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SUMMARY

Severe spinal cord injury is a devastating condition, tearing apart long white matter tracts

and causing paralysis and disability of body functions below the lesion. But caudal to most

injuries, the majority of neurons forming the distributed propriospinal system, the localized

gray matter spinal interneuronal circuitry, and spinal motoneuron populations are spared.

Epidural spinal cord stimulation can gain access to this neural circuitry. This review focuses

on the capability of the human lumbar spinal cord to generate stereotyped motor output

underlying standing and stepping, as well as full weight-bearing standing and rhythmic

muscle activation during assisted treadmill stepping in paralyzed individuals in response to

spinal cord stimulation. By enhancing the excitability state of the spinal circuitry, the stimu-

lation can have an enabling effect upon otherwise “silent” translesional volitional motor

control. Strategies for achieving functional movement in patients with severe injuries based

on minimal translesional intentional control, task-specific proprioceptive feedback, and

next-generation spinal cord stimulation systems will be reviewed. The role of spinal cord

stimulation can go well beyond the immediate generation of motor output. With recently

developed training paradigms, it can become a major rehabilitation approach in spinal cord

injury for augmenting and steering trans- and sublesional plasticity for lasting therapeutic

benefits.

Introduction

Severe spinal cord injury (SCI) locally destroys neural circuitry

within the spinal gray matter and tears apart the long white mat-

ter tracts, causing paralysis below the lesion [1]. Standard-of-care

rehabilitative options for improving motor function in patients

with clinically classified motor-complete SCI are limited, and

independent standing or stepping, or partial recovery of inten-

tional movement control is not achieved [2]. The intense efforts

exploring experimental strategies for axonal regeneration within

the damaged white matter tracts and their translation into a cure

for human SCI have remained a long and uncertain process [3,4].

Hence, medical care for patients with severe SCI at present focuses

on secondary complications and a large population remains with

chronic disabilities and little hope for regaining useful motor func-

tion below the injury. Ongoing research is developing strategies

that could be introduced into the clinical treatment of SCI in the

short term [5]. One approach is to move the attention away from

the pathology at the injury site and from the attempt to recon-

struct the original anatomy that had existed before the injury to

harnessing the remaining motor function of the uninjured spinal

cord structures [6–9]. Even after severe damage to the white mat-

ter tracts, caudal to the injury the majority of neurons of the

spinal cord forming the longitudinally distributed propriospinal

system [10,11], localized gray matter interneuronal circuitry, and

motoneuron populations [1] are spared. A series of physiological,

biochemical, and cellular changes takes place distally in the neu-

rons of the sublesional circuitry, including synaptic reorganization

and changes in the expression of immediate early genes and of

several subtypes of transmembrane receptors [12–14]. Yet, net-

works of the spinal cord elements which have survived the injury

demonstrate the capacity of propriospinal neural signal transmis-

sion [11,15,16], sensory-input processing [17–19], stereotyped

motor-pattern generation [20–22], and the ability to exhibit activ-

ity-dependent plasticity [23–25]. With altered or disrupted

supraspinal input, task-specific modulation and sustainable

excitability of the spinal circuitry are compromised [2]. Experi-

mental animal studies have suggested that the loss of the excita-

tory drive can be partially compensated pharmacologically and by

electrical epidural spinal cord stimulation (SCS) [26–30]. In

humans, SCS is available as a US Food and Drug Administration-

approved therapy for chronic diffuse pain in back or limbs [31–

33] and has been independently used for more than 40 years to

improve function in various motor disorders [34–36], including

SCI [37–39]. This review focuses on SCS for the activation of lum-

bar spinal cord circuitry to generate motor output underlying

standing and stepping, and on strategies to control these motor

functions induced below a severe SCI. The potential of SCS as part
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of new rehabilitation paradigms to facilitate plasticity across and

caudal to the injury zone for lasting therapeutic benefits will be

discussed.

