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Key points summary

e Neuromuscular electrical stimulation (NMES) delivered at levels sufficient to generate a
fused contraction is capable of promoting restorative changes in a number of

neurological disorders.

o With respect to lower levels of stimulation - at intensities close to motor threshold, the

evidence that NMES promotes restorative neural adaptations is equivocal.

e Adjuvant techniques, such as voluntary contractions and mental imagery, may promote

restorative responses to NMES delivered at intensities close to motor threshold.
e Such combined effects bear some of the hallmarks of associative neural plasticity.

e Itappears likely that multiple brain pathways are involved in mediating the restorative

effects brought about by NMES.
Abstract

The application of neuromuscular electrical stimulation (NMES) to paretic limbs has
demonstrated utility for motor rehabilitation following brain injury. When NMES is delivered to
a mixed peripheral nerve, typically both efferent and afferent fibres are recruited. Muscle
contractions brought about by the excitation of motor neurons are often used to compensate for
disability by assisting actions such as the formation of hand aperture, or by preventing others
including foot drop. In this context, exogenous stimulation provides a direct substitute for
endogenous neural drive. The goal of the present narrative review is to describe the means
through which NMES may also promote sustained adaptations within central motor pathways,
leading ultimately to increases in (intrinsic) functional capacity. There is an obvious practical
motivation, in that detailed knowledge concerning the mechanisms of adaptation has the
potential to inform neurorehabilitation practice. In addition, responses to NMES provide a
means of studying CNS plasticity at a systems level in humans. We summarise the fundamental
aspects of NMES, focusing on the forms that are employed most commonly in clinical and
experimental practice. Specific attention is devoted to adjuvant techniques that further promote
adaptive responses to NMES thereby offering the prospect of increased therapeutic potential.
The emergent theme is that an association with centrally initiated neural activity, whether this
is generated in the context of NMES triggered by efferent drive, or via indirect methods such as
mental imagery, may in some circumstances promote the physiological changes that can be
induced through peripheral electrical stimulation.
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Background

Although historical antecedents are often ascribed to Galvani’s Commentarius, published in the
late 18th century, the practice of employing electricity to stimulate human nerves can be traced
to ancient times (Finger & Piccolino, 2011). Murals depicting the Nile catfish Malopterurus
electricus have been discovered in Egyptian tombs dating from the Vth dynasty (ca. 2750 B.C.).
In extant records however it is not until 46 C.E. that the utilisation of the (saltwater) torpedo
ray’s electric discharge for electrotherapy is noted by the Roman physician Scribonius Largus.
Writing some thirty years later, Dioscorides (see Gunther, 1934) provided perhaps the first
explicit reference to the use of the torpedo’s electric discharge for artificial muscle stimulation
in relating a remedy for propalsus ani (Kellaway, 1946). The introduction of the Leyden jar in
1746 provided a platform for the modern progression of electrotherapy, with Benjamin
Franklin observing in 1774 that muscle contractions could be brought about by exposure to
static electricity (Isaacson, 2003). Subsequently, Faraday’s application of the principle of
magnetic induction provided a means of delivering electric current to the human body in a
controlled fashion - for which the term “Faradization” was coined. Prominent among nineteenth
century practitioners investigating the physiology of “localized electrisation”, Duchenne de
Boulogne employed a Faradic stimulating machine to stimulate a wide range of muscles
transcutaneously via a pair of “humid rheophore” electrodes (e.g. Clarac et al.,, 2009).
Performing his studies in cat and monkey, Sherrington (1894) observed that a third to one half
of the myelinated fibres of peripheral nerves failed to degenerate following section of their
ventral (motor) spinal roots. As the application of maximal Faradic currents to these remaining
fibres failed to elicit “motor reactions”, he concluded that they must provide sensory
innervation. The presence of both sensory and motor axons in the same (“mixed”) nerve bundle,
as revealed by Sherrington, is a key factor determining the physiological effects of

contemporary forms of neuromuscular electrical stimulation (NMES).

The Greek name for the torpedo ray, narké, meaning numbness, suggests the nature of the initial
therapeutic applications of electrotherapy (Debru, 2006). Scribonius Largus for example
records use of the torpedo’s electric discharge as a treatment for the pain associated with
intractable headache and gout (Kellaway, 1946). In the guise of “transcutaneous electrical nerve
stimulation” (TENS), modern devices designed to achieve the same analgesic goals are now
widely available. These typically generate high frequency (> 50 Hz) of trains of electrical

stimulation, at current intensities that are insufficient to evoke overt motor responses. A
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contemporaneous historical lineage for the therapeutic application of electrotherapy in motor
rehabilitation can also be traced - from Dioscorides through Duchenne de Boulogne to the
present day. Modes of electrical nerve stimulation used for this purpose (which tend to differ
from those employed typically for pain relief - by using lower frequencies and higher intensities

of stimulation) constitute the subject matter of the present review.

In a contemporary therapeutic context, applications of NMES in motor rehabilitation can be
conceived of as being adaptive or restorative (Pomeroy et al., 2011). The term functional
electrical stimulation (FES) refers typically to instances in which tetanic muscle contractions are
induced to assist or reinstate movement, thereby enabling an otherwise quiescent limb to be
engaged in goal-directed actions. This form of stimulation is deemed to be adaptive, as it
provides direct compensation for the motor disability. In the period since Liberson and
colleagues (1961) demonstrated that stimulation delivered to the common peroneal nerve
reduced the degree of foot-drop during the swing phase of gait, numerous applications of FES
have been developed successfully to assist movement of the upper and lower extremities
(Prochazka, 2018). Yet NMES may also be used restoratively, with a view to promoting neural
changes that lead ultimately to increased (intrinsic) functional capacity. This is the primary

focus of the current review.

The delivery of electrical current to neuromuscular tissue (i.e. via a peripheral nerve or across a
muscle belly) activates contractile muscle fibres indirectly by first depolarizing motor axons. As
the sensory axons in the same mixed nerve bundle have lower activation thresholds, ascending
afferent volleys are also generated at intensities of electrical stimulation that exceed the motor
threshold (MT) (Dawson, 1956). These are followed by (secondary) reafference arising from the
invoked muscle contraction. While the capacity of NMES to provide a direct substitute for
(descending) endogenous neural drive to muscles in circumstances of CNS injury or disease can
be readily appreciated, our goal is to address means through which the sensory-mediated
consequences of NMES induce sustained “neuroplastic” modifications within central motor

pathways.

Given an empirical literature that is characterised by extraordinary diversity with respect to the
stimulation protocols that are employed (varying in relation to such features as stimulation
frequency, intensity, duration, and temporal pattern), there is little consensus with respect to
the cellular mechanisms engaged by NMES. Beyond providing insights in relation to the
expression of CNS plasticity at a systems level in humans, there is an obvious practical

motivation for seeking the elucidation of these processes. Detailed knowledge concerning the
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mechanisms of adaptation clearly has the potential to inform the development of

neurorehabilitation practice.

Scope of the review

While the intent of this narrative review is to examine general principles, the scope of the
analysis is necessarily restricted - for the most part to the effects of transcutaneous (surface)
electrical stimulation delivered using intensities at or above the threshold for a motor response.
The emphasis is largely upon the upper limb, and upon supraspinal adaptations (cf. Bergquist et
al,, 2011). To the extent that specific clinical applications are considered, these will generally be

drawn from the domain of stroke rehabilitation.

Evidently NMES exhibits the capacity to generate changes in the excitability of descending
(e.g. corticospinal) projections from the cortex to the spinal cord (Chipchase et al., 2011a). It has
generally been assumed that such changes in excitability reflect, at least in part, modifications in
the organisation of the same brain networks that serve ultimately as a basis for the
improvements in functional capacity that may be brought about by neuromuscular stimulation
(Barker et al., 2012; Traversa et al,, 1997; Vang et al.,, 1999). Although as we shall see, there are
grounds to be cautious about such assumptions (Carson et al., 2016), we include a survey of
studies that have characterised the neurophysiological effects of NMES in terms of corticospinal
excitability. Most often these have been assessed through muscle responses evoked by
transcranial magnetic stimulation (TMS) delivered over primary motor cortex (M1). We also
consider instances in which the effects of NMES have been registered using various brain
imaging methodologies. In the closing sections, we return to the issue of whether the neural
pathways upon which NMES has the most readily detectable effects, are necessarily also those

that play an instrumental role in mediating changes in functional capacity.

In the course of the review, specific attention is devoted to adjuvant techniques that
further promote restorative responses to NMES. The emergent theme is that an association with
centrally initiated neural activity, whether this is generated in the context of NMES triggered by
efferent drive, or via indirect methods such as mental imagery, can in some circumstances be
efficacious in promoting neural adaptations upon which changes in functional capacity may be

based.
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Exemplars

We do not seek to be comprehensive with respect to the characteristics of NMES that can
be altered in either an experimental or a clinical context. Rather, the empirical literature is
circumscribed with a view to emphasizing a limited number of key concepts. It being evident
that the “dose” of NMES has a significant bearing on the changes in brain activity thus invoked,
we consider both protocols in which the level of stimulation is just above motor threshold, and

those in which it is of sufficient magnitude to elicit overt movement.

