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1 Controlling Spasticity After Spinal Cord Injury:
Challenges and Pathways

Severe spinal cord injury (SCI) is a devastating event, which, apart from the
obvious paresis or paralysis, causes manifold secondary complications impairing
vital body functions caudal to the lesion. One major cause of disability stems from
spasticity as one symptom of the upper motoneuron syndrome, with about 70% of
individuals being affected one year after the injury [1, 8, 92].

Academically, spasticity is rather narrowly defined as a velocity-dependent form
of hypertonia resulting from hyperexcitability of tonic stretch reflexes [57] as a
consequence of the lesion-induced misbalance between inhibitory and excitatory
inputs to spinal circuitry below the injury [55, 89]. Clinically, associated signs like
spasms, clonus, resistance to passive movements, and the clasp-knife response are
also commonly subsumed under the umbrella of spasticity [89]. Together, these
symptoms often present a major hindrance in rehabilitation, further deteriorate
residual motor performance, and negatively impact independence and quality of life
[1, 78, 93]. Yet, certain aspects associated with spasticity may as well pose some
benefit by increasing trunk stability, facilitating transfers, enabling some stepping
movements, reducing the risk of deep venous thrombosis, and partially maintaining
muscle bulk, thereby also protecting against pressure sore formation in
wheelchair-bound individuals [1, 5, 78]. Any regimen applied with the aim to
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reduce spasticity therefore needs to carefully balance out between the need to
alleviate its detrimental effects and the maintenance of its useful facets [1, 5].

Without doubt, successful management of spasticity has remained difficult and
normally requires a multimodal approach, tailored to the individual clinical picture.
Treatment modalities include physical therapy, oral medication, intrathecal drug
delivery, and the application of Botulinum toxin (for a review see [5, 26, 98]).
Surgical neuroablative approaches are often considered as last resort in the treat-
ment of severe, resistant forms of spasticity [78]. Yet, some of the treatments used
bear the risk of undesirable side effects, particularly weakness and fatigue that may
be induced by antispasticity medication, the further deterioration of residual
mobility, as well as permanent lesions within (previously undamaged) neural tissue
caused by surgical methods [23, 78].

Neuromodulation techniques provide for an alternative, reversible, and adjus-
table concept for the treatment of diffuse spasticity and work through the modifi-
cation of neural signal processing by targeted circuits within the central nervous
system [40]. One method to modify the altered activity in the spared neural circuitry
after SCI, aside from pharmacological approaches [73], is by electrical spinal cord
stimulation (SCS). This chapter will trace the first applications of this technique
from its early developments in the 1960s to its recent resurgence in neurorehabil-
itation and motor recovery after SCI, with a focus on practical aspects and clinical
applications.

2 Epidural Spinal Cord Stimulation in Spinal Spasticity:
The Early Period

The pioneering work on the nature and treatment of pain by Ronald Wall and
colleagues in the 1960s [60, 98]; for a current review see [61] indirectly provided
the scientific breeding ground for the later developments in the field of SCS. They
postulated that (peripheral) stimulation of large-diameter cutaneous sensory fibers
would reduce the perception of pain through the central inhibition of small-diameter
fibers in the spinal cord circuitry involved in pain transmission. To control
intractable, diffuse pain, Norman Shealy and co-workers demonstrated, first in cats,
the particular effectiveness of concentrating the stimulation on the posterior col-
umns of the spinal cord white matter, where the ascending continuations of cuta-
neous sensory fibers related to multiple dermatomes are closely assembled [87].
Shealy also conducted the first human application of SCS for pain relief in a cancer
patient via a plate electrode surgically placed over the posterior columns at T3,
leading to an immediate abolition of the pain [88]. Since then, and with techno-
logical advancements, SCS for pain control has become widely used [28]. In 1989,
epidural SCS gained its approval by the U.S. Food and Drug Administration for the
treatment of chronic intractable pain of the trunk and limbs and since then has
developed into the most common of all neuromodulation therapies [52].
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In fact, the application of epidural SCS in motor disorders is closely linked to its
original use in pain conditions, as it followed from an unanticipated observation
made in a patient with multiple sclerosis treated for pain [14]. In addition to
relieving the pain, the stimulation, applied to the upper thoracic spinal cord, led to a
considerable increase of the patient’s sensory perception and voluntary motor
control over the legs. Subsequent studies including numerous individuals with
multiple sclerosis in whom pain was not a main complaint reproduced the positive
impact of SCS on motor performance, taking the form of reduced spasticity and a
feeling of lightness when moving the legs, increased endurance during ambulation,
and the enabling of some voluntary movements in otherwise paralyzed limbs under
SCS [13, 20, 25, 44, 90, 100]. Yet, not all patients benefitted equally from SCS, and
in some individuals, no effects were achieved at all [45, 90, 91]. These
inter-individual differences were attributed to the pathophysiological complexity of
the disease itself as well as to the high variability of rostro-caudal stimulation sites
employed across the different studies [23]; reviewed in [67, 68].