The Human Lumbar Spinal Cord can
Generate Motor Output Underlying
Stepping and Standing in Response to
Spinal Cord Stimulation

In vertebrate species, brain structures do not need to specify the

complete, detailed set of neural signals to control the repetitive

basic spinal motor output as required for locomotion. Locomotor

control is facilitated by functional neural networks of the spinal

cord that can self-produce rhythmicity [40]. In quadrupedal mam-

mals, such central pattern generators [19,41–43] for hindlimb

control are situated in the lumbar spinal cord and can be activated

by tonic electrical stimulation [44–46]. Indirect evidence has sug-

gested that functional circuitry with the capacity to generate

rhythmic motor output also exists within the human lumbar

spinal cord [47–54]. Epidural stimulation applied over the poste-

rior structures of the lumbar spinal cord (Figure 1A) at 25–50 Hz

was shown to induce rhythmic activity in the legs of paralyzed

individuals lying supine, some of which could result in involun-

tary smooth and coordinated flexion–extension movements at

hip, knee, and ankle (Figure 1B) [21]. Hence, the human spinal

locomotor circuitry can immediately generate rhythmic activity in

response to an appropriate excitatory input without requiring

therapy-induced circuit reorganization (cf. [55–58]). These obser-

vations may currently present the best indication for the existence

of a spinal pattern generator in humans (cf. [54]).

Computational [59–61], neurophysiological [61–67], and phar-

macological [61] studies in humans and rats investigated the fibers

and circuits recruited by lumbar SCS and the mechanisms under-

lying pattern generation. The current understanding is that the

stimulation activates large-to-medium diameter sensory fibers

within the posterior roots. The evoked inputs then transsynapti-

cally engage reflex circuits [62,63], interneuronal circuits

involved in the regulation of afferent input and motoneuronal

excitability [39,65], as well as plurisegmentally organized circuitry

controlling more complex contraction and relaxation patterns of

multiple muscles [21,58,62,64]. It is thought that the locomotor

circuitry is recruited by the tonic nature of the input, when SCS is

applied within an appropriate frequency range, and in turn modi-

fies and coordinates the concomitantly evoked spinal reflex activ-

ity at multiple segmental levels [22,62,64,67,68].

In response to SCS at around 30 Hz, the human lumbar spinal

cord can generate a variety of rhythmic lower limb motor patterns

in individuals with chronic, (motor-)complete SCI lying supine,

that is, in the absence of locomotor task-specific proprioceptive

feedback or supraspinal input [64]. Statistical analysis revealed

that the co-activation, mixed synergy, and locomotor-like patterns

were composed of flexible combinations of few activation timing

profiles, each supposedly realized by spinal burst generators with

modifiable connection strengths, determining reciprocities and

phase lags of the rhythmic drives [43,64]. The rhythmic activity

produced by the spinal locomotor circuitry had burst frequencies

of 0.27–1.84 Hz, thus covering the physiological range of spinal

myoclonus as well as slow and fast gait.

Epidural SCS at 5–16 Hz was shown to evoke “sustained” multi-

muscle activity with stereotyped amplitude modulation underly-

ing leg extension [58]. With the subjects lying supine and their

legs manually flexed at hip and knee, strong extension move-

ments were produced with the onset of stimulation, and when full

extension was reached, the limbs remained in this position with

the muscles strongly contracting under the ongoing stimulation

(Figure 1C). With unchanged stimulation site and intensity, and

stimulation frequencies increased to 21–50 Hz, limb extension

was replaced by rhythmic flexion/extension movement [58]. The

different motor patterns were suggested to be due to input-fre-

quency-dependent differences in the recruitment or configuration

of the lumbar circuitry by SCS [22,58,64,69].