Stimulation at motor threshold intensity

Sensory axons in a mixed nerve bundle innervating skeletal muscle are typically
depolarised at levels of electrical stimulation below those which are necessary to recruit motor
axons (Panizza et al., 1989, 1992; Veale et al,, 1973). At intensities of NMES at or above MT
therefore, ascending afferent volleys will be generated directly by the depolarisation of sensory
axons (e.g. Collins, 2007). Some degree of secondary reafference arising (indirectly) from the
invoked muscle contraction will follow. While the nature and the extent of the reafference will
in turn be determined by the characteristics of the joint movement thus induced (which will
itself be influenced by the posture of the limb, degree of restraint and so on), a more general
point is that the relationships between the intensity of stimulation and the level (and
distribution) of brain activity arising from 1) the direct sensory afference and 2) the indirect
secondary reafference, are unlikely to be the same. Indeed, both are context dependent and
must be determined empirically. Their relative contributions notwithstanding, it is the sensory
corollaries of NMES that provide the principal means by which sustained (central) neuroplastic

adaptations are induced (Bergquist et al., 2011).

If the magnitude of a single electrical stimulus delivered transcutaneously to a peripheral
nerve is set to approximately three times perceptual threshold, direct motor responses in the
innervated muscles are typically observed (e.g. Litvak et al.,, 2007; McKay et al., 2002; Ridding et
al,, 2001). At such intensities, extended (up to two hours) sequences of stimulation are

necessary to bring about sustained increases in the excitability of corticospinal projections to

This article is protected by copyright. All rights reserved.



Accepted Article

the muscles in which the responses are evoked (see also Luft et al,, 2002). For example, Ridding
etal. (2000) delivered trains of pulses (10 Hz, 1 ms pulse width) to the ulnar nerve at the wrist,
at a rate of one train per second, using a 50% duty cycle (i.e. one second on; one second off), for
a period of 2 hours. The area of the scalp over which TMS elicited MEPs in the ulnar nerve
innervated first dorsal interosseus (FDI) and abductor digiti minimi (ADM) muscles increased
as a consequence of the intervention. Using precisely the same protocol, Kaelin-Lang et al.,
(2002) obtained increases in the amplitude of MEPs elicited in ADM (but not in FDI). As these
were not accompanied by corresponding changes in the size of potentials evoked by stimulation
by corticospinal axons at the level of the cervicomedullary junction, a cortical locus for the
adaptation was inferred (see also Ridding et al., 2000). The capricious nature of the changes in
corticospinal excitability induced using these stimulation durations and intensities is
emphasised by the wide variation in response across individuals reported by Charlton et al.
(2003), when FDI afferents were stimulated via the skin overlying the muscle, rather than via
the nerve trunk at the wrist (using a protocol that was otherwise equivalent). Furthermore, if
the frequency at which the trains are delivered and the total duration of the intervention is

reduced, reliable elevations of MEP amplitude are not obtained (Uy & Ridding, 2003).

If however the effective dose (if not the specificity) of NMES is increased by delivering
pulses simultaneously to both the radial and ulnar nerves, a progressive increase in the
amplitude of potentials evoked in FDI occurs over the time course of the intervention (McKay et
al,, 2002). Furthermore, this dual stimulation technique increases reliably both the area of the
scalp over which TMS elicited MEPs can be obtained in FDI (and other hand muscles), and the
amplitude of the MEPs recorded following the cessation of NMES (Ridding et al., 2001). Indeed,
when motor point stimulation is delivered simultaneously to FDI and ADM via the skin
overlying the muscles, an intervention of one-hour duration is sufficient to induce reliable
increases in corticospinal excitability (Schabrun & Ridding, 2007; cf. Charlton et al., 2003). As
there are no accompanying changes in the size of responses elicited by cervicomedullary

stimulation, a spinal locus for the adaptation appears to be precluded (Ridding et al., 2001).
Stimulation at supra-motor threshold intensities

FES typically comprises short bursts of electrical pulses delivered at a frequency above that
necessary to yield a fused contraction (= 12 Hz) (Peckham & Knutson, 2005; Sheffler & Chae,

2007). The assumption that given an adequate dose of NMES, persistent elevations in the

excitability of corticospinal projections can be induced, is supported by studies that have
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employed stimulation at an intensity and frequency sufficient to induce tetanic motor responses
(see Chipchase et al., 2011a for a review). While it is not possible to exclude the possibility that
such supra-threshold intensity stimulation generates antidromic impulses that modify synapses
in the ventral horn (Rushton, 2003), the consensus view is that the observed changes in

corticospinal excitability are driven primarily by cortical reorganization (e.g. Luft et al., 2005).

For example, Schabrun et al. (2012) applied 30 minutes of NMES to the skin overlying the
APB muscle at 30 Hz (4 s on: 6 s off) with six periods of stimulation being applied every minute.
The intensity of stimulation was that which produced a mid-range abduction of the thumb. The
amplitudes of MEPs evoked in APB following the intervention were substantially greater than
those obtained prior to the stimulation. Corresponding effects have been reported when biceps
brachii is the target of stimulation (Chipchase et al., 2011b). When NMES is applied to APB in
this manner for periods of 20 or 40 minutes, the induced changes in corticospinal excitability
are maintained for at least 20 minutes following the cessation of the intervention (Andrews et

al, 2013).

While it is clear that increases in the dose of stimulation that is administered may be
achieved by increases in the current/voltage of individual shocks, and/or by a higher frequency
of delivery, it has been proposed (Chipchase et al., 2011b) that increases in corticospinal
reactivity are generated reliably only by those forms of NMES giving rise to a motor response
that mimics a voluntary muscle contraction. As noted previously, in addition to the initial
ascending afferent volley induced directly by electrical stimulation of the nerve, such protocols
encapsulate secondary reafference arising from the muscle contractions (Schabrun et al., 2012).
The extent of the neural activity induced in M1 by such reafference can be substantially greater
than that brought about directly by the ES-mediated depolarisation of the sensory axons
(Shitara et al., 2013). De Kroon and colleagues (2005) in their review of the relationships
between electrical stimulation characteristics and clinical outcomes, hypothesised that supra-
motor stimulation is more likely than sub-motor stimulation to lead to improvements in motor
control, as a consequence of muscle and joint afferent feedback, i.e. in addition to that derived

from cutaneous afferents, which are also engaged at lower intensities of stimulation.

Indeed, repeated changes in muscle length brought about passively by mechanical joint
rotation also induce both acute (Lewis et al., 2001) and chronic (Macé et al., 2008) increases in
corticospinal excitability. Collectively, these observations suggest that the secondary mediation
of Ia (muscle spindle) afferent projections to higher brain centres is instrumental in augmenting

the direct depolarising effects of NMES. Although it has been proposed that cutaneous afferents
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make a greater contribution than muscle spindle afferents to cortical potentials produced by
electrical stimulation of mixed nerves in the upper limb (e.g. Allison et al., 1991; Halonen et al.,
1988), it is the precise brain circuits that exhibit a change in state as a result of peripheral
stimulation which is likely to assume particular functional significance. It is believed that la
afferent input has its most direct effects upon both area 4 (primary motor cortex) (Jones &
Porter, 1980) and area 3a (in primary somatosensory cortex) (Heath et al. 1976; Hore et al.
1976). Whereas, input from cutaneous receptors and low threshold mechanoreceptors first
alters the excitability of neurons in areas 3b and 1 (Kaas & Pons, 1988). We thus turn our
attention to the brain circuitry that is engaged by NMES, and to the impact of its parametric

variation.

Brain circuitry engaged by NMES
Somatosensory cortex

On the basis of findings derived using a variety of neuroimaging techniques, it has been
surmised that electrical stimulation of peripheral afferents engages circuits in the primary
somatosensory cortex (S1 - including Brodmann areas 3, 1, and 2) within the postcentral gyrus,
the second somatosensory area (S2 - including parts of Brodmann areas 40 and 43) within the
parietal operculum on the ceiling of the lateral sulcus, and the posterior parietal cortex
(Korvenoja et al. 1999; Nihashi et al., 2005; Boakye et al. 2000). In relation to the complex
cortical responses that are extracted from electroencephalographic (EEG) and
magnetoencephalographic (MEG) recordings, there is consensus that short-latency potentials
occurring within the first 40 ms following stimulation of the median nerve (e.g. at the wrist) at
intensities sufficient to elicit a muscle twitch, arise principally from contralateral (S1) (Allison et
al,, 1991). The presence of synchronised neuronal population activity in S2 (registered by MEG)
during this period, while consistent with an influence of cortical afferents from S1, does not
however preclude the possibility of mediation via additional parallel thalamocortical
projections to S2 (Karhu & Tesche, 1999). With respect to the medium latency (> 40 ms)
components, there is a distributed pattern of activation that includes not only S1, but also S2
bilaterally, and contralateral posterior parietal cortex (Hari et al. 1984; Allison et al. 19893,
1989b, 1992; Forss et al. 1994). It is currently believed that cortico-cortical connections

mediated by transcallosal projections play a major role in shaping the bilateral character of the
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S2 response profile (Del Vecchio et al., 2019). These sources continue to be active
simultaneously during a period 70-140 ms following the onset of stimulation (Mauguiére et al.,
1997). When a sequence of stimuli is administered, the offset of the sequence gives rise to a
(P100 and N140) stimulus evoked potential (SEP) signature distinct from that associated with
the individual stimuli (Yamashiro et al., 2008, 2009).