Despite this ambiguity, the positive results obtained in the patients with multiple
sclerosis soon motivated first studies in SCI individuals [7, 23, 75, 79, 80, 91], which
likewise produced positive yet variable outcomes (Fig. 1a). Richardson et al. [80]
reported complete alleviation of spasticity in 6 individuals with severe thoracic SCI
whose spasticity could not be controlled by other treatment modalities when
applying SCS via epidural electrodes placed below the injury over the lumbar and
sacral spinal roots at L1–L4 vertebral levels. On the other hand, Siegfried et al. [91]
found no improvements in lower-limb spasticity in any of the 15 SCI individuals
studied when treated by SCS. Notably, electrodes were always placed rostral to the
level of severe SCI in their study. In a cohort of 59 SCI individuals, Dimitrijevic
et al. [23] found a marked or moderate effect of SCS on spasticity in 37 patients, with
only a marginal or no effect in the remaining 22 patients. Reduction of spasticity was
generally achieved with electrode placements caudal to the injury level in the pos-
terior epidural space. Yet, in severe cervical spinal cord lesions and with the elec-
trodes placed immediately caudal to the injury, SCS failed to alleviate spasticity in
the lower limbs, while in incomplete SCI, stimulation from similar sites produced
considerable therapeutic effects. Dimitrijevic et al. [23] concluded that the effec-
tiveness of SCS strongly depended on the specific rostro-caudal position of the
electrodes with respect to the injury site and on the severity of the spinal cord lesion.
Barolat et al. [7] studied the potential of SCS to control severe spasms in 16 SCI
patients. The target placement of the electrodes was always caudal to the level of the
lesion, ranging from T1–T6 levels depending on the individual distribution of
spasticity, and in the posterior epidural space. Such electrode placement was
achieved in 14 out of the 16 individuals tested and led to marked improvements of
the spasms in terms of their severity, frequency, and duration in all 14 cases [7].
Specifically, with electrode placements at or rostral to T3, also spasms in the upper
limbs were controlled by the stimulation. Pinter et al. [75] showed a considerable
antispasticity effect in the lower limbs of 8 individuals with severe low-cervical to
mid-thoracic lesions of the spinal cord when applying SCS from the posterior
epidural space at vertebral levels of T11–L1, thereby specifically targeting the
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lumbar spinal cord. The effect was so pronounced that antispasticity medication
could be completely discontinued in 7 of the patients and substantially reduced in the
remaining subject. Across the various studies, the applied stimulation frequencies
were within a range of 33–120 Hz and intensities were below the level causing
muscle activity in the lower extremities and produced paraesthesias in individuals
with sensory incomplete SCI. The stimulation was either continuously or intermit-
tently applied for several hours per day via plate electrodes or percutaneous leads.
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Barolat et al. [7] described an immediate amelioration of spasticity by the stimulation
in most of the patients, but also found gradual decrease of spasticity occurring over
several weeks in some of the individuals treated. In most subjects, there were
carry-over effects after the stimulation had been turned off. The persistence of these
effects was generally related to the duration of the stimulation, ranging from a few
hours within the first weeks of stimulation to up to 5 days after several weeks of
stimulation [7]. Accordingly, some patients adjusted their daily regimen of stimu-
lation, and some could reduce its application to a few hours two or three times a
week only, while maintaining the therapeutic effects [7]. Implantation as well as
stimulation procedures were generally well accepted by the patients included in the
various studies, and no adverse effects related to the stimulation were reported.