Very few studies have addressed the question so far as to

whether the SCS-induced stepping- and standing-like activity in

the supine position would translate into actual stepping move-

ments or functional standing in paralyzed individuals. In two

chronic, complete SCI individuals, SCS at 20–50 Hz with an

intensity close to or above the motor threshold immediately

enhanced the gait-phase synchronized EMG activity [70] as pro-

duced by the proprioceptive feedback related to the passive

stepping motions alone (cf. [23,71–73]) (Figure 2A), although

stepping movements had to be permanently assisted across con-

ditions [2]. Stronger intensities of SCS could occasionally gener-

ate irregular flexion–extension movements in the legs, but they

did not synchronize to the treadmill-belt speed and rather

impeded the attempts of the therapists to guide continuous step-

ping motions (unpublished observation; cf. [74]). A more recent

study applied SCS in a motor-complete, sensory-incomplete SCI

subject who had undergone extensive locomotor training [75].

SCS at 30–40 Hz considerably augmented the rhythmic activity

as produced by assisted stepping alone and recruited additional

muscles, yet independent functional movements were not pro-

duced.

Epidural SCS at 15 Hz and intensities at or above the thresh-

old to produce lower limb activity could generate upright stand-

ing in the same subject [75] (Figure 2B). After intensive

training, the subject could initiate (by manipulating body posi-

tion) and maintain full weight-bearing standing under ongoing

SCS, only with minimal self-assistance for balance. When the

subject shifted his center of gravity sagittally while standing,

responses resembling corrective postural limb reflexes occurred,

suggesting the active involvement of spinal circuitry and the

integration of feedback input. Full weight-bearing standing by

SCS was achieved in three additional patients in a succeeding

study of the same group [76].

In summary, in response to SCS, the human lumbar spinal cord

can produce a variety of rhythmic flexor/extensor activation pat-

terns and physiologically relevant burst frequencies, as well as

strong extensor activity for full weight-bearing standing in para-

lyzed individuals. However, tonic SCS alone has not been effective

in enabling motor-complete SCI individuals to execute unassisted

weight-bearing stepping. The following sections will discuss

strategies for controlling the otherwise stereotyped motor output

produced by SCS below a severe SCI.
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Proprioceptive Feedback as a Source of
Control

Sensory feedback from the lower limbs regulates activation and

coordination of spinal motoneuron pools during stepping through

reflex circuits and pattern generating circuitry [19,77–79]. Adult

spinal cats can perform weight-bearing hindlimb locomotion on a

treadmill after task-specific training [80,81]. Despite the loss of

voluntary control, the induced stepping is not entirely stereotypi-

cal but immediately adapts to variations in treadmill-belt speed.

Edgerton, Gerasimenko and colleagues have emphasized the role

of step-related feedback input to generate locomotion facilitated

by SCS without or with additional pharmacological stimulation in

decerebrate or spinal adult cats, and spinal adult rats [28,29,82].

They concluded that the electrical and pharmacological stimula-

tion at low doses increased the responsiveness of the spinal loco-

motor circuitry to proprioceptive input that then generated

stepping over a range of velocities, loads, and directions. They pro-

posed that proprioceptive information from the hindlimbs could

be used to actually control locomotion, when the physiological

state of the spinal motor circuitry was enhanced by neuromodula-

tion [29]. By providing load-dependent afferent input on a static

treadmill belt, Courtine et al. [30] found that combined pharma-

cological and electrical SCS facilitated tonic activation of extensor
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Figure 1 The human lumbar spinal cord circuitry can generate motor output underlying stepping and standing in response to epidural spinal cord

stimulation (SCS) in the absence of task-specific supraspinal or peripheral feedback input. (A) Top: X-ray of the low thoracic (T) spine and an epidurally

placed lead with four electrodes (white rectangles). Bottom: Sketch of a cross section through the 12th thoracic vertebra, showing the position of a

dorsally placed epidural electrode (red circle) relative to the neural structures within the vertebral canal. Gray circles represent cross sections of

longitudinally oriented posterior and anterior roots (sensory and motor nerve bundles, respectively) surrounding the spinal cord. (B) Generation of

rhythmic activity in paralyzed legs by lumbar SCS in supine position. Surface EMG recording from unilateral quadriceps (Q), adductor (Add), hamstrings

