Spinal cord stimulation: Harnessing the capacity of the human lumbar spinal circuitry
for the recovery of motor function after spinal cord injury
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Traumatic spinal cord injury severs the descending control of spinal circuits caudal to the injury,
causing paralysis or paresis as well as impairment of other vital body functions below the lesion.
In severe injuries, the recovery of any meaningful motor function by standard-of-care
rehabilitation regimens is limited, often leading to confined and dependent lives of those
afflicted.

Neuromodulation through electrical spinal cord stimulation has currently been revisited as a
potential breakthrough treatment for motor dysfunction following severe spinal cord injury. The
underlying principle is to re-balance the excitability of spared spinal circuits caudal to the lesion
(Holsheimer 1998) and to harness their rich intrinsic motor-output generating capacity
(Dimitrijevic et al. 1998; Minassian et al. 2004; Jilge et al. 2004).

Epidural stimulation of the lumbar spinal cord through electrodes placed in the posterior
epidural space (Fig. 1) activates large-to-medium diameter afferent fibers within several lumbar
and upper sacral posterior roots bilaterally (Rattay et al. 2000; Minassian et al. 2004;
Ladenbauer et al. 2010; Danner et al. 2011). Spinal reflex circuits as well as (pluri-) segmentally
organized circuits within the spinal cord gray matter controlling stereotyped lower-limb motor
patterns (Dimitrijevic et al. 1998; Jilge et al. 2004; Minassian et al. 2004; Hofstoetter, Danner,
etal. 2015; Danner et al. 2015) are transsynaptically recruited through the afferent driving input.
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Figure 1. Epidural stimulation of the lumbar spinal cord. A X-ray of the low thoracic (T) spine
and an epidurally placed lead with four electrodes (white rectangles). B Sketch showing the
placement of the epidural electrode with respect to relevant anatomical and neural structures.

The therapeutic effects of epidural lumbar spinal cord stimulation in spinal cord injured
individuals strongly depend on the stimulation parameters applied (Minassian & Hofstoetter
2016; Minassian, McKay, et al. 2016). When delivered at a frequency within a range of 50-100
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Hz and with an intensity below the threshold for the elicitation of muscle activity in the lower
extremities, the stimulation can effectively control refractory, generalized forms of lower-limb
spasticity (Pinter et al. 2000). Stimulation at 25-50 Hz can generate rhythmic flexion-extension
leg movements (Dimitrijevic et al. 1998; Minassian et al. 2004; Danner et al. 2015) in paralyzed
individuals lying supine. When combined with assisted and body weight supported treadmill
stepping, such stimulation augments the rhythmic motor activity produced by the gait-phase
related proprioceptive feedback input and recruits additional, otherwise non-responding lower-
limb muscle groups (Minassian et al. 2005; Harkema et al. 2011). Epidural stimulation at 5-20
Hz can induce strong bilateral leg extension in completely paralyzed individuals tested in the
supine position (Jilge et al. 2004) that can translate, after intensive training, into functional,
full weight-bearing upright standing with only minimum self-assistance for balance (Angeli et
al. 2014; Rejc et al. 2015). Much of the current resurgence of interest in epidural lumbar spinal
cord stimulation can be ascribed to the finding that it may indeed enable some rudimentary
voluntary control over otherwise paralyzed muscles by enhancing the responsiveness of the
lumbar spinal circuitry to otherwise insufficient descending command signals (Barolat et al.
1986; Harkema et al. 2011; Angeli et al. 2014; Minassian, McKay, et al. 2016).

The same input structures to the lumbar spinal cord as with the epidural technique, i.e., afferent
fibers within the posterior roots, can also be selectively stimulated from the body surface using
self-adhesive electrodes placed on the back and the lower abdomen (Fig. 2; Minassian et al.
2007; Minassian et al. 2011), mainly due to tissue heterogeneities in the stimulation area
(Ladenbauer et al. 2010; Danner et al. 2011; Ursula S. Hofstoetter et al. 2014). Consequently,
when used to apply a tonic driving input to the lumbar circuitry, this transcutaneous version of
spinal cord stimulation can also induce similar neuromodulative effects. Proof-of-concept
studies demonstrated that a 30-minute session of transcutaneous spinal cord stimulation at 50
Hz and with an intensity below the threshold to generate muscle activity in the legs temporarily
ameliorates various clinical manifestations of spasticity in spinal cord injured individuals
(Ursula S Hofstoetter et al. 2014) and that these effects outlast the stimulation application for
at least two hours (US Hofstoetter et al. 2014). In one patient, it was shown that the effects
progressively increased and persisted for even prolonged periods of time (up to ten days) when
the stimulation was repetitively applied during a period of six weeks (US Hofstoetter et al.
2014). The subject was later implanted with an epidural system that similarly controlled his
spasticity, suggesting that the transcutaneous technique may also develop into a non-invasive
trial procedure to identify in advance responders to epidural stimulation. Transcutaneous spinal
cord stimulation at around 30 Hz was further demonstrated to facilitate the locomotor capacity
of ambulatory, motor-incomplete spinal cord injured individuals (Hofstoetter et al. 2013;
Hofstoetter, Krenn, et al. 2015) and to considerably enhance the motor output produced by step-
related proprioceptive feedback input and to recruit otherwise non-responding muscle groups
in patients with (motor) complete lesions passively stepping on a treadmill (Minassian,
Hofstoetter, et al. 2016). When applied at 15 Hz, transcutaneous spinal cord stimulation induced
upright standing in four individuals with (motor) complete spinal cord injury studied
(Hofstoetter & Minassian 2016).
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Figure 2. Transcutaneous stimulation of the lumbar spinal cord. Schematic drawing depicts the
placement of the paraspinal stimulating electrode 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 illustrates stimulation (stim.) through the better conductive
ligaments and discs in-between the vertebral bones, along with a computer simulation of the
current flow produced in a mid-sagittal plane.

In summary, electrical stimulation of the lumbar spinal cord appears as a promising
neuromodulation intervention to considerably shift the limits of standard-of-care modalities in
spinal cord injury rehabilitation. Recent observations further strongly suggest that its effects are
not confined to the alleviation of symptoms, but that its chronic application may indeed trigger
beneficial structural and physiological plasticity at various levels of the central nervous system
leading to long-term, unprecedented therapeutic outcomes.
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