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ARTICLE

Enhancing Adaptations to Neuromuscular Electrical
Stimulation Training Interventions
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BLAZEVICH, A.]., D.E. COLLINS, G.Y. MILLET, M.A. VAZ, and N.A. MAFFIULETTI. Enhancing adaptations to neuromuscular
electrical stimulation training interventions. Exerc. Sport Sci. Rev., Vol. 49, No. 4, pp. 244-252, 2021. Neuromuscular electrical stim-
ulation (NMES) applied to skeletal muscles is an effective rehabilitation and exercise training modality. However, the relatively low muscle force and
rapid muscle fatigue induced by NMES limit the stimulus provided to the neuromuscular system and subsequent adaptations. We hypothesize that

adaptations to NMES will be enhanced by the use of specific stimulation protocols and adjuvant interventions. Key Words: NMES, rehabilitation,
nerve, pulse width, frequency, strength

KEY POINTS e Despite positive results in acute studies, the chronic effects of
using alternative NMES parameters or configurations, or com-
bining NMES with local vibration, blood flow restriction, vol-
untary contractions, mental imagery, or photobiomodulation
therapies, remain understudied, and their clinical effectiveness
remains to be determined.

¢ Both the magnitude and duration of mechanical tension de-
veloped during neuromuscular electrical stimulation (NMES)
exercise influence neuromuscular adaptations, and these
adaptations may be optimized by the use of specific stim-
ulation protocols and adjuvant interventions.

¢ Commonly used NMES protocols evoke relatively low mus-
cle forces with partial muscle recruitment, and fatigue oc-

curs rapidly, limiting the adaptive response to repeated use. INTROPUGIQN )

e Distributed NMES techniques, using multiple electrode pairs Electrical stimulation of motor axons through electrodes
to stimulate the muscle or nerve, show promise in producing placed over a muscle or nerve, that is, neuromuscular electrical
higher forces with less fatigue and discomfort than traditional stimulation (NMES), can be used to generate muscular contrac-
(single-channel) NMES. tions. NMES can assist movement for people with incomplete

muscle activation, as with functional electrical stimulation, or

produce contractions with the sole purpose of evoking chronic
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well-being in clinical and nonclinical populations (1). NMES
is, thus, a beneficial clinical tool, particularly in individuals

0091-6331/4904/244-251 with impaired voluntary contraction capacity.
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the most deconditioned of individuals. Accordingly, solutions
are required that (a) increase muscle recruitment and reduce
discomfort to produce more force and thus increase the physio-
logical stimulus, (b) reduce contraction fatigue to increase work
(i.e., mechanical stress) during a training session, and (c) in-
crease the magnitude (and breadth) of adaptation to a given
level of work. We hypothesize that adaptations to NMES will
be enhanced by the use of specific stimulation protocols and ad-
juvant interventions. After a short overview of conventional
NMES, we therefore report on the state of the art with regard
to several important strategies that may achieve these aims.
Strategies are organized as intrinsic to NMES (alternative pa-
rameters and electrode configurations) or concurrent to NMES
(vibration, volition and mental imagery, blood flow restriction

[BFR], and photobiomodulation therapies [PBMT]).

COMMONLY USED NMES PROTOCOLS: OUTCOMES
During NMES, current pulses are delivered through elec-
trodes on the skin at frequencies high enough that the twitches
generated by each stimulus pulse sum to produce smooth
“tetanic”) contractions (Fig. 1). Common NMES parameters
include relatively short biphasic pulses (0.2-0.6 ms) delivered
at 30-50 Hz, although it may be delivered at higher frequencies
(e.g., 80 Hz) under some conditions. When used to improve
muscle size, architecture, or function, these pulse widths and
frequencies are delivered at the highest tolerable amplitude
(current intensity) typically in 5- to 10-s trains (“on” period)
separated by longer recovery phases (“off” period) to produce
intermittent contractions, often under static (isometric) condi-
tions. Typically, two stimulating electrodes are positioned over
a muscle belly to target motor point(s) and facilitate current
flow to motor axons (2). In both clinical and laboratory
applications, the quadriceps femoris is the most commonly
stimulated muscle due to its accessibility and functional
relevance; however, NMES can be delivered over a muscle
belly to activate any superficial muscle or muscle group.
Repeated NMES use in healthy subjects can improve maxi-
mal voluntary strength, albeit less than with volitional strength
training, and induce neural adaptations and muscle hypertrophy

NMES over the
nerve

Large number of

NMES over the
MUs activated }/}

muscle belly

(3). Similar outcomes — often accompanied by improvements
in physical function — are observed when NMES is used for
rehabilitation after a period of disuse, such as after surgery (4).
For individuals who are partially or completely immobilized,
including those with advanced disease, even small doses of
NMES effectively counteract muscle atrophy and weakness
and can substantially improve general health, well-being, and
quality of life (1). NMES reduces muscle atrophy and weakness
after immobilization by increasing or maintaining muscle protein
synthesis (5), although suppression of protein breakdown may
also contribute.