(Ham), tibialis anterior (TA), and triceps surae (TS) and inclinometer sensor trace from the induced knee movement (KM; deflection up is flexion). Subject

with a chronic complete spinal cord injury, neurological level T5; stimulation parameters: 30 Hz, 9 V. Modified with permission from [21]. (C) Generation of

motor output underlying standing in paralyzed legs by lumbar SCS. Stimulation at 10 and 16 Hz induced leg extension from an initially flexed position,

with “sustained” EMG pattern and stereotyped amplitude modulation. Increasing the SCS frequency (21, 31 Hz) changed the EMG pattern from sustained

to rhythmic. KM, knee movement derived from goniometric data. Stick figures are constructed based on the knee angle data, with the lower legs manually

supported in a horizontal position. Subject with a chronic complete spinal cord injury, neurological level T7; stimulation intensity: 10 V in all cases.

Modified with permission from [58].
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muscles with weaker recruitment of flexor muscles in adult spinal

rats, resulting in partially weight-bearing standing on the hin-

dlimbs. As soon as treadmill-belt motion was initiated, the tonic

motor output immediately changed to rhythmic patterns, and

increasing treadmill-belt speed resulted in adaptation of motoneu-

ron pool recruitment, step frequency, stance-phase duration, and

stride length. With reversed treadmill-belt rotation, or when plac-

ing the rats perpendicular to the treadmill-belt direction, the

spinal animals stepped backwards or sideways. When the tread-

mill was stopped, the rhythmic hindlimb movements stopped

instantly in spite of continuous pharmacological and electrical

stimulation.

While in motor-complete SCI persons the muscle activation

produced by assisted treadmill stepping is not sufficient to produce

functional leg movement [83], sensory information related to

velocity of muscle stretch [18], as well as limb load [17], can be

processed by the lumbar spinal circuitry to modulate frequency,

duration, and amplitude of the produced rhythmic EMG bursts

[73]. When lumbar SCS at 20–50 Hz was continuously applied in

two complete SCI individuals on a treadmill [70], tonic motor out-

put was generated during supported standing, which became

rhythmic as soon as stepping motions were imposed, and turned

back to tonic after the treadmill belt was stopped (Figure 3A).

Other muscle groups that did not respond to SCS in the supported

standing position responded with rhythmic activity when step-

induced feedback was provided. A study utilizing a transcuta-

neous version of SCS [9,84–87] showed adaptations of the stimu-

lation-induced activities produced in the paralyzed legs during

robotic-guided treadmill stepping to different step-frequencies and

hip-movement conditions [74]. The regulatory impact of proprio-

ceptive feedback was clearly demonstrated in a recent study,

where epidural SCS at 25–60 Hz, otherwise appropriate to

produce rhythmic activity, together with load-related sensory

feedback enabled full weight-bearing standing in four motor-com-

plete SCI individuals [76]. Despite unchanged stimulation param-

eters, the level of EMG activity considerably increased with

progressive limb load as the paralyzed individuals actively initi-

ated standing by manipulating body position, thus providing task-

specific afferent information to the spinal cord.

In summary, the spinal circuitry under SCS-provided excitatory

drive can use proprioceptive feedback generated below a severe

SCI to adapt the produced motor output to standing and different

stepping conditions. Another attractive option to be tested is

whether electrical stimuli applied to peripheral nerves timed to

specific gait phases could control the stereotyped patterns as pro-

duced by SCS [88,89].