The functional magnetic resonance imaging (fMRI) derived blood oxygenation level-
dependent (BOLD) response measured in contralateral S1 scales with the intensity of ES (at
least up to MT) (Krause et al., 2001, see also Nelson et al,, 2004). In contrast, bilateral activity
evident in S2 and posterior parietal cortex does not appear to vary in this manner. A BOLD
signal is however registered in S2 at lower levels of stimulation than in S1. This is augmented
when attention is directed explicitly to the stimulation (Backes et al., 2000). In circumstances in
which ES is applied in a range between the sensory threshold (ST) and 1.2 times MT, the
amplitude of the N9, N20, and N20-P25 SEP components derived from EEG recordings increases
in proportion to stimulation intensity (Gatica Tossi et al., 2013; cf. Lakhani et al., 2012). This
effect remains present at 2.5 times MT (Urasaki et al.,, 1998). Components of the SEP recorded in
S1 saturate at a level below the pain threshold (PT) (Parain & Delapierre, 1991), while the
asymptote of the S2 response occurs at lower stimulation intensities than for the S1 response

(Lin et al.,, 2003).

It is now broadly accepted that the initial (i.e. N20) EEG responses to NMES are
dominated by cutaneous afferent input (Gandevia et al., 1990; Kunesch et al., 1995). The origin
of the N20 response to cutaneous inputs is considered to be a deep tangential generator in area
3b (e.g. Desmedt & Ozaki, 1991; McLaughlin & Kelly, 1993). Whereas, it is probable that the
source generator for cortical potentials invoked by muscle spindle afference is principally area
34, although additional contributions from area 2 cannot be excluded (MacKinnon et al., 2000;
Mima et al., 1996). This is consonant with evidence drawn from comparative studies that that
the most significant input to area 3a is from muscle spindle afferents (Kaas, 1983). Thus surface
electrical stimulation at intensities above motor threshold will give rise to cutaneous afferent
mediated activity in area 3b of primary somatosensory cortex (S1), and also to activity in area
3a and area 2 (Wiesendanger & Miles, 1982), including that arising by virtue of muscle

contraction induced reafference.
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Cortico-cortical connections from somatosensory cortex to M1

Studies in cat indicate that stimulation of sensory cortex can induce long-lasting
potentiation of synaptic potentials evoked in the motor cortex (Sakamoto et al., 1987). Detailed
investigations in non-human primates (e.g. Jones et al., 1978; Pons and Kaas, 1986; Ghosh et al.,
1987; Huerta and Pons, 1990) and in cat (Grant et al., 1975; Zarzecki et al., 1978; Waters et al,,
1982; Burton and Kopf, 1984; Yumiya and Ghez, 1984; Porter and Sakamoto, 1988; Avendano et
al,, 1992; Schwark et al., 1993) have revealed extensive networks of cortico-cortical connections
between SI and primary motor cortex (M1) (Burton & Fabri, 1995). Neurons that exhibit short-
latency excitatory postsynaptic potentials (EPSPs) - indicative of direct input, in response to
microstimulation of area 3a, are found in all laminae of the motor cortex, with the exception of
layer [ (Herman et al. 1985; Huerta & Pons, 1990; Porter et al., 1990). By comparison, only cells
in the superficial layers of M1 (Il and III) respond in this fashion to stimulation of area 2 (Kosar
etal, 1985; Porter et al., 1990). It has thus been proposed that area 3a should be viewed as a
relay to motor cortex (Jones & Porter, 1980), or even as a part of area 4 (Jones et al., 1978, cf.
Kuehn et al,, 2017). This intimacy of association provides a means through which muscle
spindle input that is relayed through area 3a can exert a direct influence on pyramidal and
multipolar neurons in deep (V and VI) layers of M1 (Porter et al., 1990). In contrast, while there
are reciprocal connections between area 3b and area 1 in particular, and further projections to
area 2 (which are ostensibly not reciprocated), projections from area 3b to M1 are sparse

(Burton & Fabri, 1995; Darian-Smith et al., 1993), if indeed detectable (Jones et al., 1978).
Cerebello-thalamo-cortical and thalmo-cortical connections

Although the possibility of direct activation of the primary motor cortex via sensory
afferents from the periphery (Padel & Relova, 1991) cannot be excluded, studies in non-human
primates indicate that the ventral posterior complex of the thalamus - the major sensory
thalamic relay, has relatively few direct projections to M1 (Darian-Smith & Darian- Smith, 1993;
Huffman & Krubitzer, 2001a). In this regard, it is worth noting that while S1 areas 1, 2 and 3b
are represented across the ventrobasal complex of the thalamus, area 3a has connectional
relationships similar to those for area 4 (Jones et al., 1979). For example, area 3a receives
projections from nuclei of the thalamus classically associated with the motor system, including
indirect input from the cerebellum and basal ganglia via the ventral lateral (VL) nucleus
(Huffman & Krubitzer, 2001b). Thalamic processing of somatosensory input extends beyond the
relaying of primary afferent signals to the cortex. For example, at levels of ES above perceptual

threshold (PT), thalamic SEPs can be elicited over intervals greater than 75 ms following the
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peripheral shock, with the duration extending to 150 ms when the intensity is set to MT
(Klostermann et al., 2009).

Through receipt of convergent inputs from both the sensorimotor cortex and the spinal
cord, the interpositus nucleus of the cerebellum also exerts a modulating influence upon motor
network responses to sensory stimulation via thalamic projections to premotor and primary
motor cortices (Luft et al., 2005). Hemicerebellectomy blocks the modulation of cortical motor
output associated with repetitive ES of the sciatic nerve in the rat (Ben Taib et al., 2005). It has
also been proposed that the state of the motor cortex itself - acting via the intermediate
cerebellum, may further serve to tune the gain of polysynaptic responses to peripheral
stimulation (Manto et al., 2006). This is a possibility to which will return in the sections that

follow.

Motor Network

In view of the patterns of connectivity outlined above, one might surmise that the
electrical stimulation of peripheral afferents has clear potential to alter the state of circuits not
only within somatosensory cortex, but also within the (classically defined) motor network.
Although it does not provide a basis upon which to resolve the specific mediating pathways that
are engaged, empirical support can now be drawn from human neuroimaging data. For the
present purposes it will suffice to provide a brief, and necessarily partial, representation of the
relevant findings. The picture that emerges is of a multi-stage hierarchical process in which

various elements of the cortical motor network are consistently engaged (Avanzini et al., 2018).

When median nerve stimulation at motor threshold intensity (0.5 - 2.7 Hz; 0.2 - 0.3 ms
pulse duration) is employed, elevated activity registered concurrently by fMRI (Spiegel et al.
1999) and by MEG (Kawamura et al., 1996) is evident in both contralateral S1 and M1. Similar
protocols also yield an elevated BOLD response in supplementary motor area (SMA)
(Manganotti et al., 2012). Notwithstanding the likelihood of prior disease and drug treatment
related adaptations in brain organisation, recent reports of intracerebral recordings from
epilepsy patients have provided hitherto unanticipated opportunities to resolve the
spatiotemporal characteristics of motor network responses to peripheral nerve stimulation.

These recordings indicate that in addition to enhanced gamma band power in areas 3a and 3b
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(exceeding that of areas 1 and 2), 1Hz median nerve stimulation (0.2-ms pulse duration) at MT
(and 20% below MT) gives rise to elevated activity in M1, and in large sectors of dorsal and
ventral premotor cortex, and SMA (Avanzini et al., 2016). Further detailed analysis of the time
course of these responses (Avanzini et al.,, 2018) indicates that M1 (BA4) exhibits an initial
(peaks = 30-40 ms) phasic response to median (and tibial) nerve stimulation that closely
resembles those registered for areas 3a and 3b. Whereas, the responses recorded from
premotor areas occur somewhat later. It is also notable that while median nerve stimulation
just above MT gives rise to elevated gamma band activity (50-150 Hz) in ipsilateral PMd, no
such response has been detected in ipsilateral M1 (Del Vecchio et al., 2019; see also Klingner et

al, 2011).

There is an apparent dose-dependent character to the BOLD response to NMES observed
for M1. For example, it appears to increase monotonically as the level of stimulation applied
over the motor point of the quadriceps muscle is increased from sensory threshold to that
eliciting a maximum motor response (Smith et al., 2003). Using functional levels of stimulation
sufficient to bring about alternating flexion and extension of the wrist, Blickenstorfer et al.
(2009) reported simultaneously registered BOLD activation peaks in regions defined as:
contralateral primary motor cortex; primary somatosensory cortex and premotor cortex; the
ipsilateral cerebellum; bilateral secondary somatosensory cortex; supplementary motor area
and anterior cingulate cortex (see also Arienzo et al., 2006; Del Gratta et al., 2000; Joa et al,,
2012). Patterned NMES (50 Hz with 200 ps pulses) sufficient to invoke finger flexion elevates the
BOLD response in contralateral M1 and S1 and bilaterally in S2 (Iftime-Nielsen et al., 2012). A
recent report suggests that 100s of 30Hz stimulation at intensities sufficient to generate wrist flexion
(against gravity), gives rise to subsequent changes in EEG/EMG registered corticomuscular coherence

(Xuetal., 2018).

It has also been shown that in some instances the physiological changes reflected in the
BOLD response may be sustained. Two hours of median nerve stimulation (10 Hz trains, 50%
duty cycle at 1 Hz, intensity just above MT) applied at the wrist, was observed (in the context of
a thumb movement task) to bring about an increase in signal intensity and number of voxels
activated M1, S1, and PMd, that persisted for up to 60 min after the stimulation had ended (Wu
etal., 2005). Employing a protocol in which mesh-glove stimulation was applied at a level below
sensory threshold for 30 minutes, Golaszewski et al. (2004) observed that the magnitude of the
BOLD response registered in primary motor and primary somatosensory regions of both

hemispheres during a finger-to-thumb tapping task, was greater than when the task was
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performed in the absence of prior stimulation. The elevated activity registered for the
contralateral primary motor region remained present two hours following the cessation of

stimulation.