ALTERNATIVE STIMULATION PARAMETERS AND
ELECTRODE CONFIGURATIONS

Current Parameters: Pulse Duration and Frequency

When relatively short pulse durations (narrow pulse widths;
0.05-0.25 ms) and low frequencies (30-50 Hz) are used for
NMES, the activation of motor axons is favored over sensory
axons (6). Increasing both pulse duration (up to 0.5-1.0 ms)
and frequency (up to 80-100 Hz), however, can generate
contractions that arise at least in part through central pathways
by increasing the activation of sensory axons and generating
contractions via reflex pathways through the spinal cord (7).
This effect of pulse duration stems from differences in the types
of ion channels in motor and sensory axons, with channels on
sensory axons requiring longer depolarization times before they
open, and has been shown to reduce fatigue (8). Combining
wide pulses with high frequencies to minimize fatigue has been
trialed with mixed success. A disadvantage of delivering
NMES at high frequencies is that it decreases motor axon
excitability (9) and may (3) (although not always (10)) lead
to an increase in metabolic cost and peripheral fatigue (11),
which are counterproductive for producing fatigue-resistant
contractions. Thus, there is a trade-off between using lower
NMES frequencies to avoid fatigue and higher frequencies to
maximize the afferent signal sent to the central nervous system,
and thus contraction force. Wide-pulse high-frequency NMES
may also have neuromodulation applications, as the large sensory

(A) Stimulation can be applied to the muscle,
nerve, or both; MUs are recruited differently
depending on stimulation method

(B) The pulse frequency, intensity and
duration can be altered within trains; pulse
choices affect muscle force and rate of fatigue
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Figure 1.

A. neuromuscular electrical stimulation (NMES) may be applied via electrodes over the muscle belly or a large nerve trunk; nerve stimulation may

activate all MUs within the nerve, whereas muscle belly stimulation recruits motor units (MUs) that lie closer to the stimulating electrodes; few nerves are readily
accessible, so muscle belly NMES is more commonly used. B. Pulse frequency and duration as well as current intensity may be altered to achieve different out-
comes. Higher frequencies and stimulation intensities both recruit more MUs and increase MU-specific force and thus evoke higher forces, but fatigue may be
more rapid. Wider pulses (e.g., 1 ms) may activate sensory fibers to enhance MU recruitment through central (reflex) pathways.
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input may increase activity in circuits that control movement and
over time strengthen these circuits and improve movement
outcomes of rehabilitation programs. This possibility is worthy
of further study.

Stimulation Site: Muscle Belly Stimulation, Nerve
Trunk, and “Interleaved” NMES

NMES commonly is applied through two electrodes, an “ac-
tive” cathode and a “return” anode, placed on the skin over a
muscle belly (or muscle group) to target the motor points.
Delivered in this way, NMES generates contractions pre-
dominantly by depolarizing motor axons, and motor units
(MUs) are recruited synchronously with each stimulus pulse
(7). This contrasts with the asynchronous MU discharge
that occurs during voluntary contractions, necessitating
the use of high NMES frequencies to generate sufficiently
strong tetanic contractions and forcing MUs to discharge
at unphysiologically high rates. High MU discharge rates
during NMES increase fatigue, due to increased metabolic
demand on muscle fibers (3) and because MUs “drop out”
as the excitability of motor axons under the stimulating
electrodes decreases (9).

When applied over a muscle belly, NMES preferentially re-
cruits superficial MUs (Fig. 1), with deeper MUs progressively
recruited as stimulation intensity, and, thus, contraction strength,
increases (12,13). Consequently, MU recruitment order during
NMES depends on spatial distance from the stimulating electrodes
(rather than Henneman's size principle, as during voluntary
contractions), and MUs are recruited relatively randomly
with respect to their size (and, thus, their type), contributing
to fatigue. It is, therefore, challenging to recruit a sufficient
number of MUs to generate strong contractions and thus to
maximize the physiological stimulus before reaching either the
maximal stimulator output or the limit of discomfort induced by
the stimulation. This is particularly relevant for large muscles, for
example, the quadriceps, and in individuals with substantial
subcutaneous adipose thickness, which increases current resistance
(14). Thus, although NMES delivery through two electrodes over
a muscle belly is common, it is rarely optimum due to its effects
on fatigue and difficulty in recruiting a sufficient number of MU.
Strategies described in this review are being developed to address
these limitations.