As suggested by Dimitrijevic et al. [23], the variability in the results produced by
the different studies must be discussed in the light of the respective rostro-caudal
stimulation sites employed, leading to the electrical activation of distinct neural
structures, and in conjunction with the severity of the spinal cord lesions. At
therapeutic intensities for the management of spasticity (see subsect. 3 of this
chapter), the neural structures electrically stimulated through electrodes placed in
the posterior epidural space are afferent fibers within the posterior roots or their
rostral continuations within the posterior columns of the spinal cord white matter
[41], also depending on the specific segmental electrode position. SCS targeted to
the lumbar spinal cord predominantly activates large-to-medium-diameter afferents
within the posterior roots [76] (Fig. 1b). Notably, of the afferent fibers originating
from muscles, tendons, joints, and cutaneous tissues of the hip and lower limbs that
enter the spinal cord via the lumbar and upper sacral posterior roots, only the
ascending continuations of the cutaneous fibers are present also within the posterior
columns with increasing distance to the lumbar spinal cord, since the other fiber
types leave the posterior columns to ascend via alternative systems [19]. All other

JFig. 1 Epidural spinal cord stimulation (SCS) for spasticity control after spinal cord injury (SCI).
a Studies conducted by various groups starting from the 1970s produced ambiguous results on the
effectiveness of epidural SCS to reduce spasticity. The sketch on the left presents vertebral relative
to spinal cord levels, white bars on the right depict ranges of SCI levels of the patients studied in
the different studies, and black bars the respective rostro-caudal ranges of electrode positions.
Studies are arranged from left to right according to the reported effectiveness of SCS to alleviate
spasticity. Numbers in brackets are numbers of responders relative to the total numbers of SCI
individuals included. b SCS can electrically activate large-to-medium-diameter sensory posterior
root fibers or, given their functional integrity, their ascending continuations in the posterior
columns of the spinal cord white matter, depending on the rostro-caudal electrode position. c The
effectiveness of SCS to reduce lower-limb spasticity strongly depends on the rostro-caudal
placement of the epidural electrode, the severity of SCI, and the neural mechanisms set into action
by the stimulation. (i) SCS applied to the thoracic spinal cord caudal to a severe SCI activates the
lumbar segmental circuitry via antidromic activation of posterior column fibers. (ii) In incomplete
SCI, the stimulation may likely work through spinal-brainstem-spinal loops set into action by
orthodromic conduction evoked within the posterior columns as well as through segmental spinal
mechanisms following the antidromic posterior column activation. (iii) SCS over the lumbar spinal
cord activates the local circuitry transsynaptically through the electrical stimulation of afferent
fibers within the lumbar posterior roots
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spinal neural structures are transsynaptically recruited through the SCS-induced
sensory input [10, 62].

Following this line, three potential neural pathways by which the activity pro-
duced by SCS may reach (and modulate) the lumbar spinal circuitry involved in
gating afferent input and regulating motoneuronal excitability associated with the
lower limbs were suggested: first, via antidromic activation of the posterior column
fibers when stimulation is directed to the thoracic spinal cord (Fig. 1c(i); [43]);
second, via orthodromic conduction evoked within the posterior columns, leading
to increased descending activation of spinal inhibitory circuitry through
brainstem-spinal cord loops in incomplete SCI (Fig. 1c(ii); [23, 86]); and third, with
SCS over the lumbar spinal cord, via orthodromic activation of afferent fibers
within the lumbar and upper sacral posterior roots (Fig. 1c(iii); [62, 64, 71, 75, 76]).

These variable neural mechanisms set into action by the stimulation also provide a
likely explanation for the lack of effectiveness in some patients versus the good results
obtained in others (Fig. 1c). In the individuals with complete cervical SCI and the
electrodes placed just caudal to the lesion zone, the functional integrity of the pos-
terior columns at the stimulation site may too have been compromised by the injury or
the effects would have required the stimulation offiber types arising in the legs that are
not present in the posterior columns at such distance from the lumbar spinal cord [68,
69]. Satisfactory results, on the other hand, were obtained with stimulation applied
from same sites but in individuals with incomplete SCI. Apart from acting on lumbar
spinal segmental circuity via antidromic posterior-column activation in these cases
[23, 86], the stimulation likely also increased the descending activation of inhibitory
spinal mechanisms through brainstem-spinal loops [23]; cf. [83].

3 Epidural Stimulation of the Lumbar Spinal Cord
for the Control of Spasticity: Current Practice
and Clinical Considerations

The various studies starting from the 1970s have taught that refractory forms of
lower-limb spasticity may be alleviated by activating the lumbar spinal segmental
circuitry involved in the regulation of afferent inputs and of the motoneuronal
excitability associated with the legs and that this circuitry can—largely indepen-
dently from the specific site and severity of SCI—be accessed with SCS specifically
directed to the lumbar spinal cord [75]. Notably, despite the promising therapeutic
outcomes achieved with epidural SCS in numerous patients suffering from various
conditions [99], its application in motor disorders has remained off-label.