In general the spatial extent of the BOLD registered response (i.e. number of voxels) and
the magnitude of the signal change (i.e. relative to rest) are larger for voluntary movement than
those brought about by FES (Francis et al., 2009; Joa et al., 2012; Wegrzyk et al.,, 2017), although
the particular regions of interest for which the greatest differences are obtained tend to vary
somewhat across studies. In addition, S2 activation that is greater during FES than during
voluntary contractions has been reported (Iftime-Nielsen et al.,, 2012; Christensen & Grey,
2013). At least with respect to ankle dorsiflexion, the spatial extent of the BOLD registered
activity in M1, S1, S2, SMA, cingulate motor area (CMA), bilateral dorsal and ventral premotor
areas and cerebellum VI is greater during FES generated movements, than during passive
movements (Francis et al,, 2009; see also Gandolla et al., 2014). The nature of the brain
activation that characterizes combined NMES and voluntary or imagined movement is a matter

to which we will return in the sections that follow.

Corticospinal projections

In circumstances in which the express intent has been to bring about changes in the state
of the CNS (rather than produce overt movements) (see Bergquist et al., 2011), the effects of
parametric variations in NMES upon the state of corticospinal projections have been
investigated. When delivered in a 4 s ON and 6 s OFF cycle for 20 min at 30 Hz, median nerve
stimulation applied at the wrist gave rise to increases in the amplitude of MEPs recorded in
abductor pollicis brevis (APB) - when the intensity was 110% of MT, but not when it was 90% of
MT (Sasaki et al,, 2017). Applying 30 min of mesh-glove (MG) whole-hand stimulation,
Golaszewski et al. (2012) noted 50Hz stimulation at sensory threshold, and 2Hz stimulation at
motor threshold, gave rise to increases in corticospinal excitability extending to one hour
following. Such changes were not obtained when 50Hz stimulation at a level below the sensory
threshold, or 2Hz stimulation at sensory threshold were used. The outcomes of this specific
form of intervention (i.e. using mesh glove stimulation), in which afferent fibres of multiple
types, with widespread innervation zones, are likely to be involved, is not necessarily
emblematic of those obtained when a single nerve is stimulated. Specifically, the magnitude of

the change in corticospinal excitability depends on the stimulation frequency (for intensity =
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MT). When applied at 100Hz and in the range of 20-50Hz, increases in corticospinal excitability
(CSE) in excess of 50% are routinely observed. This is not generally the case for stimulation

applied at 10Hz or less (Jaberzadeh et al.,, 2017).

If the intensity of peripheral nerve stimulation applied in humans is between 30% and
50% of that required to produce a maximum compound muscle action potential (M-max), MEPs
evoked subsequently by TMS over M1 are facilitated at inter-stimulus intervals (ISIs) from 25
ms to 60 ms in abductor pollicis brevis (APB) - following median nerve stimulation at the wrist
(Deletis et al., 1992). A similar outcome was noted (Komori et al., 1992) for the thenar muscle at
[SIs between 50 and 80 ms when the peripheral shock was set to 10% of M-max. Devanne et al.
(2009) reported than even when stimulation intensity is set just above motor threshold, median
nerve stimulation (at the wrist) gives rise to marked facilitation of MEPs recorded in the APB,
first dorsal interosseous (FDI), and extensor carpi radialis (ECR) muscles, when ISIs ranging
from 40 to 80 ms are employed. At ISIs extending beyond 200 ms (and below 25 ms - around
the latency of the N20 component of the somatosensory evoked potential) a diminution of MEP
amplitude is generally obtained (e.g. Turco et al,, 2018). It is of particular interest in the present

context that after NMES is delivered over the ulnar nerve (100 Hz in a 20s on, 20s off duty cycle;

intensity ~15% of that to elicit a maximum m-wave) for 40 min, short-latency afferent

inhibition (SAI: ISI 18-25 ms) is markedly diminished. Whereas, for those ISIs (28-35 ms) at
which there occurred potentiation of MEP amplitudes following a (single) conditioning
peripheral nerve stimulus, the NMES intervention served to further increase the amplitude of
the TMS evoked response (Mang et al., 2012). These findings are consistent with the possibility
highlighted above, that the state of M1 (potentially acting via the intermediate cerebellum) may
influence the gain of polysynaptic circuits that modulate the effects of peripheral stimulation

(Manto et al., 2006)

It remains unclear at present whether sustained changes in corticospinal excitability
brought about by prolonged NMES interventions are instrumentally related to changes in
behaviour. Veldman et al. (2016) applied trains to the radial and median nerves (proximal to the
elbow) consisting of five square wave pulses at 10 Hz (pulse width, 1 ms) 50% duty cycle, at
intensities just below MT. In three separate interventions the stimulation was applied for either
20, 40 or 60 minutes. Changes in the performance of a visuomotor tracking task (post
intervention relative to baseline) were compared to a fourth group of participants who did not
receive stimulation. Although some improvements in task completion, and in measures of CSE

were observed over the course of the following week, there was no evidence that these
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outcomes were related. A more general issue (to which we will return) is thereby illustrated.
Variations in CSE - as revealed by TMS, are not necessarily indicative of the functional
adaptations (in this case brought about by NMES) that mediate improvements in performance

(Carson et al., 2016).

In light of the assumption that contractions of an intensity sufficient to mimic some
features of those brought about by voluntary activation are necessary to causes reliable changes
in CSE (Chipchase et al,, 2011a), it may appear paradoxical that FES (primarily lower limb)
protocols bring about immediate effects that are of lesser magnitude than those associated with
20-50Hz or 100Hz stimulation delivered closer to MT (Jaberzadeh et al., 2017). Nonetheless, it
is also the case (i.e. as with intensity * MT) that supra-motor threshold stimulation is more
effective at increasing CSE when delivered 30Hz than at 10Hz (Chipchase et al,, 2011b). It has
been reported that while 20 min and 40 min of stimulation (30Hz) at intensities sufficient to
generate a “voluntary-like” contraction in APB increased CSE, this was not the case for 60 min of
stimulation (Andrews et al., 2013). Although perhaps counterintuitive, a similar but less
pronounced non-monotonic effect of duration is however also present for MT level stimulation
(Jaberzadeh et al., 2017). In other words, there comes a point at which increasing the intensity
or duration of stimulation brings about no further gains, at least in terms of the excitability of

corticospinal projections to the target muscles.

There exist forms of NMES (typically delivered over the muscle belly) that have been
developed with the express aim of preventing skeletal-muscle weakness, for example during
acute critical illness. They are sufficient to generate high levels of force (and thus sometimes
designated electrostimulation strength training (EST)). Usually utilizing frequencies between 35
and 100 Hz, the stimulation can be applied for up to an hour daily, over periods ranging
between one and six weeks (Maffiuletti et al,, 2011, 2013). There are comprehensive reviews
dealing with the nature of the central and peripheral adaptations that may mediate the
observed increases in functional capacity that can be accrued by these methods (e.g. Hortobagyi
& Maffiuletti, 2011). The present aim is not to recapitulate these analyses. It is however
pertinent to highlight one of the key observations to emerge in the course of this research. As
noted in preceding sections, bilateral alterations in the state of brain circuits that constitute the
classical motor network in both hemispheres are frequently observed following unilateral
NMES. It is therefore particularly salient that these NMES variants can increase the force

generating capacity of homologous muscles in the limb opposite to the one in receipt of
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stimulation (Cabric et al., 1987; Hortobagyi et al., 1999; Huang et al,, 2007; Kadri et al., 2017;
Zhou et al., 2002).

In recent studies conducted with the aim of determining the mechanistic basis of such
effects, there has been an understandable initial focus upon the degree to which less “intense”
forms of unilateral NMES might bring about bilateral changes in CSE. Veldman et al. (2015)
applied trains consisting of five square wave pulses delivered to the radial and median nerves of
the right arm (above the elbow) at 10 Hz (pulse width, 1 ms) 50% duty cycle, using an intensity
equal to twice the perceptual threshold (i.e. presumed to be below MT) in five blocks of 5 min
duration. They noted increases in the amplitude of MEPs recorded in both right and left
extensor carpi radialis (ECR) following the intervention, which were accompanied by
improvements in the performance of a visuomotor tracking task (i.e. for both limbs). There was
however no evidence of a statistical association between these measures (see also Summers et
al,, 2017). Using a largely equivalent stimulation protocol, Veldman et al. (2018) also observed
improvements in the performance of the opposite limb, in this case during a retention test
conducted two days following the intervention. And as in the preceding study study,
electrophysiological measures (in this case EEG derived) of directional oscillatory coupling
(representing “corticocortical connectivity”) - between posterior parietal and primary
somatosensory cortex to the primary motor cortex, did not vary in accordance with the changes

in behaviour.