Delivering NMES over a nerve trunk can provide a reliable
alternative to stimulating over a muscle belly, although it is less
common as there are fewer sites at which a nerve runs suffi-
ciently close to the skin to be accessible to stimulation. Acces-
sible nerves in the lower limbs include the common peroneal
and tibial, at the side and back of the knee, respectively. Indeed,
NMES was first applied over the common peroneal nerve in the
1960s to dorsiflex the ankle during the swing phase of walking
for individuals experiencing “foot drop” after a stroke (15),
and this application is still in use today. Although the femoral
nerve is accessible in the femoral triangle to activate the
quadriceps, there are challenges (both physical and social) in
accessing the site, and it is difficult to generate stable knee
extensor contractions while minimizing discomfort; it is thus
not feasible in many individuals. Although NMES is rarely
applied over nerves of the upper limb, the radial, median and
ulnar nerves are accessible to stimulation.
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One potential reason to stimulate over a nerve trunk is that
MU recruitment is not superficial-to-deep, as occurs with NMES
over the muscle. Instead, both superficial and deep MUs are re-
cruited, independent of stimulation or contraction level (13).
In addition, all motor axons to the muscle lie directly beneath
the stimulating electrodes and are, thus, readily accessible to
the applied current. Both factors markedly increase contraction
strength. Delivering NMES over a nerve trunk can increase
the extent to which reflex pathways through the spinal cord
contribute to the evoked contraction (see point 1, “current
parameters,” previously). The stimulation of sensory axons can
generate contractions via reflex pathways through the spinal
cord, and this recruits fatigue-resistant MU first, according to
Henneman's size principle (16). Accordingly, when stimulating
the tibial nerve in individuals with complete spinal cord injury,
contraction strength was reduced by ~70% when generated
solely by the stimulation of motor axons, but by only ~40%
when H-reflexes also contributed to the contractions (8).

An alternative approach, called “interleaved” NMES, com-
bines NMES over the muscle and nerve to minimize fatigue
by reducing MU discharge rates (17). During interleaved NMES,
pulses are alternated between the two sites, thus recruiting
different MUs with each alternate pulse. Accordingly, to deliver
a “net” frequency of 40 Hz, pulses are delivered at 20 Hz to each
site alternately, effectively reducing MU discharge rates by half.
Interleaved NMES exploits the previously described spatial
differences in the way NMES over the muscle and nerve
recruit MUs. Interleaved NMES reduces fatigue by ~30%—40%
compared with over-the-muscle or nerve alone during light tibialis
anterior contractions (15% maximum voluntary contraction
[MVC]) (17), with a similar effect observed in contractions up
to at least 30% MVC (18). As contraction strength increases
further, however, the “overlap” of MUs recruited by the muscle
and nerve sites increases (10) and will theoretically eventually
negate the advantage of the interleaved approach. Although
interleaved NMES has proven effective for reducing fatigue for
tibialis anterior, it is not known whether it will be as effective
for other muscles.

Current Distribution: Spatiotemporally Distributed
NMES With Multichannel Systems

The physiological shortcomings of conventional NMES, de-
livered through two electrodes over a muscle belly, are partially
circumvented by the so-called distributed NMES (also referred
to as multielectrode/multichannel/sequential/asynchronous NMES),
in which multiple electrodes are spatially distributed over the
same muscle belly (19) or distributed to synergistic muscles
(20,21) and current pulses are rotated between electrodes.
Current is then delivered at lower frequencies, sequentially to
each channel (i.e., electrode pair). For example, delivering pulse
trains at a frequency of 10 Hz per channel in a sequential order
to four distinct channels results in a “net” NMES frequency of
40 Hz (22). As such, distributed NMES represents a valid
alternative to conventional NMES for generating stronger
contractions by recruiting more MUs as a result of the spatially
distributed electrodes, with less fatigue due to the lower discharge
rates (23). Indeed, distributed NMES over the quadriceps resulted
in contractions that fatigued ~25% less than when using
conventional NMES (19,22).

Wwww.acsm-essr.org
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Distributed NMES has been applied to different lower and
upper limb muscles in healthy subjects and neurological patients
and studied in a variety of conditions from static single-joint ac-
tions (21) to functional movements and activities of daily living
(15,20). For example, “multipath” NMES — where pulsed current
is delivered to the quadriceps muscle through a wearable solution
integrating large electrodes and multiple current pathways — was
more effective than conventional NMES for restoring muscle
strength and physical function after knee surgery (4). This
may be explained by the higher contraction force, presumably
through a greater and more distributed MU recruitment, achieved
with multipath NMES than conventional NMES (24), but
possibly also to lower discomfort and hence greater training
compliance (4,24). Although the usability of a new foot drop
NMES device based on surface multifield electrodes has
recently been demonstrated in a clinical rehabilitation context
(15), its therapeutic effects within a neurorehabilitation program
remain to be confirmed. Regardless, with a careful selection
of channel numbers, NMES frequency, and intensity, both
neuromodulation effects and fatigue-resistant contractions could
be attained. Despite good evidence in favor of spatiotemporally
distributed NMES for increasing force (recruitment) and
reducing fatigue, further research is needed to determine its
clinical feasibility and effectiveness for different applications
and patient groups.