Limited Translesional Descending Input
as a Source of Control and Paradigms to
Promote Neuroplasticity

Even after severe SCI resulting in clinically complete paralysis

[90], a small amount of white matter crossing the lesion is com-

monly preserved [91–93], and propriospinal connections may sur-

vive as well [10,11,94]. Conduction along such preserved fibers

and neural circuitry must be clearly compromised, yet they may

provide for some inhibitory and excitatory influence over spinal

circuits’ excitability caudal to the lesion [1]. Dimitrijevic and col-

leagues showed that the majority of individuals with clinically

(motor-)complete SCI can attenuate reflex activity below the

lesion [95,96] or, by performing forceful, voluntary activation of

nonparalyzed muscles above the lesion, can translesionally

increase the excitability of the lumbar spinal circuitry [16,97].
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Figure 2 Epidural lumbar spinal cord stimulation (SCS) can generate extensive rhythmic lower limb activity during assisted treadmill stepping and induce

full weight-bearing standing. (A) Lower limb EMG activity induced by therapist-assisted, partially (50%) body weight-supported treadmill stepping (0.36 m/

s) without (left) and with epidural lumbar SCS. Adding SCS at 30 Hz and supra-threshold intensity considerably augmented the rhythmic EMG activity and

recruited muscles that had not responded to proprioceptive feedback input produced during stepping alone. Leg movements were continuously assisted

by therapists. EMG recordings from unilateral quadriceps (Q), hamstrings (Ham), tibialis anterior (TA), and triceps surae (TS); black horizontal bars mark

stance phases. Subject with a chronic complete spinal cord injury, neurological level C7. Modified with permission from [9]. (B) Kinematic representation

of sitting to standing transition induced by epidural SCS applied at 15 Hz and supra-threshold intensity. After intensive training, the subject could start and

maintain full weight-bearing standing under SCS, with minimal self-assistance for balance. Subject with a chronic motor-complete, sensory-incomplete

spinal cord injury, neurological level T2. Modified with permission from [75].
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Such reinforcement maneuvers may result in a delayed general-

ized recruitment of multiple muscles of the paralyzed limbs

through a slowly conducting residual descending system [16] and

produce multijoint movements [16,98]. Thirty years ago, these

residual translesional connections were recognized as potential

basis for future recovery strategies [16,92]. Clinical studies in mul-

tiple sclerosis [99–101] and SCI [38,102,103] revealed many cases

of motor function augmented and voluntary movement enabled

by SCS. Edgerton, Harkema and colleagues recently revisited this

therapeutic potential of SCS in four individuals with (motor-)

complete SCI [75,104]. Under 25- or 30-Hz SCS, all subjects could

intentionally induce hip and knee flexion (Figure 3B), dorsiflex-

ion, and toe extension timed to command cues in the supine posi-

tion. Two of these subjects could increase the rhythmic muscle

activity produced during therapist-assisted treadmill stepping with

SCS, when consciously thinking about moving the legs through

the step cycles [104]. The immediate enabling effect of SCS within

the first experimental sessions indicated that residual descending

connections had existed in these subjects since the time of their

injury and could utilize the increased excitability of the lumbar

circuitry under SCS to generate motor output. Further improve-

ment of supraspinal control over leg movement with ongoing

active training combined with SCS suggested changes of local

spinal circuitry and presumably of translesional connections

[4,94,104]. Activity-dependent neuroplasticity in humans was

described with task-specific training [23,25,105–107]. With SCS,

progressive motor improvements were reported related to the

duration of stimulation, and cases of temporary carryover effects

after discontinuing SCS were observed [24,34,99,103]. An impor-

tant aspect of the training as employed in [75] and [104] was to

encourage the patients to actively attempt to perform a purposeful

movement despite their paralysis. In a rat model with two stag-

gered lateral hemisections with a spared tissue bridge, leading to

complete paralysis, automated treadmill training with SCS and

pharmacological facilitation promoted spinal plasticity caudal to

the lesion, but failed to promote translesional plasticity and recov-
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Figure 3 Strategies to control motor output generated by SCS below a paralyzing spinal cord injury. (A) Proprioceptive feedback as a source of control.