A reflection on the brain circuitry engaged by NMES

It is evident that there exist variants of NMES that provide a means of altering the state of
elements within an extended brain network (encompassing not only classically defined
somatosensory and motor areas), and the excitability of circuits with projections to the spinal
cord (e.g. Schabrun et al., 2012). That which remains to be determined are the causal relations
between the changes in brain state that can be registered by modern neuroimaging and
electrophysiological techniques, and alterations in functional capacity that can in some
circumstances be brought about by NMES. In recent years there has perhaps been an undue
haste to infer that intervention induced changes in corticospinal excitability are indicative of the
neural adaptations that mediate sustained changes in behaviour (Carson et al,, 2016). Indeed,

well powered individual studies (e.g. Ruddy et al., 2016) and several meta-analyses (e.g.
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Berghuis et al,, 2017; Manca et al., 2018; Veldman et al., 2014) have failed to demonstrate an
association between changes in CSE and improvements in motor performance. There is
consequently a growing recognition that in our empirical investigations we must devote greater
attention to paths and structures other than the ones that can be assayed easily by such
techniques as TMS (Veldman et al,, 2016), or conventional brain imaging analysis approaches.
For example, a case can be made for considering the individual differences in functional or
structural brain connectivity associated with variations in the expression of performance
changes (e.g. Ruddy et al,, 2017) that follow the administration of NMES. This would be in
contrast to simply registering brain regions or pathways that exhibit a change in state following

stimulation.
Adjuvant techniques

The production of voluntary movement has two essential components: central efferent drive
that is initiated at the level of the cortex; and consequentially muscle contractions that displace
joints and thus give rise to afference. Electrical stimulation of peripheral nerves provides a
means of producing muscular contractions without the initial central drive by direct
depolarization of motor axons located below the stimulating electrodes. It has been noted
previously that the effectiveness (both adaptive and restorative) of NMES may be enhanced
through the use of specific protocols (e.g. pulse width/frequency combinations) that promote
synaptic recruitment of spinal motoneurons by the electrically evoked sensory volley (e.g.
Collins, 2007). The adaptive benefits are readily appreciated. For example, afference mediated
(i-e. synaptic) recruitment of spinal motoneurons is likely to occur in normal physiological
order, and thus preferentially include fatigue- resistant motor units. The restorative benefits,
while perhaps less obvious, are however also potentially significant. In this regard, emphasis
has been placed on a capacity for the repeated evocation of sensory volleys by NMES to induce
increased activity in spinal and supraspinal circuits, and in turn bring about acute and chronic
neuroplastic adaptations that are sufficient to enhance function (e.g. Bergquist et al., 2011).
While in this scheme the accent is on the cumulative effects of stimulus repetition per se, there

are further possibilities.

In recent years, there has been particular interest in associative forms of neural plasticity, such
as those in which the repeated coincidence of experimentally induced activity in both sensory
circuits (by peripheral nerve stimulation) and motor circuits (by TMS applied over M1) gives
rise to sustained changes in corticospinal excitability (e.g. Stefan et al., 2000). In terms of the

phenomenology of the induced effects, there is notionally a resemblance to Hebbian plasticity
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(Hebb, 1949), whereby a presynaptic input onto a postsynaptic neuron is strengthened as a
consequence of both the pre- and postsynaptic neurons being active simultaneously. In seeking
to provide a more mechanistic account of this paired associative stimulation (PAS), it has been
proposed that it shares key features with spike timing-dependent plasticity (STDP) (Miiller-
Dahlhaus et al. 2010) - as this has been elaborated in animal models and reduced (e.g. slice)
preparations. In STDP, the polarity of the induced change in synaptic efficacy is determined by
the sequence of pre- and postsynaptic neuronal activity (for reviews see Dan & Poo, 2004;
Markram, Gerstner & Sjostrom, 2011). In prototypical representations of STDP (e.g. Song et al.,
2000), potentiation occurs if a presynaptic neuron fires no more than 50 ms in advance of the
postsynaptic neuron (Feldman, 2000). Depression arises if postsynaptic spikes precede
presynaptic action potentials - (or transpire without activity in the presynaptic neuron) (Bi and
Poo 1998; Cooke & Bliss, 2006; Levy & Steward, 1983). There is also held to be a sharp
transition from a weakening of synaptic efficacy (long term depression (LTD)) to strengthening
of synaptic efficacy (long term potentiation (LTP)) at time differences in the vicinity (within 5

ms) of zero (Feldman, 2012).

In the sections that follow, we use the conceptual framework of associative plasticity to consider
the impact of adjuvant techniques upon responses to NMES. The argument is made that an
association of NMES generated afference with centrally initiated neural activity, such as that
which occurs if the stimulation is triggered by efferent drive, or is delivered following
instructions to engage in mental imagery, may promote neural adaptations upon which changes
in functional capacity may be based. In doing so, we first make the critical point that the
induction of associative effects that can be observed at a systems level in humans does not
require adherence to the defining characteristics of STDP. In particular, associative effects are
expressed when the relative timing of the activity induced in sensory and motor circuits is not

precisely circumscribed.

Accepted Article

Extending the concept of associative stimulation

There are a number of recent and comprehensive reviews of paired associative

stimulation (e.g. Carson & Kennedy, 2013; Suppa et al., 2017). It is not our intent to reprise their
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contents. There are nonetheless important points that can be gleaned from these reviews, and
from empirical findings that have appeared subsequently. Foremost among these is the
observation variants of PAS in which the timing of the contributory elements is not strictly
confined - for example when extended trains of peripheral nerve stimuli are used (e.g., Carson
etal,, 2013; Carson & Rankin, 2018; McNickle & Carson, 2015; Ridding & Taylor, 2001; Shulga et
al,, 2016; Tolmacheva et al., 2019), produce elevations in CSE that are comparable to, if not
greater than, those obtained when the inter-stimulus interval (ISI) separating the peripheral
and cortical events is precisely circumscribed. The associative nature of the effects are however
emphasised by the fact that in these studies the NMES alone (typically at an intensity * MT)
does not bring about changes in CSE. The conclusion that the relative timing need not be either
precise or restricted is further emphasised by reports that the nerve stimulation component of
PAS can be replaced by movement generated afference, without loss of generality (Edwards et
al,, 2014; see also McNickle & Carson, 2015). In this vein, cortical microstimulation experiments
in freely behaving non-human primates reveal that changes in synaptic strength between
stimulated sites in precentral and/or postcentral cortex can be brought about without
adherence to STDP rules (Seeman et al., 2017). These recent findings also serve to emphasise
that which should perhaps be apparent on a priori grounds alone - when applied in vivo, there
are multiple pathways via which the corollaries of (i.e. peripheral) stimulation may reach and
influence the cortex (Carson & Kennedy, 2013), and as a consequence relative timing is likely to
be only one of many factors that govern the induction of neuroplastic adaptations (Feldman,
2012).

It is in this light that the outcomes yielded by associative stimulation protocols can be
more easily reconciled with the results of studies demonstrating that the combined effects of
NMES and forms of exogenous cortical stimulation other than TMS are greater than those of
each stimulation modality alone. Rizzo et al. (2014) described a protocol in which NMES (500 ps
pulse duration, at 5 Hz, for 5 min - 1500 stimuli, intensity = 2 x ST) was delivered to the median
nerve simultaneously with transcranial direct current stimulation (tDCS). When the cortical
electrode montage was such that the anode was positioned on the scalp over M1 contralateral to
the site of peripheral nerve stimulation, the elevation in CSE recorded following the cessation of
the intervention was markedly greater than that induced by tDCS alone (NMES + sham tDCS did
not alter CSE). In addition, the duration of the elevation in CSE brought about by the combined
stimulation persisted for at least one hour (considerably longer than following anodal tDCS
alone). Employing an NMES variant in which 1 ms pulses (intensity * MT) were applied

simultaneously to the FDI and ABP motor points (at frequencies between 0.35-6.7 Hz = 6345
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pairs) for a period of 30 minutes, and anodal tDCS delivered for the final 25 minutes, Hoseini et
al. (2016) observed subsequent improvements in performance of the Purdue pegboard test
(used to assess dexterity) that were not seen following either NMES + sham tDCS or anodal tDCS
+ sham NMES. For cases in which tDCS is applied (i.e. continuously) over an extended period
during which NMES is also delivered at various intervals, there exists no discrete timing
relationship between peripheral and cortical stimulation events. Yet associative effects are
nonetheless obtained. Although not in accordance with STDP based models of associative
plasticity, this general pattern of findings is however consistent with recent analyses showing
that not only the phase, but also the power of the cortical oscillatory beta cycle (e.g 16-17 Hz) at
the moment stimulation is delivered, influences the increase in CSE caused by TMS (Khademi et
al,, 2019). There is a more general point. Since a single relative timing relationship between the
corollaries of cortical and peripheral stimulation is not a prerequisite for the induction of
associative effects, when NMES is paired with endogenously generated elevations in motor
network excitability, similar neuroplastic adaptations are likely to occur. There is now a
considerable body of evidence to support this conjecture, and to suggest that that the

adaptations may be functionally significant.

Augmenting NMES at motor threshold intensity

For the present purposes, we consider two endogenous means of altering the state of the motor
network: voluntary contractions and mental imagery. With a view to confining the limits of the
discussion, “cognitive” factors such as the focus of attention, which are believed to have an
influence on the efficacy of associative stimulation protocols (e.g. Stefan et al., 2004), will not be

treated in any detail.

