
BRIEF REPORT
From the Department
Neurologic Surgery (P.J
I.A.L., D.I.D., A.A.M., K.H
Rehabilitation Medicine
Research Center, Depa
ment of Physical Medic
and Rehabilitation (M.G
M.L.G., J.A.S., L.A.B., M.B
A.R.T., C.L., K.D.Z., K.H
Mayo Clinic Graduate S
of Biomedical Sciences
(J.S.C.), and Departmen
Physiology and Biomed
Engineering (K.H.L.), Ma
Clinic, Rochester, MN;
Department of Integrat
Biology and Physiology,
versity of California Los
Angeles (D.G.S., P.N.G.
Y.P.G., V.R.E.); and Pavl
Institute of Physiology,
Russian Academy of Sci
St. Petersburg, Russia (Y

544
Enabling Task-Specific Volitional Motor
Functions via Spinal Cord Neuromodulation in a

Human With Paraplegia
of
.G.,
.L.),

rt-
ine
.V.S.,
.L.,
.L.),
chool

t of
ical
yo

ive
Uni-

,
ov

ences,
.P.G.).
Peter J. Grahn, PhD; Igor A. Lavrov, MD, PhD; Dimitry G. Sayenko, PhD;
Meegan G. Van Straaten, PT; Megan L. Gill, DPT; Jeffrey A. Strommen, MD;

Jonathan S. Calvert, BS; Dina I. Drubach, DScPT; Lisa A. Beck, MS;
Margaux B. Linde, BS; Andrew R. Thoreson, MS; Cesar Lopez, MS;

Aldo A. Mendez, MD; Parag N. Gad, PhD; Yury P. Gerasimenko, PhD;
V. Reggie Edgerton, PhD; Kristin D. Zhao, PhD; and Kendall H. Lee, MD, PhD
Abstract

We report a case of chronic traumatic paraplegia in which epidural electrical stimulation (EES) of the
lumbosacral spinal cord enabled (1) volitional control of task-specific muscle activity, (2) volitional control
of rhythmic muscle activity to produce steplike movements while side-lying, (3) independent standing,
and (4) while in a vertical position with body weight partially supported, voluntary control of steplike
movements and rhythmic muscle activity. This is the first time that the application of EES enabled all of
these tasks in the same patient within the first 2 weeks (8 stimulation sessions total) of EES therapy.
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I t is well accepted that severe spinal cord
injury (SCI) leads to functional disconnec-
tion of ascending and descending spinal

pathways, impairing neural circuitry through
and below the SCI. However, in clinically
complete SCI, defined as American Spinal
Injury Association Impairment Scale (AIS)
level A, a portion of neural tissue commonly
remains intact across the injury site1 and
may provide nonspecific supraspinal influence
on sublesional spinal circuitry.2-5 This injury
profile is defined as “discomplete.”

Anemerging therapy for recovering function
after SCI,whichmaybemore effective in injuries
identified as discomplete, is epidural electrical
stimulation (EES). In patients with SCI diag-
nosed as having AIS-A or AIS-B (in the latter,
some sensory function remains intact), EES of
the lumbosacral spinal cord has been shown to
drive nonvolitional rhythmic motor circuitry.6-9

In a recent paramount study, EES facilitated
volitional control of joint-specific muscles and
independent standing after months of training
with EES (Supplemental Table, available online
at http://www.mayoclinicproceedings.org).10,11
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Although these findings were powerful, they
have yet to be reported by other research teams,
a necessary milestone before these treatments
can be widely adopted by the medical commu-
nity. Therefore, the initial goal of this study
was to replicate the findings from work per-
formed at the University of Louisville that re-
ported that (1) EES enabled volitional control
of motor activity and (2) EES enabled indepen-
dent standing.10,11 In addition to the initial
goal of replication, we set out to determine
whether EES could enable volitional control
over rhythmic, steplike activities.
METHODS

Participant Description
All the procedures for this study were per-
formed with the approval of the Mayo Clinic
Institutional Review Board and with an Inves-
tigational Device Exemption from the US
Food and Drug Administration. The partici-
pant was a 26-year-old man who sustained a
traumatic T6 AIS-A SCI 3 years before study
enrollment. Immediately after his injury, he
;92(4):544-554 n http://dx.doi.org/10.1016/j.mayocp.2017.02.014
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SPINAL CORD NEUROMODULATION AFTER PARALYSIS
underwent a spinal fusion of the fifth to
eleventh thoracic vertebrae and participated
in in-patient physical rehabilitation for
approximately 2 months to achieve indepen-
dence during activities of daily living from a
wheelchair. Once discharged from in-patient
rehabilitation, the patient underwent 5 weeks
of outpatient SCI rehabilitation. After those 5
weeks, he performed only self-directed upper
limb strengthening and general lower limb
stretching without any other form of formal
neuromuscular training until enrollment in
this study.

