on
the VAS as 0 representing “no pain” and 100 as
“unbearable pain” while the muscles being palpated and
upon squatting motion. For palpation, four sites on the
quadriceps femoris (the midpoint between apex patellae
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and the anterior superior iliac spin, 5 cm proximal and
5 c¢m distal to this point, vastus medialis and vastus late-
ralis) were checked by the investigator placing his three
fingers at each site and applying pressure for 3 s. The
pressure and palpation regions
throughout the experiment such that the same investigator
gave a consistent pressure between days and among sub-
jects. The average values of the four sites were used for
further analysis. For the muscle soreness upon squatting,
subjects were asked to stand with their legs shoulder width
apart, and bend their knees slowly to 90° and then return to
the standing position. The pain level of the knee extensors
having the EMS was reported immediately after the
movement on the VAS scale.

were  standardized

Pressure pain threshold

Pressure pain threshold (PPT) was assessed using an
electronic algometer (Type II, Somedic Production AB,
Sollentuna, Sweden). The algometer was calibrated for
each occasion, and the same investigator took all mea-
surements using a standardized protocol. The probe head
(surface area = 1.0 em?) of the algometer was placed
perpendicular to the four sites of the quadriceps femoris
muscle that were used for the palpation soreness measures
(the middle point of the rectus femoris, the proximal of
rectus femoris, vastus medialis and vastus lateralis that
were clearly marked by a water-proof ink pen). Subjects
were familiarized with 5 s of pressure in no-painful ranges
(0-5 kPa s™') before the assessments. Force was gradually
applied at a constant rate of 50-60 kPa s~ until the subject
reported the first feeling of noticeable pain. Three mea-
surements were taken from each site sequentially with a
30 s interval between measures in the following order: the
middle point of the rectus femoris, the proximal of rectus
femoris, vastus medialis and vastus lateralis. The value in
kilopascals (kPa) corresponding to the amount of force
applied to elicit pain sensation was recorded. The mean of
the three measurements for each site was used for further
analysis, and the values of the four sites were averaged to
assess the tenderness in quadriceps muscle.

Plasma CK activity

A small amount of blood sample was taken from a fingertip
that had been cleaned with an alcohol swab using a spring-
loaded lancet. A heparinized capillary tube was used to
collect a 30 ul of whole blood and loaded onto a test strip
(Reflotron® Creatinine Test Tabs) of a Reflotron spectro-
photometer (Boehringer-Mannheim, Pode, Czech Republic)
to assess CK activity. The measurements were duplicated,
and if the difference of the two values was greater than 10%,
additional measurements were taken. In this method, the

@ Springer

184

normal reference ranges for adult men are 20-220 [U 17!
according to the instruction sheet of the test kit.

Statistical analysis

The normality of the data distribution was checked by a
Shapiro—Wilk test, and all variables except for CK passed
the test. Changes in the MVC, VAS of muscle soreness and
PPT over time were compared between the first and second
bouts by two-way repeated measures ANOVA. Changes in
stimulation intensity (amplitude), RPE, peak and average
torque, and torque time integral over 40 isometric con-
tractions were also compared between bouts using two-way
repeated measures ANOVA. When a significant interaction
effect was found, a Tukey’s post hoc test was followed to
compare between bouts for each time point. For plasma CK
activity, because of the normality was not established, a
Mann-Whitney test was used to compare between bouts for
the changes over time. A Student’s 7 test was also used to
compare peak plasma CK activity and peak muscle sore-
ness between bouts. The significance level was set at
P < 0.05. All data are expressed as mean + SD.

Results
Stimulation intensity, RPE and torque during EMS

Changes in stimulation intensity and RPE over the last 40
contractions were shown in Fig. 1. The stimulation inten-
sity gradually increased throughout the EMS without sig-
nificant difference between bouts. RPE increased in the
first 9 min and was close to the maximum after 10 min of
EMS, with no significant difference between bouts. No
significant difference between bouts was evident for
changes in peak torque, average torque (Fig. 2) and torque
time integral over the last 40 contractions. The peak torque
of each contraction was approximately 15-25% higher than
the average torque shown in Fig. 2; however, the changes
over 40 contractions were similar between the two. The
pattern of changes in the torque time integral was also
similar to that shown in the average torque. The peak
torque evoked by EMS was approximately 25-30% of
baseline MVC torque (185 £ 12 Nm). The average torque
increased in the first 10-15 contractions, but no further
increases were seen thereafter in spite of further increases
in the stimulation intensity.

Maximal voluntary isometric contraction torque
Maximal voluntary isometric contraction torque was not

significantly different between bouts before EMS for both
legs. The MVC of the control leg did not change
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different posture (lying versus sitting). However, it appears
that the magnitude of muscle damage to one leg induced by
the EMS in the present study was comparable to that in the
previous study (Jubeau et al. 2008), although there were
some differences in the experimental setup. In contrast,
Zorn et al. (2007) reported that no delayed onset muscle
soreness was induced after 30 min of EMS (63.3 Hz,
duration 400 us, on—off ratio 3.5-4.5 s) to provoke strong
tetanic contractions of the knee extensors at 90° for trained
cyclists, although plasma CK activity showed a small
increase at 24 h post-EMS. It is possible that the difference
in the subjects between the present study (untrained) and
the study by Zorn et al. (trained cyclists) attributed to the
different muscle soreness responses.