It has for some time been appreciated that when NMES is applied in the context of voluntary
contractions, the consequential changes in the state of efferent projections from the brain to the
spinal cord are greater than those achieved through NMES alone (de Kroon et al, 2005).
Although the majority of empirical studies conducted in this domain have employed levels of
stimulation sufficient to evoke overt motor responses, it can also be shown that these features
emerge when much lower intensities of NMES are used. For example, Taylor and colleagues
(2012) delivered biphasic pulses (50 Hz; 200 ps pulse duration; intensity * MT; 50% duty cycle

for 6 s) over the wrist extensors (ECR and extensor carpi ulnaris (ECR)) at the onset of 60
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isometric wrist extension contractions (to 15% MVC) - triggered when the surface EMG
recorded from the target muscles exceeded 25 pV. In a control condition NMES was delivered in
isolation. An elevation of CSE was observed following EMG triggered delivery of NMES, but not
following NMES alone. Similar findings have been obtained for the lower limb, when NMES is
delivered either over the tibialis anterior (TA) muscle or to the (common peroneal) nerve
during ballistic dorsiflexions of the ankle (Jochumsen et al., 2016). In this regard, it is notable
that the acute augmentation of CSE appears to be greater when NMES is combined with

shortening contractions, than with isometric contractions (Saito et al., 2014).

Of greater practical relevance are the changes in functional capacity that arise from the
combination of NMES and voluntary contractions. Carvalho et al. (2018) conducted a double-
blind, sham-controlled, randomized trial engaging healthy adults, in which median nerve
stimulation (random frequency ranges (1-4 Hz, 8-12 Hz, and 60-90 Hz) and intensity levels (2-
6 mA)) at the wrist was applied during 20 minutes practice of a serial reaction time task (SRTT)
requiring keypress responses. This was followed by a similar “consolidation” session of 30
minutes duration. It was noted that explicit recall of the learned sequence improved following
both initial training and consolidation. No such improvements were obtained for either a group

that received “off line” NMES, or a group that was given sham stimulation.

That the origin of the neuroplastic effects of combined voluntary contraction and NMES is likely
to be predominantly supraspinal rather than spinal, at least when relatively low levels of
electrical stimulation are employed, is indicated by a series of studies in which the delivery of
NMES has been in the context of motor imagery tasks performed by the recipient. Employing a
task in which the participants were asked to imagine that they were squeezing and relaxing a
ball (motor imagery), while watching a video of the action (observation) (during which time the
ball was held “passively”), Yasui et al. (2019) applied NMES (trains of 20 pulses at 10-Hz; 1ms
pulse duration; intensity * 90% MT; 50% duty cycle of 2 s on, 3s off) during four blocks of 5
minutes duration. A cumulative increase in the amplitude of MEPs recorded from FDI was
obtained in this condition, but not for NMES alone (or imagery/observation alone).
Corresponding effects that are sustained for at least 30 minutes following cessation of combined
NMES/motor imagery have also been reported for the lower limb (Takahashi et al., 2019). In a
small-scale study (without a control group), Okuyama et al. (2018) observed increases in upper
extremity function in ten chronic stroke survivors, following an intervention (10 trials per day

for 10 days) in which stimulation (= MT of the extensor digitorum communis (EDC)) of the
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radial nerve - innervating wrist and finger extensors, was combined with motor

imagery/observation.

A compelling case that these effects are associative in nature can be made on the basis of reports
that they can be obtained when the delivery of NMES is triggered by EEG-registered movement-
related cortical potentials (MRCP) - generated when individuals follow an instruction to
imagine the “kinaesthetics” of ballistic movements. Deploying an intervention of this type, Niazi
etal. (2012) triggered stimulation (1ms pulse duration; intensity * MT) of the common peroneal
nerve (CPN) upon detection of the initial negative phase of the MRCP, as 50 self-paced imagined
movements were performed. The intervention gave rise to increases in the excitability of
corticospinal projections to TA. No such changes were induced by NMES alone or by motor
imagery alone (see also Mrachacz-Kersting et al., 2017). Comparable results are obtained if the
timing of the NMES is yoked (using an estimate of the contingent negative variation (CNV)) to
the onset of a cued imagined movement (Mrachacz-Kersting et al., 2012). In a recent
investigation using MRCP-triggered NMES (equivalent to the Niazi et al., 2012 protocol),
increases in CSE persisting for one hour were registered (Olsen et al., 2018; see also Jochumsen
etal, 2018). In addition to giving rise to increases in CSE in both chronic (Mrachacz-Kersting et
al,, 2016) and sub-acute (Mrachacz-Kersting et al., 2019) stroke survivors, imagery-related
MRCP triggered NMES appears capable of promoting positive changes in motor function. As far
as we are aware however, it has not been established that any changes in CSE brought about by

these techniques are instrumentally related to improvements in performance.

Given the very large number of brain imaging studies that have been conducted, there are
several meta-analyses (e.g. Grezes and Decety, 2001; Caspers et al., 2010; Molenberghs et al.,
2012; Hetu et al,, 2013; Hardwick et al., 2018) that provide a basis upon which to survey the
brain regions engaged during voluntary movement, action observation and motor imagery. As
has been highlighted recently however (Savaki & Raos, 2019), by and large these meta-analyses
are based upon studies in which the three task contexts have been investigated independently
of one another. On the basis of these analyses it appears reasonable to draw the conclusion that
voluntary movement, action observation and motor imagery all give rise to consistent activation
of a brain network encompassing premotor, parietal, and somatosensory areas (e.g. Hardwick et
al.,, 2018). In the present context, we follow the lead of Savaki and Raos (2019) in suggesting
that there is additional information to be gained by giving particular weight to the small number

of studies in which fMRI has been used to assay the whole brain when all three variants of the
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same “motor” task, have been performed by the same group of participants. In a recent study in
which there were no a priori constraints upon regions of interest (ROIs) deemed to be of
interest, Simos et al. (2017) determined that during both motor imagery and execution of a
geometric tracing task performed by the right index finger, BOLD activity in the following
regions surpassed the assigned threshold: bilateral dorsal and ventral premotor cortex, left
supplementary motor cortex (SMA-proper), bilateral BA 7 in the superior and BA 40 in the
inferior parietal cortex, bilateral BA 8 in the middle frontal gyrus (MFG), bilateral BA 22 in the
posterior part of superior temporal gyrus (pSTG) including the temporo-parietal junction (TPj),
bilateral BA 37 in the posterior part of the middle temporal gyrus (pMTG) including the
extrastriate body area (EBA), the left extrastriate visual BA 19 in the cuneus, the right lingual
gyrus (LG) and the left middle occipital gyrus (MOG), left BA 7 in the posterior precuneus and
right BA 37 in the fusiform gyrus. The left secondary somatosensory cortex (SII) was also
deemed engaged in both tasks. As might be anticipated, while the upper limb representations of
the primary motor and somatosensory cortical areas (2/3) exhibited bilateral activity, the
magnitude of the BOLD response was larger during execution than during imagery. In contrast,
during motor imagery there was relative greater BOLD response magnitude bilaterally in
prefrontal, premotor and parieto-temporal cortices. In a related investigation in which the
technique of multi-voxel pattern analysis (MVPA) was used in conjunction with a priori
selection of ROIs (excluding MI and SI), Filimon et al. (2015) reported that during both
execution and motor imagery of reaching to visual targets, the BOLD response is registered

across both ventral and dorsal premotor, and parietal areas.

It is readily apparent therefore that during both the execution of (upper limb) movements and
motor imagery there is a high degree of overlap with those brain regions that are believed to
exhibit increased activity in response to NMES (see preceding sections). As such, and the
consequential changes in CSE that have been observed in some cases notwithstanding, it cannot
be assumed that the M1 or S1 is the principal locus of the associative interactions that occur
when NMES is delivered during either motor imagery tasks or during voluntary contractions.
Indeed, it is clear that there are many potential loci. At present there is no empirical basis upon
which to resolve the various possibilities. It is important to emphasise that during all motor
tasks, the notionally “active” (i.e. in a BOLD registration context) brain regions constitute a
network of functional connections (e.g. Simos et al., 2017), such that the task-relevant
contribution of any specific region of interest cannot sensibly be considered in isolation (e.g.
Anderson, 2008). In closing this section, it should also be noted that there have been very few

randomised clinical trials (with appropriate blinding) in which the combined effects - on
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function, of either voluntary contractions or motor imagery and NMES at motor threshold

intensity have been evaluated.

Augmenting NMES at supra-motor threshold intensities

Empirical studies, in which the focus has been upon the combined effects of voluntary
contractions and NMES delivered at intensities sufficient to generate functional levels of muscle
tension (i.e. FES), have typically been undertaken in a clinical context. In many such instances
the focus has been upon the promotion of movement capacity in stroke survivors. In light of the
relatively large number of investigations of this kind that have been undertaken, several
systematic reviews have been compiled. Although initial summaries of this nature (e.g. de Kroon
etal, 2005) tended to suggest that clinical outcomes obtained for FES triggered by voluntary
contraction (e.g. via EMG registration) were superior to those following FES alone, it was not
generally the case that cumulative effect size estimates were obtained. In a more recent analysis
that was restricted to the outcomes of randomized controlled trials (RCTs) engaging chronic
stroke survivors, Yang et al. (2019) reported that the changes in function (as assessed by the
Fugl-Meyer test) and activity (e.g. as assessed by the Action Research Arm Test) arising from
“cyclic” FES (not triggered by voluntary contraction) and EMG-triggered FES could not be
distinguished in terms of their quantified effects (although both were superior to control). In
their systematic reviews, both Monte-Silva et al. (2019) and Nascimento et al. (2014) arrived at
a same conclusion. In the single RCT of which we are aware (Wilson et al., 2016), that compared
their relative efficacy in acute stroke survivors (< 6 months post-stroke), the improvements in
Fugl-Meyer scores and the Arm Motor Ability Test, registered following an eight weeks
intervention period did not differ between administrations of “cyclic” FES and EMG-triggered

FES.