NMES-PLUS: STRATEGIES FOR CONCURRENT USE WITH
NMES

Local Vibration During NMES

The application of tendon (or muscle) vibration during
NMES has received recent scrutiny because of the possibility
that activation of reflexive pathways might promote recruit-
ment of additional lower-threshold MUs for a given current in-
tensity, that is, more MUs may be activated for a given level of
discomfort. As described in detail in Supplemental Digital Con-
tent 1, http://links.lww.com/ESSR/A54, vibration (typically
0.2-2.0 mm amplitude; 20100 Hz frequency) activates primary
muscle spindle endings and thus may provide a facilitatory stim-
ulus onto the vibrated muscle. This facilitation tends to reduce
MU recruitment thresholds and increase the number of active
MU, and thus increase force of low-to-moderate intensity con-
tractions but not of high-to-maximal intensity contractions
(25). In addition, part of the facilitatory effect may arise from
the activation of persistent inward currents at the motoneuron
dendrites (26,27), leading to an increase in NMES-evoked
force (27). Nonetheless, even relatively brief bouts of vibration
applied during voluntary contractions may reduce maximal
voluntary force production (28) and time to failure during
submaximal exercise tasks (29). Thus, vibration of the duration
required to complete a series of muscle contractions (e.g., 30180 s)
may not provide meaningful benefits or may speculatively
reduce voluntary force production.

However, Magalhdes and Kohn (30) observed significant
increases in NMES-evoked plantar flexor torque and impulse
and ongoing torque at the cessation of NMES and vibration
when 2-s bursts of 100-Hz tendon vibration were superimposed
onto 20-Hz NMES trains. In addition, Trajano et al. (27)
imposed five 2-s, 20-Hz NMES trains at 20% MVC over 33 s
of continuous 70-Hz Achilles tendon vibration and observed
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variable but substantial increases in torque in successive
stimulations (up to ~140% after five stimulations) and ongoing
torque between stimulations (during vibration) and at cessation
of both NMES and vibration (e.g., Fig. 2A; note, the ongoing
torque can approximate the initial NMES torque). However,
although the interindividual variability of the response was not
reported, Kirk et al. (31), using the same technique (but with a
higher vibration frequency of 115 Hz), found an augmented
response to vibration in 17 of 25 participants (varying from
~5% to >100% of initial NMES torque), indicating a substantial
interindividual variability in the response. Subsequently,
Bochkezanian et al. (32,33) examined the response to 30-Hz
NMES trains (2 s on/2 s off) with and without 55-Hz patellar
tendon vibration. In a nonclinical population (32), 8 of 16
subjects showed greater torque-time integral (i.e., total impulse)
before reaching “fatigue” at 50% of initial knee extension
torque when vibration was applied. Individuals with the lowest
torque-time integral typically showed the best response to
vibration, and the loss of MVC torque immediately after the
NMES condition was overcome in the vibration condition in
all participants. In people with chronic spinal cord injury (33),
4 of 9 participants showed a greater torque-time integral in the
vibration condition, although there was no clear indicator as to
who would or would not respond positively. Of concern in
both studies was that an earlier fatigue onset and substantially
reduced torque-time integral were observed in most of the
remaining participants (i.e., nonresponders).

Based on the above data, it seems that the imposition of ten-
don vibration during NMES well above motor threshold (e.g.,
contractions 220% MVC) may provide significant peak torque
or muscle work benefits; however, these effects may only work
in approximately half of all individuals. It is not clear why such
response variability exists, but a significant scope exists to vary
the NMES and vibration parameters to optimize the response
and, thus, to find a protocol that strongly improves torque or
impulse in most individuals. As no trials exist comparing
NMES with vibration to NMES alone, it is not known yet
whether vibration might improve clinical outcomes.

Voluntary Contractions and Mental Imagery During
NMES

As both voluntary contractions and NMES acutely enhance
corticospinal excitability (16,34), and their combination can
promote additional excitability, the hypothesis has been tested
that continued use of NMES above motor threshold paired with
voluntary muscle contraction would enhance motor output
and thus muscle force production and motor recovery from
neurologic injury. In stroke survivors, electromyogram (EMG)-
triggered NMES (i.e., NMES delivered when voluntary activation
is detected) produced better strength and functional outcomes
than NMES alone (e.g., see (35)). However, subsequent
randomized controlled trials were less convincing, and recent
systematic reviews have not detected larger effects after
EMG-triggered NMES versus NMES alone (e.g. (36)). Thus,
ideal protocols in which the production of voluntary forces with
NMES augments the response to NMES have not yet been defined.