It 1s important to note that the muscle damage in the
present study was induced by isometric contractions evoked
by EMS. It has been documented that isometric contractions
do not result in as severe muscle damage as lengthening
contractions (Nosaka et al. 2002). Black and McCully
(2008) have recently reported that MVC decreased
approximately 20% on 1-2 days after 80 lengthening con-
tractions evoked by EMS, and resulted in muscle soreness
(peak: approximately 60 mm in VAS). These values appear
to be comparable to those in the present study, although the
number of contractions (40 versus 80) and the contraction
type (isometric versus eccentric) were different between the
studies. Jubeau et al. (2008) showed that the magnitude of
muscle damage induced by isometric contractions evoked
by EMS was significantly greater than that by voluntary
isometric contractions at the same intensity. However, it is
not known whether maximal voluntary isometric contrac-
tions result in the same magnitude of muscle damage as the
isometric contractions by EMS. It should be noted that the
isometric contractions were performed at a long muscle
length in the present study. Several studies (Jones et al.
1989; Saxton and Donnelly 1996) have reported that iso-
metric contractions at a short muscle length do not induce
muscle damage, but do at a longer muscle length. It may be
that maximal voluntary isometric contractions of the knee
extensors at a long muscle length (e.g. 100°) induce similar
changes in muscle damage markers to those shown in the
present study. If so, the cause of muscle damage is not EMS
itself, but isometric contractions at a long muscle length.
This should be investigated in future studies.

The torque evoked by EMS was estimated approxi-
mately 25-30% of the baseline MVC torque (185 £+
12 Nm) and post-EMS MVC torque (126 £ 9 Nm).
Adams et al. (1993) reported using a magnetic resonance
imaging technique that the cross-sectional area of the
vastus lateralis activated by EMS was associated with the
intensity of EMS, and approximately 25% of the cross-
sectional area was activated when the stimulation induced
the torque of 25% MVC. Thus, it is assumed that even
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when the muscles were stimulated at maximally tolerable
intensity in the present study, the number of muscle fibres
that contributed to the force production was less than one-
third of that during maximal voluntary contractions. It is
known that muscle fibre recruitment in EMS is different
from voluntary contractions such that muscle fibres are
recruited non-selectively, synchronously and spatially fixed
during EMS (Gregory and Bickel 2005). It is possible that
the synchronous muscle fibre activation in EMS induces
more mechanical stress to muscle fibres (Kim et al. 1995a;
Mackey et al. 2008). Hansen et al. (2009) have recently
shown greater myofibrillar proteolysis after lengthening
contractions with EMS than maximal voluntary lengthen-
ing contractions, and stated that electrically stimulated
muscle contractions are likely to result in greater intra-
cellular strain and higher stress forces due to a highly
uniform contraction of all muscle fibres within the stimu-
lated region. This may be also the case for isometric con-
tractions evoked by EMS.

When comparing between the first and second bouts, no
significant differences in stimulation intensity and RPE
(Fig. 1) and peak torque produced over 40 contractions
(Fig. 2) were evident. It is interesting that no improvement
in the tolerance to EMS was seen in the second bout. It may
be that the interval between the two EMS bouts was too
long to see any improvement in tolerance. It is important to
note that the second EMS bout was performed after com-
plete recovery from the first EMS bout, since there were no
significant differences in any of the pre-EMS measures
between bouts. Moreover, the decreases in MVC immedi-
ately and | h post-EMS (26%) were similar between the
bouts (Fig. 3). Zory et al. (2005) reported that MVC
decreased approximately 20% immediately after 30 iso-
metric contractions of the knee extensors evoked by EMS
(75 Hz, on—off ratio 6.25-20 s), and neuromuscular prop-
agation failure was mainly responsible for the decrease. It
seems that excitation—contraction coupling failure was at
least partially responsible for the decreases in MVC (Ing-
alls et al. 2004); however, ultrastructural changes in myo-
fibrils as shown in the study by Mackey et al. (2008) may
also account for the long-lasting decreases in MVC after
EMS. Therefore, the decreases in MVC immediately and
I h following EMS in the present study are likely to reflect
the combination of muscle fatigue and muscle damage, and
it seems reasonable to assume that the two EMS bouts
affected muscles similarly during the exercise, resulting in
the similar extent of decrease in MVC within 1 h following
EMS. Thus, the differences between the bouts for the
changes in the dependent variables between 24 and 96 h
following EMS were likely due to protective effect
conferred after the first EMS bout.

The present study was the first to compare between the
first and second EMS bouts consisting of isometric
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