Practically, the stimulation is applied via a thin cylindrical lead with several
electrodes on the distal end that is placed percutaneously and thus minimally
invasive under fluoroscopic control into the posterior epidural space over the
lumbar spinal cord. Alternatively, the stimulation may be delivered via a surgical
paddle lead with electrodes arranged in arrays that require laminotomy or
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laminectomy, but at the same time allow for a more flexible control over the
stimulation site employed [54]. On average, the rostro-caudal position of the
electrodes corresponds to the T11 and T12 vertebral levels, but may be as caudal as
the L1 vertebral level, as well [62, 71] (Fig. 2a). Stimulation from the targeted site
allows for the activation of posterior-root afferents of several lumbar and upper
sacral spinal cord levels bilaterally at the same time [62] (Fig. 2b). Consequently, at
low stimulation frequencies (e.g., 2 or 5 Hz) and with adequate stimulation
intensity, each stimulus pulse evokes twitch-contractions in multiple muscles of
both legs [71] (Fig. 2c), so-called posterior root-muscle (PRM) reflexes termed
according to their initiation and recording sites [62, 65]. With other words, from the
targeted stimulation site over the lumbar spinal cord, PRM reflexes will be elicited
in muscle groups with distinct segmental innervation (cf. Fig. 2b), and intraoper-
ative surface-electromyographic recordings of such reflex responses hence serve as
a physiological marker guiding the correct rostro-caudal placement of the epidural
electrodes over the lumbar spinal cord [32, 38, 64, 71, 75]. In individuals with
sensory incomplete SCI, the placement can be also guided by the elicitation of
paraesthesias in the lower-limb dermatomes, when stimulation is applied at higher
frequencies (e.g., 30 or 50 Hz), like in epidural SCS for pain control [54].

After its implantation in the lumbar epidural space, the electrode lead is normally
externalized and connected to a test stimulator for a trial period of 1–2 weeks.
During this period, various combinations of SCS parameter settings are systemat-
ically tested for their effectiveness in controlling lower-limb spasticity. The epidural
lead carries several independent electrodes that can be set to “+”, “–”, and “off”,
allowing for different bi- (and multi-) polar electrode combinations. The selection of
the active cathode also allows for shifting the active stimulation site along the extent
of the multiple electrodes. Stimulation frequencies normally used for spasticity
control are within a range of 50–100 Hz [75]. Therapeutic stimulation intensities
are below the level evoking muscle twitches in the trunk, hip, or lower limbs and
are generally within a range of 0.5–5 V with an impedance of 300–1000 Ω for a
bipolar electrode configuration [75]. Individuals with incomplete SCI may perceive
a non-painful tingling sensation (paraesthesias) in the lower-limb dermatomes
during the stimulation. With the designated parameter settings, the effects of SCS
on the patients’ spasticity and residual motor control are thoroughly assessed
clinically and neurophysiologically, also tailored to the patients’ individual clinical
picture of spasticity and needs, and comparing them to the corresponding assess-
ments conducted before the implantation and with the stimulation turned off
(Fig. 3). This trial procedure is necessary since there are still no generally accepted
clinical or physiological markers to clearly identify in advance those patients who
will benefit from epidural SCS. A more recently developed transcutaneous version
of SCS may develop into an easy-to-apply and useful procedure, which could serve
this purpose in the future (see Sect. 5 of this chapter). Given a positive evaluation
by the patient, the attending neurologist, and the involved physiotherapists after the
trial period, a programmable implantable pulse generator (IPG) is eventually placed
subcutaneously in the abdominal wall [54] and connected to the epidural electrode
lead, forming a closed system for chronic stimulation. The IPG is then set to run
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continuously with the determined frequency and electrode combination, which are
typically only altered should the effect change over time, e.g. because of migration
of the electrode lead [75] or carry-over effects emerging over time, allowing the
patient to (temporarily) withdraw the stimulation or reduce the stimulation ampli-
tudes [7]. The stimulation intensity is manually adjustable using a patient pro-
grammer. At the Neurological Center, Otto-Wagner-Hospital, Vienna, roughly 30
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JFig. 2 Epidural stimulation of the lumbar spinal cord. a X-ray and schematic sketch illustrate the
placement of the epidural electrodes in the epidural space, inside the vertebral canal and outside
the meninges covering the spinal cord, over the lumbar spinal cord corresponding on average to
T11 and T12 vertebral levels. b Epidural stimulation of the lumbar spinal cord synchronously
activates large-to-medium-diameter afferent fibers within the lumbar and upper sacral posterior
roots bilaterally that are associated with muscle groups of the lower limbs. Sketch on the right
depicts segmental innervation of quadriceps (Q), hamstrings (Ham), tibialis anterior (TA), and
triceps surae (TS). c Stimulation of the lumbar spinal cord with above motor-threshold intensity
elicits short-latency posterior root-muscle reflexes, i.e., reflexes initiated within posterior-root
afferents and recorded via surface-electromyography (EMG), in multiple lower-limb muscle
groups bilaterally. Stimulus-triggered, superimposed representation of 10 consecutive PRM
reflexes elicited at 2 Hz in right (R) and left (L) Q, Ham, TA, and TS, black arrows indicate times
of stimulus application