It is particularly notable therefore that when the delivery of stimulation at levels sufficient to
produce joint displacement is triggered by contractions of the opposite (i.e. non-impaired) limb,
improvements in clinical outcomes greater than those induced by NMES alone have been
obtained in several trials. Knutson et al. (2016) employed with chronic stroke survivors a
method whereby opening of the ipsilesional hand (monitored using an instrumented glove)
modulated the intensity of stimulation applied to the finger (and wrist) extensors of the paretic

hand, such that both hands opened synchronously. Fugl-Meyer scores and performance of the

This article is protected by copyright. All rights reserved.



Accepted Article

Arm Motor Ability Test exhibited by following a 12 weeks intervention (210 hours of
stimulation per week), were greater than those exhibited by patients who received cyclic FES
(see also Knutson et al., 2012). In the context of a trial of three weeks duration (5 sessions per
week; 20 min per session) engaging acute (<3 post) stroke survivors, Shen et al. (2015)
implemented a protocol whereby a wrist extension movement executed by the non-impaired
limb triggered the delivery of stimulation (50 Hz; 200 ps pulse duration; intensity - up to that
sufficient to produce full range wrist extension) to the impaired limb. In the NMES group,
matched levels of stimulation were applied. Although both groups exhibited clinically relevant
improvements in capacity (Fugl-Meyer assessment (FMA), the Hong Kong version of functional
test for the hemiplegic upper extremity (FTHUE-HK) and active range of motion (AROM)), the
magnitude of these changes was substantially greater in the group for whom NMES was
triggered by movement of the opposite limb. In a more recent trial using the same methodology
that engaged individuals within 15 days of stroke, the combination of routine rehabilitation
with NMES triggered by movement of the ipsilesional limb, gave rise to better outcomes than
routine rehabilitation combined with matched levels of electrical stimulation (Zheng et al.,

2019).

The contrasting effects (relative to FES alone) of FES triggered by voluntary engagement of the
same limb, and of FES triggered by movement of the opposite limb, might also be considered in
light of the following. Systematic reviews of randomized or quasi-RCTs examining the effects of
electrical stimulation delivered at intensities close to sensory threshold (e.g. TENS) on motor
recovery following a stroke suggest that clinical outcomes are superior when it is combined
with voluntary movement (e.g. Ikuno et al., 2012; Laufer et al., 2011). Taken together, these
findings suggest that the functional impact of combining NMES with voluntary contraction
depends on the intensity of the electrical stimulation. When it is insufficient to generate muscle
contractions, additive effects are obtained. In contrast, when FES intensities are employed, the
combined effects are comparable to those induced by FES alone. There are at least two possible
accounts of this phenomenon. The first is that there is a ceiling effect. That is, if the effects of FES
alone on the state of the motor network approach asymptotic levels, there may be little scope
for endogenous activity generated in the context of voluntary contractions to promote
additional restorative changes. The additive effects of contractions performed by the opposite
limb however suggest that this explanation is insufficient. As described above, in both acute and
chronic stroke survivors, when the delivery of FES is triggered by contractions of the
ipsilesional limb, the benefits in term of clinical outcomes are greater than those brought about

by FES alone. Similarly, when NMES at functional intensities is delivered during mental imagery
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(triggered by very low “incidental” levels of EMG), improvements in function achieved by
chronic stroke survivors are greater than those achieved using FES alone (Hong et al,, 2012; You
& Lee, 2013; cf. Park, 2019). There is no ceiling effect. An alternative possibility is that when
voluntary contractions are combined with, or initiate (e.g. EMG-triggered FES), NMES delivered
at intensities sufficient to produce joint displacement, there is a mismatch between the
anticipated consequences of the efferent drive and the afferent feedback that arises from the
combined effects of the voluntary contraction and stimulation driven recruitment of
motoneurons (e.g. Iftime-Nielsen et al.,, 2012). As a corollary, the degree of any such “mismatch”
is likely to depend not only on the intensity of the stimulation, but also on the degree to which
the pattern of its application mimics natural muscle synergies. For example, it is known that in
the context of tasks in which a large number of degrees of freedom (muscular and
biomechnical) must be coordinated such as the formation of a grasp, if electrical stimulation (of
the intrinsic and extrinsic flexor muscles) is imposed upon a voluntary contraction, maximal
grip force diminishes (Boisgontier et al., 2010). In other tasks in which a relatively small
number of muscles actuate a single joint (e.g. Barker et al.,, 2008, 2017), the discrepancy may be
smaller. The assumption is that, to the degree to which a mismatch is present, further

augmentation of the effects of NMES through associative mechanisms is precluded.

There have been relatively few studies in which imaging techniques have been used to compare
patterns of brain activity arising when FES is delivered both in isolation, and in combination
with voluntary contractions. Employing the method of near-infrared spectroscopy (NIRS) with
healthy adults, Lin et al., (2016) reported that when NMES was delivered at a level sufficient to
augment force output during isometric knee extension contractions, the 02 demand in the
contralateral premotor cortices and SMA was greater than the sum of that observed during
NMES alone and during voluntary movement alone. Oxy-Hb increases in “sensory-motor cortex”
(relative to rest) of greater magnitude during EMG-triggered FES than for voluntary
contractions alone (and FES alone) have also been reported for chronic stroke survivors (Hara
etal., 2013). There are two further studies (of which we are aware) in which fMRI has been
employed during upper limb movements (for the lower limb see Gandolla et al., 2014). Joa et al.
(2012) reported that FES combined with voluntary wrist extension gave rise to a greater BOLD
signal in ipsilateral cerebellum, contralateral MI (“primary central gyrus”), and SI (“post central
gyrus”) than during FES alone. Christensen and Grey (2013) noted that a larger BOLD response
was registered during combined FES and voluntary (finger flexion-extension) movements than
during voluntary movements alone in the following brain regions: superior temporal gyrus;

supramarginal gyrus; insula; rolandic operculum and angular gyrus. There were no regions for

This article is protected by copyright. All rights reserved.



Accepted Article

which a larger BOLD response was obtained during voluntary movements alone. Of particular
interest in the present context is the observation that following administration of an ischaemic
nerve block that removed sensory feedback (but preserved the capacity for voluntary
movement), there were no differences in BOLD response between the two conditions (i.e.
voluntary movement with and without FES). This pattern of outcomes supports the conjecture
that the additional brain activity otherwise evident during combined voluntary movement and
FES (i.e. compared to voluntary movement) is related to the integration of afferent feedback (i.e.
relative to that anticipated on the basis of the efferent command). Gandolla et al. (2014) present

a somewhat similar line of argument.

For completeness, we highlight briefly the finding that for both healthy adults and survivors of
stroke, the excitability of corticospinal projections to muscles in receipt of FES is greater when it
is combined with, or triggered by, voluntary contraction than when it is delivered in isolation
(Barsi et al., 2008; Khaslavskaia & Sinkjaer, 2005; McGie et al,, 2015; Stein et al., 2013).
Although these data were not obtained in the context of the clinical trials described above, they
do serve to emphasise an important point. Two variants of an intervention that can be
distinguished clearly in terms of the changes in corticospinal excitability to which they give rise
do not necessarily lead to different treatment outcomes when they are deployed over multiple

sessions in a rehabilitation setting.

A reflection on the augmentation of NMES at supra-motor threshold intensities

There was a period during which it was widely assumed that NMES at supra-motor threshold
intensities in combination with voluntary contractions - particularly when there was a
contingent relation (as in EMG-triggered FES), gave rise to outcomes superior to those that
could be achieved by NMES alone. In such circumstances it was natural to seek explanatory
constructs. For example, De Kroon et al. (2005), in what was then a comprehensive review of
the available data, hypothesised that there may be an additional cognitive element present in
EMG-triggered NMES that is not a feature of NMES alone. In was suggested that an additional
investment of mental resources and attention improves performance. Any explanation of this
type should apply in equal measure to instances in which the effects of NMES delivered at lower
(e.g. = MT) intensities are accentuated by simultaneous voluntary contractions. The

inconvenient truth is however that there is currently little by way of systematic evidence to
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indicate that EMG (or movement) triggered FES is more efficacious than cyclic FES (which is not

yoked to voluntary movement).

Clarac et al. (2009, page 367) remark that Wundt (1863) was among the first to note explicitly
that passive movements and active movements differ in respect of their perceptual
consequences. More particularly, they are distinguished by the relationship between efferent
impulses and the referent response. Duchenne de Boulogne also promoted the concept of an
“efferent sense” of central origin, which precedes a muscle contraction and is necessarily
distinguishable from the sensation that arises as a result of the contraction (Clarac et al., 2009).
On the basis of electrophysiological recordings obtained using modern methodologies, Lebedev
et al. (1994) established that during self-initiated movement, activity in the primary
somatosensory cortex becomes evident before the initiation of motor output. This was
interpreted as preparation for receipt of the imminent changes in afferent inflow that will result
from the movement (see also Nelson, 1996; Nelson et al., 1991). fMRI-based investigations in
healthy volunteers further reveal that during active but not passive movement, a BOLD
response in the Brodmann Area 2 subregion of S1 that is closely associated with that registered
in premotor and supplementary motor areas, the parietal cortex and the cerebellum, in the
absence of common mediation by area 3b (Cui et al.,, 2014). These and similar observations have
been taken as evidence in support of the construct of efference copy - conceived of by von Holst
and Mittelstaedt (1950) as the internal copy of an outgoing, action-producing “command”
generated by the motor system. In an extension of the concept, it is proposed that the CNS
instantiates forward internal models that utilise efference copy in order to anticipate the

sensory consequences of an action (e.g. Miall & Wolpert, 1996).