Lower limb EMG activity of quadriceps (Q), hamstrings (Ham), tibialis anterior (TA), and triceps surae (TS) induced by continuous 30-Hz SCS during

therapist-assisted standing and treadmill stepping (0.36 m/s) with body weight support (50%). The addition of step-specific sensory feedback changed

continuous EMG patterns to rhythmic ones, and nonresponding muscles in standing responded with rhythmic activity during stepping. Rhythmic activity

immediately stopped as soon as the treadmill belt was stopped, despite ongoing stimulation. Same subject as in Fig. 2A. (B) Minimal translesional

descending input as a source of control. Kinematic representation of the paralyzed leg when the subject in supine position actively attempted to perform

a hip-flexion movement during ongoing 30-Hz SCS. Same subject as in Fig. 2B. Modified with permission from [75]. (C) SCS frequency entrains the

motoneuron pool firing rate and may be used to control the muscle force produced. Continuous sequences of rhythmic EMG activity produced by SCS at

21 Hz and 31 Hz (cf. Fig. 1C) along with detailed EMG data extracted from the time window highlighted by the dashed boxes. Increased numbers of

responses per burst were shown to produce increased levels of muscle force in rat [68]. (D) Segmental-selective muscle recruitment by SCS. Stimulus-

triggered EMG responses of the L2–L4 innervated Q and the L5–S2 innervated TS to 2-Hz stimulation and incremental intensities. Stimulation from the

rostral site (12th thoracic vertebra) allowed relatively selective recruitment of upper lumbar posterior roots, stimulation from the caudal site (1st lumbar

vertebra) recruited lower lumbar/upper sacral posterior roots at lower intensities. Red diamonds indicate vertebral positions of the active cathode. Left:

subject with complete spinal cord injury at C5; right: subject with a motor-complete, sensory-incomplete injury at T10. Modified with permission from [62].
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ery of hindlimb overground locomotion with trunk support [108].

Rats trained overground and encouraged to voluntarily use the

paralyzed hindlimbs to step toward a food reward could initiate

and sustain full weight-bearing bipedal locomotion during the

electrochemical stimulation after a few weeks of training [108].

This volitional task-based training [4] resulted in sprouting of

descending fibers into the gray matter between the two hemisec-

tions and increased projections from interneurons in this area to

the lumbar spinal cord [108]. The relevance of the interaction of

residual descending volitional input with electrical stimulation of

spinal circuits for improving motor recovery was clearly shown in

rats with a cervical hemicontusion injury of the spinal cord stimu-

lated through intraspinal microwire implants [109]. Intraspinal

microstimulation was applied to target specific cervical motor cir-

cuits below the lesion, similar to the method used by Mushahwar

and colleagues [110–113] to activate lumbar spinal cord circuitry

in cats to induce functional hindlimb movements. During training

sessions involving a forelimb reach and grasp task, stimulus appli-

cation was synchronized with the arrival of functionally related

volitional motor commands. Rats receiving this activity-depen-

dent stimulation exhibited significantly enhanced motor recovery

compared with animals receiving intraspinal microstimulation

applied temporarily unrelated to the movement attempts and rats

receiving physical training alone. The therapeutic benefit persisted

for weeks after discontinuation of stimulation, and it was sug-

gested that the activity-dependent intervention had strengthened

synapses along spared spinal motor pathways in a manner consis-

tent with spike timing-dependent plasticity.

In summary, subclinical supraspinal input via limited transle-

sional connections can exert generalized inhibition or excitation

below the injury and provide for a rudimentary level of inten-

tional motor control. SCS can increase the excitability of the spinal

circuitry and its responsiveness to minimal translesional neural

input, enabling some voluntary movements in otherwise para-

lyzed legs. The combined activation of spinal circuitry by voli-

tional effort and SCS-provided excitatory drive may trigger and

guide the formation of new translesional connections via net-

works of neurons and induce lasting therapeutic improvements.

Neuro-Engineering Strategies to Control
Movement Generated by SCS below a
Paralyzing SCI

All SCS systems used so far in studies to enable or generate move-

ment in SCI individuals were originally developed for the treatment

of chronic intractable pain. The stimulation parameters were pro-

grammed manually and remained fixed regardless of the subject’s

intention to rest or move, or the actual leg position. With invariant

stimulation, some of the excitatory input presumably comes with

incorrect timing relative to the natural spatiotemporal dynamics of

spinal circuit activity for functional movement. Further, tonic stim-

ulation from a fixed site is most likely inadequate to control fre-

quency or pattern of rhythmic activity across multiple muscles [64].