Fig. 3 Control of lower-limb spasticity by epidural stimulation targeting the lumbar spinal cord.
Electromyographic (EMG) activity recorded in an individual with spinal spasticity during passive
flexion and extension movements at hip and knee in the supine position (i) without stimulation and
(ii) under continuous 50 Hz stimulation with sub-motor threshold intensity of 5 V using a bipolar
electrode configuration with the cathode targeting the upper lumbar spinal cord segments, which
corresponded in this subject to the 12th thoracic vertebral level as identified by X-ray. The
stimulation suppresses lower-limb spasticity as reflected by complete attenuation of the EMG
activity associated with the tonic stretch reflex recorded from quadriceps (Q), adductors (Add),
hamstrings (Ham), tibialis anterior (TA), and triceps surae (TS). Shaded backgrounds mark the
passive movement, shown are two repetitions of the same maneuver. Data derived from an
individual with chronic motor complete spinal cord injury, American Spinal Injury Association
Impairment Scale (AIS) grade B, neurological level of injury: C5–C6
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individuals with chronic SCI have received devices for epidural lumbar SCS for
spasticity control within the past 15–20 years.

4 The Recent Resurgence of Epidural Spinal Cord
Stimulation: Inducing and Enabling Movement After
Spinal Cord Injury

Apart from controlling severe forms of spasticity, which, by itself, allows the
expression of some voluntary mobility in many cases, lumbar SCS with certain
stimulation parameter settings may also induce [17, 24, 47, 62, 64, 77] or enable [4,
6, 32, 68, 69] movements in otherwise paralyzed legs, as well as facilitate the
activity produced during assisted treadmill training [32, 33, 42, 63].

Specifically, epidural stimulation of the lumbar spinal cord at 25–50 Hz can
induce rhythmic contraction-relaxation patterns across multiple lower-limb muscle
groups in motor complete SCI individuals lying supine, and some of these patterns
have the appropriate coordination to result in synergistic flexion-extension move-
ments over several leg joints [17, 24, 47, 62]. When applied in conjunction with
assisted treadmill stepping with body weight support in patients with severe SCI
[32, 63], epidural SCS within such frequency range and with intensities close to or
slightly above the level eliciting PRM reflexes in the lower limb muscle groups has
an immediate augmentative effect on the electromyographic activity as produced by
the gait-phase related proprioceptive feedback input alone [21, 59, 102], and can
recruit additional lower-limb muscle groups that are not responding to the guided
stepping motions alone. It should be noted, however, that independent stepping
movements were not yet achieved in these patients. In wheel-chair dependent
individuals with incomplete lesions but sub-functional motor strength in the lower
limbs, on the other hand, the addition of SCS may increase the outcome of intensive
locomotor training and lead to improved overground ambulation, walking speed,
step length, and endurance [33, 42].

When applied at 5–16 Hz, epidural SCS can induce bilateral extension in the
lower-limbs of (motor) complete SCI individuals [47]. In a recent study, SCS could
induce full-weight bearing standing in four patients with (motor) complete SCI and
after intensive training standing could be maintained for several minutes with
minimal self-assistance for balance control under ongoing SCS [32, 77].

Much of the current resurgence of interest in epidural SCS in the rehabilitation of
SCI is most probably attributable to the rediscovery of its enabling effects on
otherwise ‘clinically silent’ translesional volitional motor control. Even in an SCI
clinically classified as complete, some residual white matter tracts through the
injury zone or propriospinal system bridging the lesion [27, 72] are generally still
present [22, 48–50]. These surviving connections may provide for some—sub-
clinical—excitatory [22] or inhibitory [12] brain/brainstem influence over the
lumbar spinal circuitry despite the otherwise clearly perturbed neural signal
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transmission [68]. The SCS-evoked ‘tonic’ driving input increases the excitability
of the lumbar spinal motor circuitry and thereby enhances its responsiveness to this
otherwise insufficient supraspinal input, allowing for rudimentary volitional motor
control over otherwise paralyzed legs (cf. [68]). First reported in the 1980s [6, 7],
this therapeutic potential of SCS was recently revisited [4, 32]. Under SCS at 25 Hz
or 30 Hz, four patients with clinically classified (motor) complete SCI could
volitionally induce hip and knee flexion, dorsiflexion, and toe extension. After
intense training, one patient maintained the regained voluntary control over leg
flexion after SCS was turned off [4].