The conventional contemporary line of thinking is that brain computer interfaces (BCI) that
instantiate closed-loop control (i.e. brain-efference-change in muscle length/joint displacement-
afference-brain) offer concordance between the efference copy and sensory consequences of an
action. It is furthermore assumed that (repeated) concomitance of voluntarily generated brain
activity, and movement-related afference (even if generated by artificial means) can promote
neuroplastic adaptation and in some cases restoration of function (e.g. Jackson & Zimmermann,
2012). A key requirement in this regard is that there is a persistent causal relationship between
the initiating endogenous neural activity (e.g. descending drive leading to recruitment of
motoneurons - as registered by EMG) and the consequential endogenous neural activity (e.g.
afference generated by EMG triggered FES). A further necessity is temporal congruency. That is,

the delay between the initiating and consequential neural activity must be consistent with the

This article is protected by copyright. All rights reserved.



Accepted Article

natural latency between the efference copy of a motor command and the reafferent sensory
feedback (e.g. Leube et al., 2003). It has been highlighted recently that, even in circumstances in
which the afference generated by EMG-triggered NMES is dominated by that which arises from
direct activation of sensory axons (i.e. for intensities * MT), conduction delays within the central
and peripheral nervous systems dictate that stimulus-evoked activity is unlikely to be able alter
the state of circuits in M1 sooner than 60 ms following the voluntary activity that generated the
triggering EMG (Brown et al,, 2016). In the event that the afference generated by NMES is
dominated by reafference produced by the resulting contraction (i.e. such as with FES), and
given electromechanical delays in the order of 40 ms (Cavanagh & Komi, 1979), the latency will
be very much greater. If the FES is triggered by joint displacement (rather than by EMG), it will
be longer still. We have emphasized in preceding sections that the induction of associative
effects that can be observed at a systems level in humans does not require adherence to the
defining characteristics of STDP (i.e. precisely circumscribed relative timing, with presynaptic
firing occurring no more than 50 ms in advance of postsynaptic firing (Feldman, 2000)).
Nonetheless, if the interval over which the contingent relationship is defined exceeds certain
bounds, the effects of the association are likely to be diminished (Carson & Rankin, 2018).
Indeed, even in STDP schemes, it is predicted that the magnitude of potentiation is inversely

related to the delay between pre- and post-synaptic activity (Markram et al., 1997).

Such considerations raise the possibility that the failure of EMG triggered FES to bring about
functional adaptations that are greater than those achieved by cyclic FES is attributable to the
extended delay between initiation of the voluntary command (that generates the EMG), and the
reafference produced by the resulting contraction. In the case of EMG triggered NMES delivered
at intensities sufficient to activate only a relatively small proportion of motor axons (i.e. around
motor threshold), in which the resulting afference is dominated by that which arises from direct
activation of sensory axons, the delay following the voluntary command will be shorter. It is
notable therefore that such protocols appear (at least based on evidence currently available) to
more consistently yield positive changes in functional capacity that exceed those brought about

by NMES alone.
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General conclusions

It is widely held that the application of NMES in a rehabilitation setting can bring about effects
that are both adaptive and restorative. Direct compensation for motor disability (i.e. the
“adaptive” response) aside, assessment of the evidence gathered in contemporary systematic
reviews and meta-analyses suggests that NMES delivered at levels sufficient to generate a fused
contractions (Howlett et al., 2015; Monte-Silva et al., 2019; Nascimento et al.,, 2014; Yang et al,,
2019) is capable of promoting restorative changes in a number of neurological disorders that
are at least equivalent to those brought about by conventional therapy. It also appears to have a
positive effect on the functional status of older adults who do not have neurological conditions
(Langeard et al., 2017). There is preliminary evidence that it may elevate serum levels of brain-
derived neurotrophic factor (BDNF) - a neurotrophin that plays a well documented role in the

expression of neural plasticity (Kimura et al., 2019).

With respect to lower levels of stimulation (e.g. using intensities in the vicinity of motor
threshold) the picture is less clear. This is partly due to the fact that the widely heterogeneous
(in terms of stimulation parameters and target muscles) nature of the studies that have been
conducted, generally precludes their combination in meta-analyses (Chipchase et al.,, 2011a;
Wattchow et al,, 2018). Given conflicting evidence concerning the efficacy of stimulation
delivered at intensities that evokes paresthesia but generally no motor response (Grant et al,,
2018), a restorative effect of low-level NMES cannot necessarily be assumed. Nonetheless, on
the basis of a small scale meta-analysis of studies restricted to those that adopted a variant of
the stimulation protocol described by Ridding et al. (2000) (i.e. ulnar, median or radial nerve
stimulation (10 Hz, 1 ms pulse width, duty cycle 1 s, 500 ms on-500 ms off) for period of two
hours), it can be inferred that NMES at an intensity close to MT may improve upper limb motor
function in (chronic) stroke survivors (Conforto et al., 2018). Although not yet supported by
sufficient evidence derived from RCTs, there are some indications that adjuvant techniques,
such as voluntary contractions; and mental imagery may further promote restorative responses

to NMES delivered at around motor threshold.

That which is common to all forms of NMES is the absence of a clear understanding of the
mechanisms that mediate its influence on motor function. Evidence derived using a range of
methodologies both in humans and non-human primates indicates clearly that NMES alters the

state of circuits in many parts of the brain, often extending beyond the classical sensory and
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motor networks. An increase in the excitability of corticospinal projections from primary motor
cortex (generally assayed using TMS) is a pervasive feature of the immediate physiological
response to NMES. Nonetheless, there is presently no indication of which we are aware that the
increases in CSE brought about by NMES are instrumentally related to any improvements in
function. We base this conclusion on the fact that there have been no reports of statistical
associations between alterations in CSE and motor function following the administration of
NMES. In addition, there are interventions that can be distinguished in terms of the changes in
CSE to which they give rise, that do not differ with respect to the changes in movement function
that they bring about. This analysis highlights the more general concern (e.g. Carson et al., 2016)
that TMS is perhaps not the best tool for the purpose of discriminating neural mechanisms that

mediate the restorative effects of NMES (Veldman et al., 2016).

The augmentation of the effects of NMES that occurs when it is combined with adjuvant
techniques such as voluntary contractions and mental imagery bears the hallmarks of
associative plasticity. As we have noted elsewhere (Carson & Kennedy, 2013) the induction of
associative effects that can be observed at a systems level in humans does not necessarily
require protocols that adhere to the defining characteristics of STDP. The appeal to constructs
that have been elaborated in the context of reduced slice or animal preparations is however
seductive. It can also be reinforced (perhaps inadvertently) by the identification at a systems
level of features that bear a resemblance to those that have been studied and manipulated in
vitro. [t appears that in closed loop control - such as EMG-triggered FES, temporal congruency
of the initiating (i.e. efferent) and consequential (i.e. afferent) endogenous neural activity is
critical for the induction of restorative effects. This should not however be taken as reflecting
adherence to STDP rules as they apply to individual presynaptic and postsynaptic neurons. In
seeking to provide a deeper understanding of the mechanisms that mediate the effects of NMES,
it might also be useful to consider the influence of the integrative properties of the brain (e.g.
cortical “rhythms”) that only emerge as a consequence of its topological network properties,
and the coupling of individual neural (and non-neural) elements to which this architecture gives
rise (e.g. Guggenberger et al., 2018; Kraus et al.,, 2018). There is certainly also scope for greater
consideration of the potential role of subcortical structures such as the thalamus in mediating
the changes in functional capacity that can be induced by NMES (e.g. Kimura et al., 1999; see
also Veldman et al.,, 2018).
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Abstract Figure Legend

The delivery of electrical current via a peripheral nerve (or across a muscle belly) activates
contractile muscle fibres indirectly by depolarizing motor axons (1b). As the sensory axons in
the same mixed nerve bundle have lower activation thresholds, ascending afferent volleys are
also generated at intensities of electrical stimulation that exceed the motor threshold (1b).
These volleys are followed by (secondary) reafference arising from the invoked muscle
contraction (2). The goal of this review is to address the means through which the sensory-
mediated consequences of the stimulation alter the state of “sensory” networks, and induce
sustained “neuroplastic” modifications within central “motor” networks. Figure redrawn and
adapted from the author’s original artwork, which is available at:
https://commons.wikimedia.org/wiki/File:Neuromuscular_electrical_stimulation_promoted_br
ain_plasticity.jpg (Original figure published under a Creative Commons Attribution-Share Alike
4.0 International license).

"motor” network
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Table 1 is: Common variants of peripheral electrical stimulation

Type of Typical Intent Typical Typical
Stimulation Frequency Intensity
Range
NMES Activation of sensory and motor 1-100 Hz at or above
axons for diverse purposes motor threshold
FES Activation of both sensory and 20-60 Hz above motor
motor axons with the specific goal threshold
of assisting motor function
EST Activation of both sensory and 35-100 Hz above motor
motor axons with the specific goal threshold
of preventing muscle weakness
TENS Activation of sensory axons for the >50 Hz below motor
goal of pain relief. threshold
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NMES - neuromuscular electrical stimulation; FES - functional electrical stimulation; EST -

electrostimulation strength training; TENS - transcutaneous electrical nerve
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