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Abstract

©  2018,  The  Author(s),  under  exclusive  licence  to  Springer  Nature  America,  Inc.  Spinal
sensorimotor networks that are functionally disconnected from the brain because of spinal cord
injury  (SCI)  can  be  facilitated  via  epidural  electrical  stimulation  (EES)  to  restore  robust,
coordinated motor activity in humans with paralysis1–3. Previously, we reported a clinical case
of complete sensorimotor paralysis of the lower extremities in which EES restored the ability to
stand and the ability to control step-like activity while side-lying or suspended vertically in a
body-weight support system (BWS)4. Since then, dynamic task-specific training in the presence
of EES, termed multimodal rehabilitation (MMR), was performed for 43 weeks and resulted in
bilateral stepping on a treadmill, independent from trainer assistance or BWS. Additionally, MMR
enabled independent stepping over ground while using a front-wheeled walker with trainer
assistance at the hips to maintain balance. Furthermore, MMR engaged sensorimotor networks
to achieve dynamic performance of standing and stepping. To our knowledge, this is the first
report of independent stepping enabled by task-specific training in the presence of EES by a
human with complete loss of lower extremity sensorimotor function due to SCI.

http://dx.doi.org/10.1038/s41591-018-0175-7

References

[1] Harkema, S.  et al.  Effect of epidural  stimulation of the lumbosacral  spinal cord on voluntary movement,
standing, and assisted stepping after motor complete paraplegia: a case study. Lancet 377, 1938–1947 (2011).

[2] Angeli, C. A., Edgerton, V. R., Gerasimenko, Y. P. & Harkema, S. J. Altering spinal cord excitability enables
voluntary movements after chronic complete paralysis in humans. Brain 137, 1394–1409 (2014).

[3] van den Brand, R. et al. Restoring voluntary control of locomotion after paralyzing spinal cord injury. Science
336, 1182–1185 (2012).

[4] Grahn, P. J. et al. Enabling task-specific volitional motor functions via spinal cord neuromodulation in a human
with paraplegia. Mayo Clin. Proc. 92, 544–554 (2017).

[5] Gerasimenko, Y. P. et al. Epidural spinal cord stimulation plus quipazine administration enable stepping in
complete spinal adult rats. J. Neurophysiol. 98, 2525–2536 (2007).

[6] Ichiyama, R. M., Gerasimenko, Y. P., Zhong, H., Roy, R. R. & Edgerton, V. R. Hindlimb stepping movements in
complete spinal rats induced by epidural spinal cord stimulation. Neurosci. Lett. 383, 339–344 (2005).

[7] Lavrov, I. et al. Epidural stimulation induced modulation of spinal locomotor networks in adult spinal rats. J.
Neurosci. 28, 6022–6029 (2008).

[8] Capogrosso, M. et al. A brain–spine interface alleviating gait deficits after spinal cord injury in primates. Nature
539, 284–288 (2016).

http://dx.doi.org/10.1038/s41591-018-0175-7


[9] Wenger, N. et al. Spatiotemporal neuromodulation therapies engaging muscle synergies improve motor control
after spinal cord injury. Nat. Med. 22, 138–145 (2016).

[10] Wenger, N. et al. Closed-loop neuromodulation of spinal sensorimotor circuits controls refined locomotion after
complete spinal cord injury. Sci. Transl. Med. 6, 255ra133 (2014).

[11] Lavrov, I. et al. Facilitation of stepping with epidural stimulation in spinal rats: role of sensory input. J. Neurosci.
28, 7774–7780 (2008).

[12] Dimitrijevic, M. R., Gerasimenko, Y. & Pinter, M. M. Evidence for a spinal central pattern generator in humans.
Ann. NY Acad. Sci. 860, 360–376 (1998).

[13] Minassian, K. et al. Stepping-like movements in humans with complete spinal cord injury induced by epidural
stimulation of the lumbar cord: electromyographic study of compound muscle action potentials. Spinal Cord 42,
401–416 (2004).

[14] Danner, S. M. et al. Human spinal locomotor control is based on flexibly organized burst generators. Brain 138,
577–588 (2015).

[15] Rattay, F., Minassian, K. & Dimitrijevic, M. R. Epidural electrical stimulation of posterior structures of the human
lumbosacral cord: 2. quantitative analysis by computer modeling. Spinal Cord 38, 473–489 (2000).