Another major drawback of current SCS systems is the brief inter-

ruption of stimulus delivery with each change of parameter settings.

Experimental animal studies have explored whether control of

SCS parameters could improve stepping performance [68,114].

SCS at 40–50 Hz induced a rapid flexion of the hindlimb during

partially weight-supported standing when applied to the L2 spinal

cord level in adult spinal rats, and promoted whole-limb extension

when applied to the S1-level [30]. During bipedal treadmill step-

ping, increasing SCS intensity at L2 progressively increased hip

flexion and step height during swing, while increasing SCS-inten-

sity at S1 primarily resulted in stronger extension. Capogrosso

et al. [61] showed that 40-Hz SCS applied over the spinal cord

midline enabled bilateral hindlimb stepping movements in adult

spinal rats on a treadmill, while stimulation applied approx.

750 lm laterally facilitated the movement of the ipsilateral hin-

dlimb only, with contralateral foot drag. Wenger et al. [68] moni-

tored kinematics, ground reaction forces, and muscle activity of

stepping in spinal rats to interpret hindlimb endpoint trajectory

and gait phases in real time for adjusting SCS frequency based on

the current stepping behavior and according to the requirements

of the next step (using feedforward models). A linear correlation

between SCS frequency and step height allowed for the predictive

adjustment of leg movements during locomotion. This was possi-

ble, because each burst under SCS was composed of series of stim-

ulus-triggered spinal reflexes, and graded increase in SCS

frequency led to a progressive increase in the number of these

evoked responses within each burst (cf. Figure 3C) and hence

influenced the muscle force produced. Closed-loop controlled

increase in SCS frequency prevented early exhaustion of locomo-

tor output during continuous treadmill stepping by counteracting

the decrease in the amplitude of muscle activity. Furthermore,

with the rats positioned overground using an overhead support

robot that moved the rats forward along a runway, automated

tuning of the SCS frequency allowed the rats to climb combina-

tions of staircases. Yet, this paradigm remained completely com-

puter assisted, without any voluntary contribution to the

movement by the rats. The same group implanted epidural elec-

trode arrays in two intact rhesus macaques, connected to pulse

generators approved for human use, but with a modified firmware

allowing real-time control of stimulation parameters and stimula-

tion site along the array [115]. Recording the neural ensemble

activity in the motor cortex and EMG activity and kinematics of

the legs while the primates were actively walking on a treadmill

allowed for decoding their intention to rest or walk as well as to

perform swing or stance during gait. These motor predictions were

transmitted wirelessly to the SCS system in real time to tune the

site, timing, and frequency of stimulation, leading to task- and

phase-appropriate reinforcement of the voluntary stepping move-

ments.

In humans, site-specific stimulation of a limited number of pos-

terior roots is possible in principle, thus allowing for some speci-

ficity of the neural inputs provided to spinal circuitry and

motoneuron pools [59]. In (motor-)complete SCI individuals lying

supine, 2-Hz SCS with active cathodes at T11 or T12 vertebral

levels predominantly evoked posterior root-muscle reflexes in

quadriceps and adductors, while cathodes at the L1 vertebral level

produced stronger activation of tibialis anterior and triceps surae

(Figure 3D) [62,116]. Further, selective recruitment of quadriceps

was shown to be possible with the cathode located over the L1–L4

spinal cord segments, while triceps surae had lower response

thresholds than quadriceps with cathodes caudal to the S2 spinal

cord segment [22,59,60]. A recent study employing a multi-elec-
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trode array placed epidurally over the lumbosacral spinal cord

showed that stimulation delivered from the rostral sites along the

array predominantly activated the iliopsoas muscle, whereas cau-

dal stimulation more selectively recruited tibialis anterior, medial

gastrocnemius, and gluteus maximus [63]. Danner et al. [64] ret-

rospectively found that in 84% of the cases, where SCS at around

30 Hz had evoked rhythmic multimuscle EMG patterns in

(motor-)complete SCI individuals lying supine, the active cathode

was located over the L2–L4 spinal cord segments. Lower limb

extension in response to 5–16 Hz SCS as reported by Jilge et al.