A subsequent question arises as to whether the effects of
NMES are augmented when performed with mental imagery.
As strong efforts to imagine a contraction are commonly associ-
ated with small electrical signals, that is, an EMG signal, being

Maximizing Adaptations to NMES 247


http://links.lww.com/ESSR/A54

A Acute effect of vibration + NMES

5x2-s20 Hz
electrical stimulation

S0+ 1 2 3 4 5

40 —

30

Relaxed
(Toust)

20

10 —|

Joint Torque (Nm)

B Chronic effect of BFR + NMES
350
330
310
290

270

Isometric Force (Nm)

250

190

180

170
160

150

LT T

140 Training Detraining

PRE MED POST POST2 POST3

Isokinetic Force (Nm)

Figure 2. A. Effect of neuromuscular electrical stimulation (NMES)
superimposed over Achilles tendon vibration. Ankle plantar flexion torque
(dark solid line) is zero at rest (section 1). Application of continuous tendon
vibration (section 2) induces a tendon vibration reflex (TVR) and an increase
in torque. Superposition of 2-s bursts of NMES over the muscle belly gener-
ates larger torques until a maximum response is reached (section 3). Torque
remains high as vibration is continued even after NMES is ceased (section 4)
and tends to remain above baseline in some individuals even after vibration is
ceased (section 5). This ongoing torque, or sustained torque (Ts,), indicates
a motoneuron facilitation effect, possibly resulting from activation of persis-
tent inward currents in motoneurons. B. Changes in maximal isometric (up-
per panel) and isokinetic (180°s~", lower panel) knee extension torque
under NMES (open squares) and NMES + blood flow restriction (BFR, filled
squares) before the training period (PRE), during the training period (MED),
and immediately (POST), 1 wk (POST2), and 2 wk after the training period
(POST3). Data are means = SE. (Reprinted from 56. Copyright © 2015
American College of Sports Medicine. Used with permission.)

detected at the target muscle without conscious effort to con-
tract by the subject, the EMG signal can be used to trigger the
timed delivery of NMES. Using this technique, Hong et al.
(37) found greater improvements in muscle function (upper
limb scores of Fugl-Meyer motor assessment and Barthel
index) and activation of premotor, motor, and somatosensory
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cortices (assessed by positron emission tomography) after 4 wk
(five sessions per week) of forearm extensor NMES when
triggered by the EMG signal produced during mental imagery
(subjects imagined vigorously waving their arm) than with
NMES alone. Subsequently, these findings have been supported
by some (38) but not others (39) using similar study designs and
populations. Therefore, although the simultaneous use of mental
imagery with NMES above motor threshold shows promise,
there is currently a lack of controlled trials on which to draw
firm conclusions. It also is unclear whether factors such as the
imagined task or instructions, or other factors associated with the
imagery process, might affect training outcomes.

Photobiomodulation Therapy Before NMES

Although increasing the stimulus applied to the muscle is
an important focus of current research, it may also, at least
theoretically, be of benefit to increase the duration of muscle
contraction (to increase the work done) before fatigue criti-
cally limits force production within a session. With this
aim, the application of light sources to the muscle before
NMES has recently been trialed. Photobiomodulation ther-
apy (PBMT) is thought to reduce muscle fatigue and resolve
muscle damage after intense exercise, thereby improving
physical performance (40). However, other effects, including
reductions in muscle fatigue, increases in the clearance of
metabolic by-products (e.g., improving blood lactate clearance),
reductions in exercise-induced muscle damage (e.g., creatine
kinase, C-reactive protein), and thus improvements in physical
performance during exercise (i.e., increasing the number of
repetitions or exercise time), might indicate a benefit to
increasing training load during NMES sessions (40). Our current
understanding of the mechanisms by which PBMT exerts its
effects is briefly summarized in Supplemental Digital Content 2,
http://links.lww.com/ESSR/A55.