These recent studies on epidural SCS applied to augment residual motor control
have fueled ambitious expectations on the level of functional recovery that may be
achieved even after clinically complete SCI. In ensemble with current technological
[11, 101] and pharmacological [29–31, 94] advancements, as well as the intro-
duction of new training paradigms pursuing the principles of activity-dependent
neuroplasticity [4, 46], epidural SCS may indeed be considered as high priority for
imminent translation to individuals with severe SCI (cf. [68, 69]).

5 Transcutaneous Spinal Cord Stimulation:
A Non-invasive Method to Activate the Lumbar Spinal
Circuitry

The bilateral and synchronous activation of afferent fibers within multiple posterior
roots and the resulting multisegmental driving input to the lumbar spinal circuitry
produced with tonic stimulation was previously suggested to be the key to the
observed neuromodulation effects of epidural lumbar SCS in SCI individuals [17,
38, 62, 64, 75]. With the development of a non-invasive, transcutaneous version of
SCS, the stimulation of posterior root afferents has become possible from the body
surface [65, 66]. The set-up originally described by Minassian et al. [65] utilizes
self-adhesive transcutaneous electrical neural stimulation (TENS) electrodes placed
over the T11 and T12 spinous processes, manually identified by palpation, as well
as larger indifferent electrodes placed paraumbilically on the abdomen (Fig. 4a).
Other electrode set-ups have been used as well [15, 18, 53, 84], and the exact
dimensions and shapes of the surface electrodes are not decisive [66]. When using a
stimulator delivering biphasic stimulus pulses, the electrodes are connected to the
stimulator such that the paravertebral electrodes act as anode for the first and as
cathode for the second pulse phase [36, 39]. In case of monophasic stimulus pulses,
the paraspinal electrodes are connected to the negative output of the stimulator, and
the abdominal electrodes to the positive output [70].

Despite the relatively distant stimulation and the non-focused electrical field
produced, transcutaneous SCS indeed allows for the selective activation of
large-to-medium-diameter afferent fibers within the lumbar and upper sacral pos-
terior roots bilaterally [16, 56, 65]. This is possible because of tissue heterogeneities
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Fig. 4 Transcutaneous stimulation of the lumbar spinal cord. a Schematic sketch illustrates the
placement of the paraspinal stimulating electrodes on the back at the level of the lumbar spinal
cord corresponding on average to T11 and T12 vertebral levels and of the indifferent abdominal
electrodes. Sketch in the middle depicts stimulation (stim.) through the better conductive elements
(ligaments and discs) in-between the bony structures of the spine, along with a computer
simulation of the current flow produced in a mid-sagittal plane. b Transcutaneous stimulation of
the lumbar spinal cord elicits posterior root-muscle (PRM) reflexes in multiple lower-limb muscle
groups bilaterally. Stimulus-triggered, superimposed representation of 3 consecutive PRM reflexes
elicited in right (R) and left (L) quadriceps (Q), hamstrings (Ham), tibialis anterior (TA), and
triceps surae (TS) of an individual with chronic incomplete spinal cord injury, American Spinal
Injury Association Impairment Scale (AIS) grade C, neurological level of injury: C6. Black arrows
indicate times of stimulus application (cf. Fig. 2c). c The stimulation of afferent fibers can be
verified by testing the recovery cycle of the evoked responses using double-stimuli at varying
interstimulus intervals. Shown are exemplary results of left triceps surae (LTS) at interstimulus
intervals of 30, 50, and 100 ms derived from an individual with chronic incomplete spinal cord
injury, AIS grade D, neurological level of injury: C5
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between the paraspinal and abdominal electrodes as well as along the neural
pathways of the roots [56]. First, at the level of the lower thoracic and upper lumbar
spine, the posterior aspect of the vertebral canal is only partially shielded by bony
structures. The transversal electrical resistance is substantially reduced by the
ligaments and intervertebral discs that have considerably better electrical conduc-
tivities than bony structures, which allow the current flow produced by transcuta-
neous SCS to cross the vertebral canal and thecal sac [96]. Second, fibers within the
lumbar and upper sacral posterior roots have particularly low excitation thresholds
when entering the spinal cord inter alia due to the considerable change in electrical
conductivities at the interface of the cerebrospinal fluid and the spinal cord [56, 76].
Further, myelinated afferent fibers with larger diameters corresponding to groups I
[56, 65] and II [36, 39] have the lowest thresholds for electrical stimulation [16, 76],
while thresholds considerably increase with decreasing fiber diameters [95, 97].