[58] was produced with cathode positions ranging from L2–S2

spinal cord segments, with lower stimulation intensities from the

more caudal sites. Similarly, Rejc et al. [76] found that cathodes

in the caudal portion of the epidural arrays generally promoted a

more effective EMG pattern for standing. Left–right specificity of

epidural stimulation has not been directly addressed in human

studies. However, with slight asymmetrical electrode positions rel-

ative to the spinal cord midline [117], SCS from locations closer to

the posterior roots of one side normally produced rhythmic EMG

activity in the ipsilateral leg only, with the contralateral leg dis-

playing tonic motor output [21,64].

In summary, the dynamic control of SCS parameters for har-

nessing spinal “motor programs” and principles of muscle force

generation would likely improve the control of timing and degree

of extensor versus flexor activity for stabilizing extension across

the lower limb joints or trigger and facilitate swing in the attempt

to produce stepping movements in individuals after a paralyzing

SCI. Closed-loop, real-time control over the stimulation parame-

ters could be realized during treadmill therapy or overground gait

training with an overhead support robot [118] through the assess-

ment of step kinematics, ground reaction forces, and EMG activity

(cf. [68]). For the use outside of laboratory environments, the nec-

essary control signals for a closed-loop system could be derived

from foot switches or tilt sensors [9,24] or inertial sensor technol-

ogy [119], used for the temporal detection of toe-off and heel-

strike, and for the estimation of foot clearance. Brain–machine

interface technology may develop into an option to decode motor

intentions from cortical signals in humans and incorporate them

into control algorithms for SCS systems [24,115,120,121].

Conclusion

In response to SCS, the relatively isolated human lumbar spinal

cord circuitry can generate motor output underlying full

weight-bearing standing and rhythmic activity during assisted

stepping. Limited volitional translesional input and task-specific

proprioceptive feedback to the spinal circuitry can provide for

some degree of feedforward and feedback control of movement

below the injury level. With new volitional task-based training

paradigms, SCS may become a major approach for triggering

and steering trans- and sublesional plasticity for long-term ther-

apeutic benefit. Overhead support robots [118] providing for a

safe environment for clinically (motor-)complete SCI patients to

try to actively engage their legs during overground gait training

and next-generation SCS systems with real-time control of stim-

ulation parameters over multiple electrode sites [115] could be

rapidly introduced into clinical treatment of SCI [5] and reveal

an unprecedented level of rehabilitation. The recent finding of

the return of supraspinal control over previously paralyzed mus-

cles outlasting the time period of SCS [104], if proven to be

reproducible, may indeed be evidence for the activity-dependent

reorganization of descending and propriospinal connections in

clinically (motor-)complete SCI individuals. By adding pharma-

cological stimulation [27], the physiological state of the spinal

circuitry could be modulated toward one that can more readily

generate movement in response to SCS, residual volitional

input, and task-specific proprioceptive feedback [29,30]. A

recently completed clinical trial in SCI individuals (cf. clinicaltri-

als.gov, NCT01484184) provided preliminary evidence for the

efficacy of a drug combination specifically designed to activate

the spinal locomotor circuitry [48,122]. Finally, SCS can have

beneficial effects upon bladder, bowel, and sexual function

below the lesion level [5,37,75,103] as recently rediscovered (cf.

nibib.nih.gov/2015-nibib-consortium-report). SCS may finally

become a major physiological intervention in neurorehabilita-

tion and a practical application for the concept of plasticity in

the spinal cord structures which have survived a severe injury.
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