[16] Kakulas, B. A. Pathology of spinal injuries. Cent. Nerv. Syst. Trauma 1, 117–129 (1984).
[17] Dimitrijevic, M. R., Dimitrijevic, M. M., McKay, W. B. & Sherwood, A. M. EMG evidence of suprasegmental

influence on motor unit activity in paralyzed muscles. Clin. Neurophysiol. 56, S68 (1983).
[18] Dimitrijević, M. R. Residual motor functions in spinal cord injury. Adv. Neurol. 47, 138–155 (1988).
[19] Taccola, G., Sayenko, D., Gad, P., Gerasimenko, Y. & Edgerton, V. R. And yet it moves: recovery of volitional

control after spinal cord injury. Prog. Neurobiol. 160, 64–81 (2018).
[20] Dimitrijevic, M. R. et al. Human spinal cord motor control that is partially or completely disconnected from the

brain. Am. J. Neuroprot. Neuroregen. 8, 12–26 (2016).
[21] Minassian, K. & Hofstoetter, U. S. Spinal cord stimulation and augmentative control strategies for legmovement

after spinal paralysis in humans. CNS Neurosci. Ther. 22, 262–270 (2016).
[22] Sherwood, A. M., Dimitrijevic, M. R. & McKay, W. B. Evidence of subclinical brain influence in clinically complete

spinal cord injury: discomplete SCI. J. Neurol. Sci. 110, 90–98 (1992).
[23] Field-Fote, E. C. & Roach, K. E. Influence of a locomotor training approach on walking speed and distance in

people with chronic spinal cord injury: a randomized clinical trial. Phys. Ther. 91, 48–60 (2011).
[24] Harkema, S. J., Schmidt-Read, M., Lorenz, D. J., Edgerton, V. R. & Behrman, A. L. Balance and ambulation

improvements  in  individuals  with  chronic  incomplete  spinal  cord  injury  using  locomotor  training-based
rehabilitation. Arch. Phys. Med. Rehabil. 93, 1508–1517 (2012).

[25] Forrest, G. F. et al. Neuromotor and musculoskeletal responses to locomotor training for an individual with
chronic motor complete AIS-B spinal cord injury. J. Spinal Cord Med. 31, 509–521 (2008).

[26] Dobkin, B. et al. Weight-supported treadmill vs over-ground training for walking after acute incomplete SCI.
Neurology 66, 484–493 (2006).

[27] Rejc, E., Angeli, C. A., Bryant, N. & Harkema, S. J. Effects of stand and step training with epidural stimulation on
motor function for standing in chronic complete paraplegics. J. Neurotrauma 34, 1787–1802 (2017).

[28] Carhart, M. R., He, J., Herman, R., D'Luzansky, S. & Willis, W. T. Epidural spinal-cord stimulation facilitates
recovery of functional walking following incomplete spinal-cord injury. IEEE Trans. Neural. Syst. Rehabil. Eng.
12, 32–42 (2004).

[29] Rejc, E., Angeli, C. & Harkema, S. Effects of lumbosacral spinal cord epidural stimulation for standing after
chronic complete paralysis in humans. PLoS One 10, e0133998 (2015).

[30] Gerasimenko, Y. P. et al. Noninvasive reactivation of motor descending control after paralysis. J. Neurotrauma
32, 1968–1980 (2015).

[31] Lu, D. C. et al.  Engaging cervical spinal cord networks to reenable volitional control of hand function in
tetraplegic patients. Neurorehabil. Neural Repair. 30, 951–962 (2016).

[32] Gad,  P.  et  al.  Weight  bearing  over-ground  stepping  in  an  exoskeleton  with  non-invasive  spinal  cord
neuromodulation after motor complete paraplegia. Front. Neurosci. 11, 333 (2017).

[33] Huang, H., He, J., Herman, R. & Carhart, M. R. Modulation effects of epidural spinal cord stimulation on muscle
activities during walking. IEEE Trans. Neural. Syst. Rehabil. Eng. 14, 14–23 (2006).

[34] Shah, P. K. & Lavrov, I. Spinal epidural stimulation strategies: clinical implications of locomotor studies in spinal
rats. Neuroscientist. 23, 664–680 (2017).

[35] Courtine, G. & Bloch, J. Defining ecological strategies in neuroprosthetics. Neuron 86, 29–33 (2015).
[36] Moritz, C. T. Now is the critical time for engineered neuroplasticity. Neurotherapeutics 15, 628–634 (2018).
[37] Shah, P. K. et al. Variability in step training enhances locomotor recovery after a spinal cord injury. Eur. J.

Neurosci. 36, 2054–2062 (2012).



[38] Behrman, A. L. & Harkema, S. J. Locomotor training after human spinal cord injury: a series of case studies.
Phys. Ther. 80, 688–700 (2000).

[39] Harkema, S. J., Behrman, A. L. & Barbeau, H. in Locomotor Training: Principles and Practice, 54–84 (Oxford
University Press, Oxford, UK, 2011).

[40] Sayenko, D. G., Angeli, C., Harkema, S. J., Edgerton, V. R. & Gerasimenko, Y. P. Neuromodulation of evoked
muscle potentials induced by epidural spinal-cord stimulation in paralyzed individuals. J. Neurophysiol. 111,
1088–1099 (2014).

[41] Sayenko,  D.  G.  et  al.  Spinal  segment–specific  transcutaneous  stimulation  differentially  shapes  activation
pattern among motor pools in humans. J. Appl. Physiol. 118, 1364–1374 (2015).

[42] Sayenko, D. G. et al. Effects of paired transcutaneous electrical stimulation delivered at single and dual sites
over lumbosacral spinal cord. Neurosci. Lett. 609, 229–234 (2015).