Outcomes of research examining the effect of PBMT on the
work completed before fatigue in an NMES session are mixed.
In rat tibialis anterior, Lopes-Martins et al. (41) found
significant increases in the time for the NMES-evoked torque to
decrease by 50% in PBMT groups receiving 0.5 and 1.0 J-cm™
of muscle surface, but not 2.5 J-cm™?, compared with a
no-PBMT control group. Lower creatine kinase levels were
observed in 1.0 and 2.5 J-em™2 PBMT groups compared with
the 0.5 J-cm™? PBMT and control groups. In the same muscle,
Santos et al. (42) found that only specific power-wavelength
combinations reduced fatigue and attenuated muscle damage
when applied before and in the days after fatiguing NMES
contractions, indicating the effectiveness of the method only
under specific conditions. Nonetheless, in humans, both small
(N = 5; PBMT: 500 mW, 808 nm; NMES: 3 min continuous)
(43) and large (N = 24; PBMT: 200 mW, 830 nm; NMES: 5 s
on/15 s off, 45 contractions) (44) randomized, crossover studies
found no effect of PBMT applied shortly before NMES on knee
extensor fatigue or soreness compared with control, although
PBMT was reported to reduce impairments in the enzymatic
antioxidant system and reduce inflammation duration induced
by a single NMES session (45). Thus, either PBMT has less effect
in human than animal skeletal muscle or further tests are required
using different PBMT parameters and muscle groups to determine
the parameters that might have a clinically meaningful effect.
Importantly, a higher charge density may be delivered to the
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animal muscles, partly due to lesser subcutaneous adipose tissue,
smaller muscle thickness, differences in PBMT probes, and a
smaller laser beam distance between application sites in animals
(possibly due to use of single beam probes in animals, but a fixed
distance between multiple laser beams in humans). Recommended
PBMT parameters have been proposed for voluntary exercise (46)
but are not yet available for NMES exercise.

BFR During NMES

In addition to increasing the total stimulus applied during
NMES, improved clinical outcomes may be obtained by en-
hancing the postexercise adaptive response to the training.
BFR during exercise may be a key intervention in this regard,
particularly because of its purported benefits during low-load resis-
tance exercise (47). BFR increases the anaerobic contribution of
energy expenditure and, consequently, metabolic by-product
accumulation and neuromuscular fatigue. For instance, Husmann
et al. (48) showed that the decrease in maximal voluntary
torque was exacerbated with BFR, the cause being both of
peripheral (decrease in high-frequency doublet and occurrence
of low-frequency fatigue during exercise) and central (at
exercise termination) origin. As a result, type II muscle fibers,
usually activated at high exercise intensities, are recruited
earlier during the task, allowing BFR to up-regulate the muscle
hypertrophy-signaling cascade, satellite cell cycle initiation,
and growth hormone production and to promote a vascular
endothelial growth factor-mediated angiogenic response (49).
Relating to NMES, the level of peripheral fatigue during a
5-min continuous train of 2-Hz NMES gradually increased
with increasing perfusion restriction in the triceps surae (50).
Thus, BFR may induce similar physiological adaptations as more
demanding exercise (such as high-load/high-intensity resistance
training) and, consequently, be particularly suited to individuals
who are unable to tolerate high musculoskeletal forces/stresses
such as clinical populations, elderly persons, or athletes
recovering from injury. Overall, although high-load strength
training induces greater neural adaptations than low-load
BFR resistance exercise, low-load BFR resistance exercise can
induce both strength gains and muscle hypertrophy (47).
When comparing low-load exercise training with BFR versus
high-load strength training, recent meta-analyses have shown
some inconsistency (e.g., see (47)).

Regarding chronic interventions, NMES combined with
BFR improved rat soleus muscle mass more than NMES alone
(51), and this was associated with activation of ERK1/2 and
mTOR pathways, a finding confirmed by Natsume et al. (52)
in rat gastrocnemius. In recreationally active humans, 6 wk of
BFR + NMES training of the quadriceps (with four weekly
sessions of 32 min) was more effective for increasing maximal
knee extensor strength than BFR or NMES alone, although
no significant changes in muscle mass were detected (53). In
patients with spinal cord injury (incomplete tetraplegia), 6 wk
of bilateral NMES of wrist extensor muscles induced a 17%
greater increase in muscle cross-sectional area when combined
with BFR than NMES alone (30% above resting systolic blood
pressure) (54). However, when NMES was performed at a low
contraction intensity (5% to 20% MVC) for relatively short
periods (2 to 6 wk, two sessions per day), conflicting results
were observed. Whereas Andrade et al. (55) found no changes
in maximal strength, Natsume et al. (56) reported significant
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increases in both maximal isometric and isokinetic force production
(Fig. 2B). Surprisingly, muscle hypertrophy was induced in
only 2 wk in the latter study, yet this result was confirmed by
a recent experiment (57) showing that NMES + BFR (2 wk,
two sessions per day, five sessions per week) may prevent
muscle mass loss resulting from limb disuse (using knee brace
and crutches), although NMES + BFR did not preserve maximal
strength. Thus, the current evidence suggests that BFR + NMES
may evoke greater strength and muscle mass adaptations in
human muscles than NMES alone, but these data need to be
reinforced by additional human studies with larger samples
and longer interventions. Of note, although severe muscle
damage has been reported only rarely after BFR during voluntary
contractions, further studies need to explicitly determine whether
the combination of NMES and BFR may increase the risk of

severe muscle damage or, potentially, kidney injury.