Like epidural SCS, transcutaneous stimulation of the lumbar spinal cord evokes
PRM reflexes in multiple lower-limb muscles bilaterally [34, 56, 65] (Fig. 4b),
which can serve as a means to neurophysiologically monitor the placement of the
paraspinal electrodes over the lumbar spinal cord and to identify the immediately,
electrically stimulated neural structures [36, 39]. The stimulation of afferent input
structures to the lumbar spinal cord circuitry can be tested by applying
double-stimuli at varying interstimulus intervals of e.g. 30, 50, and 100 ms to
assess the recovery cycle of the evoked responses [36, 65, 81] (Fig. 4c). The
presence of post-activation depression [74], as reflected by attenuated responses to
the second stimulus pulse, verifies the transsynaptic and hence the reflex nature of
the evoked responses [65, 81]. The stimulation of motor fibers in the anterior roots,
on the other hand, would lead to the elicitation of two responses of similar
amplitude even at such short interstimulus intervals.

Given the activation of the same neural input structures to the spinal cord as by
epidural SCS, the transcutaneous technique may as well be used as a neuromod-
ulation tool to modify altered activity of spinal circuits after SCI when used to apply
‘tonic’ stimulation [35–37, 39, 63, 66]. Additionally, as a non-invasive method,
transcutaneous SCS can be employed to evoke ‘test’ PRM reflexes in neurophys-
iological studies of the organization of motor control and sensorimotor transmission
at the level of the spinal cord, both in individuals with intact or altered central
nervous system [2, 3, 15, 34, 65, 66, 81, 82], very similarly as in classical
conditioning-test paradigms utilizing the H reflex [51, 85].

When applied for neuromodulation purposes, one has to consider though that
unlike epidural stimulation, transcutaneous SCS is not suitable for permanent or
chronic use. To be of therapeutic value, the induced effects therefore need to outlast
the stimulation application or must stem from the intensification of the outcome
obtained by other treatment modalities with which transcutaneous SCS is
combined.

In the control of spinal spasticity specifically, a recent proof of concept study has
demonstrated that a single 30 min session of transcutaneous SCS at 50 Hz and with
an intensity producing paraesthesias but no muscle activity in the lower limbs
temporarily alleviated various clinical signs of spasticity and enhanced voluntary
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motor control of three individuals with incomplete SCI [36] (Fig. 5a). Preliminary
results obtained in seven subjects with SCI of various severity further suggest the
temporary persistence of these antispasticity effects for at least two hours after the
stimulation [37]. In one of the patients, the effects of repetitive exposure to tran-
scutaneous SCS over a period of six weeks was tested [37]. It was found that the
stimulation-induced effects outlasted each stimulation session for at least 24 h and
were progressively increasing over the six weeks. The effects could still be detected
seven days after the last application of transcutaneous SCS [37]. The subject was
later selected for implantation of an epidural system with which effective spasticity
control was also achieved, suggesting that transcutaneous SCS may serve as a
non-invasive trial procedure to identify responders to epidural SCS.

Transcutaneous SCS at around 30 Hz, i.e., within frequency ranges found to be
effective in epidural SCS to promote locomotor-like activity, and with intensities
below motor threshold for the lower limbs was found to facilitate residual voluntary
locomotor control in ambulatory, motor incomplete SCI individuals actively
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stepping on a treadmill [35, 39] (Fig. 5b). The effects included the step-phase
appropriate augmentation of electromyographic activity in the lower limbs and
changes in the gait kinematics as assessed by goniometric recordings from the hip
and knee joints, mainly an augmented flexion movement during swing phase.
Notably, the step-phase appropriate modulations occurred despite continuous
administration of transcutaneous SCS during stepping with unchanged parameters
throughout the gait cycles. Further, as soon as the treadmill belt was stopped and
the subject stopped the active stepping, i.e., without the subjects’ voluntary con-
tribution, no electromyographic activity was produced in the lower limbs by the
stimulation alone. It was hypothesized that the stimulation elevated the state of
excitability of the lumbar locomotor circuitry, which in turn became more
responsive to the voluntary commands to step through the surviving descending
axons [39]. Considering the incomplete nature of the injuries, the stimulation could
have modulated the activity of neural circuits rostral to the lesion via the partially
functional posterior-column tracts as well. In individuals with (motor) complete SCI
passively stepping on a treadmill using a robotic-driven gait orthosis, transcuta-
neous SCS at 30 Hz and with intensities above the motor threshold for the lower
extremities considerably enhanced the motor output produced by the proprioceptive