Nutritional Supplementation Before or After NMES

Although the reduction in physical activity resulting from
illness, injury, disease, or aging decreases muscle mass and
strength through a net muscle protein breakdown in skeletal
muscles, food ingestion can both stimulate protein synthesis
and inhibit breakdown (58). A key nutrient driving muscle
acquisition is protein. Ensuring that multiple meals throughout
the day contain a substantial protein bolus is considered key to
muscle mass gain or preservation with disuse; ~20 g is required
within each of four daily meals in younger individuals, but
more is required in older individuals or those unable to
maintain physical activity levels (see (59) for review).
Given that (especially high-force) physical activity also is a
key driver of muscle mass gain, it is of interest to determine
whether the ingestion of a high-protein meal (or supplement)
might enhance the effects of NMES exercise. Despite some
studies testing the effects of NMES with protein supplementation
against a no-intervention control, relatively few studies have
compared the effects of protein supplementation additional to
NMES, or vice versa. Dirks et al. (60) observed no additional
effect of 60-min quadriceps NMES (after warm-up, “palpable”
contraction intensity, 5 s on/10 s off) over 20 g of casein
supplementation alone on quadriceps protein synthesis in
older (69 yr) men. However, Dirks et al. (61) subsequently
observed greater quadriceps protein synthesis (assessed as
greater incorporation of phenylalanine to muscle tissue) the
morning after (8 h) NMES + protein ingestion versus protein
ingestion alone in older men (69 yr) who had rested in bed
for 1 d. Thus, some additional effects of NMES over feeding
alone have been observed under some conditions. However,
no studies have yet (i) studied the effects of supplementation
after higher-intensity, shorter-duration NMES exercise, (ii)
compared NMES + protein to NMES alone, (iii) examined
responses in younger adult or clinical populations, or (iv)
conducted longitudinal investigations of the effects of
supplementation on NMES-induced outcomes. Thus, despite
a strong theoretical rationale, there is no current evidence that
protein supplementation can enhance the effects of NMES
exercise on muscle mass, strength, or other variables.

Other dietary supplements also might be considered to be of
potential benefit. However, Stevenson and Dudley (62) detected
no effect of creatine supplementation (5 g:d™!) when three to
five sets of eccentric-concentric stimulated contractions were
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Intrinsic to NMES

NMES parameters: wide-pulse, high-frequency

* Aims to recruit MUs via reflex pathways to produce stronger
contractions with { fatigue

* Achieves aims in some individuals

* Long-term testing required; optimal parameters require further
description

Stimulation site: nerve vs muscle

Nerve may have advantages but muscle more practical
Alternating (“interleaving”) pulses between nerve and
muscle | fatigue

* Both separate and “interleaved” use are feasible,
choice depends on target muscle and goal

Current distribution: distributed NMES

* Recruit more MUs at | rates to produce stronger
contractions with { fatigue

* Acutely T muscle force while | fatigue

 Strong potential for use; long-term testing required

Concurrent to NMES

Voluntary contractions and mental imagery

+ 7T corticospinal excitability to T NMES-evoked force, may prime CNS circuits
for neuromodulation

* Variable results in longer-term trials

+ May work in some individuals/clinical populations; more data required

Blood flow restriction

* Prompts protein synthesis, may 1 fatigue resistance

+ Generally positive effects on strength and hypertrophy in longer-term trials
+ Strong potential for clinical use; parameters require further description

Photobiomodulation therapy

« | fatigue during training session
* Positive results in animal but not human studies
« Further testing required in humans to establish effectiveness

= WY

Local vibration

* Recruit MUs via reflex pathways to produce stronger contractions
with { fatigue

* Achieves aims in some individuals

* May be of clinical use in some individuals; long-term testing required

Figure 3.  Summary of methods for increasing muscle recruitment and minimizing fatigue during, and enhancing adaptations to, neuromuscular electrical
stimulation (NMES) training. Rationale for use, summary of current evidence, and indication of future potential are summarized for methods intrinsic to NMES
delivery and for methods to be used concurrently with NMES. CNS, central nervous system.

performed by the quadriceps twice weekly for 8 wk, despite the
training itself evoking ~7% and ~10% improvements in
quadriceps cross-sectional area (above nontrained control limb) in
creatine and control groups, as well as improvements in maximum
torque and fatigue resistance. No evidence exists for beneficial
effects of creatine, or other dietary supplements, when used during
NMES training, so it is not yet clear whether supplementation
might augment the response to NMES training in humans. This
may be an important area for future research.

CONCLUSIONS

Repeated application of NMES using traditional parameters
and configurations can enhance muscle size and function and
induce neural adaptations. However, traditional NMES recruits
a limited portion of the muscle and induces rapid muscle fatigue
(and damage), limiting the capacity to evoke moderate-high
forces for prolonged periods. We propose that alternative
NMES protocols combined with concurrent interventions will
significantly enhance the effectiveness of NMES interventions,
as summarized in Figure 3. For example, stimulation pulse dura-
tion and frequency can be increased (e.g., to 0.5-1.0 ms and

80-100 Hz) in comparison with traditional NMES protocols
to better activate sensory axons, which can assist contractions
by recruiting fatigue-resistant MUs through central (reflexive)
pathways. Importantly, this practice has been trialed with mixed
success, central recruitment occurs only in a subset of participants,
and the high NMES frequencies decrease motor axon excitability
and increase metabolic cost, although further developments that
address these issues may be impactful. In addition, NMES methods
that distribute stimulus pulses either between electrodes over a
muscle and nerve, or dispersed across a muscle belly show signifi-
cant promise. Rotating pulses between the multiple sites reduce
MU discharge rates, and different MUs are recruited from each
site, increasing the number of accessible MUs and, thus, reducing
fatigue and increasing force, respectively. Acute studies demon-
strate the effectiveness of these methods, although longitudinal
studies are required to test them more rigorously against traditional
NMES protocols in the clinical context (see Table for summary).
In addition, muscle or tendon vibration imposed during NMES in-
creases muscle force or reduces the rate of fatigue in some (~50%),
but not all, individuals, and identification of optimum protocols
may be of clinical value. NMES in conjunction with attempts to

TABLE. Summary of the current understanding of the effects of different strategies for enhancing the effectiveness of NMES interventions

TRecruitment/ tMagnitude of
Strategy/Solution Force |Fatigue Adaptation Observations
Alternative NMES parameters
Interleaved NMES (acute effect) + +++ Only shown for dorsiflexors; no longitudinal RCTs conducted
Wide-pulse NMES (acute effect) ++ + Neuromodulatory effects observed; no longitudinal RCTs conducted
Distributed NMES (acute effect) ++ +++ Neuromodulatory effects observed; no longitudinal RCTs conducted
Concurrent strategies
Vibration + NMES (acute effect) + + - High individual variability in response; no longitudinal RCTs conducted
Voluntary contraction + NMES training (chronic effect) ++ - Additional RCTs required
Imagery + NMES training (chronic effect) - - Additional RCTs required
PBMT before/after NMES (acute effect) - - - No longitudinal RCTs conducted
BFR + NMES training (chronic effect) ++ - + Generally positive long-term adaptations

Nutritional supplementation + NMES (chronic effect) - -

- No current favorable evidence; specific testing required

-, nofunclear evidence; +, weak evidence; ++, moderate evidence; +++, strong evidence; BFR, blood flow restriction; NMES, neuromuscular electrical stimulation; PBMT,

photobiomodulation therapy; RCT, randomized controlled trial.
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voluntarily contract the target muscle or mental imagery may
prove beneficial over the long term; nonetheless, results are incon-
sistent, and the precise conditions under which they might be ef-
fective remain to be determined. Recently, PBMT imposed before
NMES have shown promise in animal models for reducing fatigue
during NMES sessions. However, trials in humans have yet to
show an effect, suggesting that the method is either less effec-
tive in humans or that optimum protocols are yet to be found.
Importantly, NMES in conjunction with BFR protocols show
significant clinical promise for evoking greater strength and
muscle mass adaptations than NMES alone, although addi-
tional human studies are needed with larger samples and longer
interventions. With the caveat that the risk of severe muscle
damage requires further exploration, BFR shows promise for
use with NMES in the clinical context. Nonetheless, no cur-
rent evidence exists for a benefit of nutritional supplementation
strategies (e.g., protein, creatine); however, few studies exist,
and study designs rarely have tested the specific effect of supple-
mentation added to NMES training; this may be an important
area of future research. Collectively, the current evidence sug-
gests that traditional NMES interventions provide suboptimal
clinical outcomes and that the use of alternative NMES proto-
cols (e.g., distributed NMES) and concurrent interventions (vibra-
tion, voluntary contraction or mental imagery, PBMT, BFR, or
nutritional supplementation) might, in some cases, enhance
its effectiveness. A concerted research effort, therefore, is re-
quired to determine which practices are best suited to the
widely varying contexts within which NMES is currently used.
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