JFig. 5 Applications of transcutaneous stimulation of the lumbar spinal cord in rehabilitation after
spinal cord injury. a Control of lower-limb spasticity by transcutaneous stimulation of the lumbar
spinal cord. Electromyographic (EMG) activity elicited by tonic stretch reflex in an individual with
spinal spasticity during passive flexion and extension movements at hip and knee (i) before
stimulation and (ii) after a 30 min session of tonic 50 Hz stimulation. The stimulation led to
almost complete suppression of the EMG activity recorded from quadriceps (Q), adductors (Add),
hamstrings (Ham), tibialis anterior (TA), and triceps surae (TS) and this effect outlasted the
application of transcutaneous SCS for several hours. Shaded backgrounds mark the passive
movement in the supine position, shown are two repetitions of the same maneuver. Data derived
from an individual with chronic incomplete spinal cord injury (SCI), American Spinal Injury
Association Impairment Scale (AIS) grade C, neurological level of injury: C6. b Transcutaneous
stimulation at around 30 Hz and sub-motor threshold intensity can immediately modulate the
walking capability of individuals with motor incomplete SCI. Displayed stick-figures were
calculated on the basis of hip and knee goniometric data and averaged from 10 consecutive gait
cycles during ongoing spinal cord stimulation (SCS on, left) and without stimulation (SCS off,
right). The stimulation enhanced movement during swing and increased joint stability during
stance. Note that all stepping movements were volitionally initiated and maintained by the subject,
no EMG activity was produced by the stimulation in the absence of the voluntary attempt to
step. Subject with incomplete SCI classified as AIS D, neurological level of injury: T9, stepping
without manual assistance or body weight support, treadmill belt speed: 1.6 km/h. c Stimulation at
around 15 Hz with an intensity above the motor threshold can generate standing-up and upright
standing in individuals with severe SCI. Shown are stick-figures of one leg along with
corresponding ground reaction forces. Starting from a supported sitting position in an overhead
harness, the stimulation induced bilateral lower-limb extension, leading to an upright standing
position with ground reaction forces of up to 40 kg per leg. Note that with increased loading of the
legs, additional proprioceptive feedback input to the spinal cord was produced that further
supported extension. The standing position was maintained until the stimulation was turned off
(SCS off). Data derived from an individual with complete SCI classified as AIS A, neurological
level of injury: T9
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feedback input and recruited additional muscle groups [70] a finding reminiscent of
that obtained with epidural SCS [32, 63].

Finally, transcutaneous SCS at around 15 Hz and with intensities above the
lower-limb motor thresholds can induce standing in individuals with motor com-
plete SCI (Fig. 5c). Two mechanisms thereby facilitate the extension movements of
the legs generated by SCS: first, the progressive increase in lower-limb load when
initiating the standing-up movement from a sitting position by manipulating body
position leads to an increase in the proprioceptive feedback input to the spinal cord,
which likely adds to the activation of the spinal circuitry; second, due to the rich
connectivity of each group Ia muscle spindle fiber to a large proportion of its
homonymous (and partially also heteronymous) motoneuron pools [9, 58], the
activation of even a portion of the afferents within the posterior roots by transcu-
taneous SCS can effectively increase the motoneuronal excitability and recruitment.

6 Conclusions

Electrical SCS has been employed for the rehabilitation of various motor disorders
for more than 40 years, but has not yet gained general acceptance and has been used
in a few interested and specialized centers only. Recent high-profile studies that
rediscovered the use of SCS as a neuro-augmentative tool have fueled a resurgence
of interest in electrical neuromodulation of the spinal cord. Not only can SCS be
tuned to effectively control diffuse and severe forms of spinal spasticity without
further negatively impacting residual motor control in SCI individuals, it may
indeed improve functional motor recovery even in patients with severe SCI. A wide
spread use and eventual acceptance of SCS in clinical practice will essentially
depend on a better understanding of its interaction with the neurophysiology of the
targeted neural networks as well as the identification of markers that can distinguish
responders from non-responders before implantation of an SCS system. The
availability of transcutaneous SCS may facilitate these processes and by itself
develop into a useful clinical tool for neuromodulation of altered motor control.
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