Study Timeline
On enrollment, the patient’s motor and
sensory characteristics were documented by
clinical examination and electrophysiologic
measures. The American Spinal Injury Associ-
ation Examination as defined by the Interna-
tional Standards for the Classification of
Spinal Cord Injury was used to determine
the extent of the SCI, including the neuro-
logic level and the “completeness” of the
injury. Electrophysiologic measures included
upper and lower limb somatosensory evoked
potentials and transcranial magnetic motor
evoked potentials recorded over select upper
and lower limb muscles. This was followed
by 22 weeks of motor training. An EES
system was then implanted in the region of
the lumbar enlargement, followed by 3 weeks
of postoperative recovery and 8 sessions of
volitional motor performance testing in the
presence of EES over a 2-week period
(Figure 1A).

Electrophysiologic Assessment of
Translesional Neural Connectivity
To test for potentially intact translesional neu-
ral connectivity below the threshold for stan-
dard clinical electrophysiologic recordings,
we applied separate conditioning stimuli
before spinally evoked motor potentials eli-
cited via transcutaneous stimulation over the
region of the lumbar spinal cord enlarge-
ment.12-21 These evoked potentials were
recorded over select lower limb muscles. The
conditioning stimuli were applied in an
attempt to activate (1) long propriospinal
tracts via ulnar nerve stimulation, (2) descend-
ing white matter via cervical spinal cord stim-
ulation, or (3) the corticospinal tract via
Mayo Clin Proc. n April 2017;92(4):544-554 n http://dx.doi.org/10.1
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transcranial magnetic stimulation of the motor
cortex. The conditioning stimuli were fol-
lowed 5 to 200 milliseconds later by test stim-
uli delivered to the lumbosacral spinal cord to
elicit spinally evoked motor potentials in
lower limb muscles.

Motor Training Paradigm
Before implantation of the EES system, the
patient underwent 61 motor training sessions
(approximately 3 sessions per week for 22
weeks) performed by a team led by a phy-
sical therapist (M.L.G.) and a kinesiologist
(M.B.L.), both of whom had extensive loco-
motor education from the NeuroRecovery
Training Institute (http://www.neurorti.
com).22 Sessions consisted of approximately
15 minutes of lower extremity stretching to
ensure optimal kinematics, 45 minutes of lo-
comotor training on a treadmill with body
weight support and trainer assistance at the
legs and pelvis, and 30 minutes of balance
and task-specific strengthening exercises
during sitting and while standing in
custom-built standing bars with trainer
assistance at the knees and pelvis
(Supplemental Figure 1A-D, available online
at http://www.mayoclinicproceedings.org).
During select sessions at approximately
4-week intervals, the patient was instructed
to first attempt whole-leg, then knee, and
then ankle flexion/extension of each leg
while side-lying with the top leg positioned
on a smooth, low-friction surface to allow
detection of slight movements with minimal in-
fluence of gravity (Supplemental Figure 1E).
Tasks included attempts to continuously
modulate leg muscle activity while following
a digitally displayed sinusoidal wave, as well
as volitionally increasing muscle activity when
cued by a 3-step audio tone. Visual feedback
was provided by mirrors reflecting the lower
limbs and by real-time streaming surface elec-
tromyography (EMG).

Data Processing
Muscle activity was recorded via surface EMG
electrodes (LabChart and PowerLab, ADIn-
struments). Data were sampled at 4 kHz and
were exported from LabChart software and
analyzed using MATLAB software (The Math-
Works Inc). The EMG data were filtered using
a 60-Hz notch filter and a bandpass filter of 20
016/j.mayocp.2017.02.014 545
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FIGURE 1. The patient’s spinal cord injury (SCI) profile. A, Experimental timeline. Assessments were performed at enrollment, before
surgery, and after 3 weeks of surgical recovery. B, Shaded regions depict American Spinal Injury Association motor, pinprick, and light
touch scores across assessments. C, Evoked potential latencies were within reference ranges when recorded over the spine below the
level of injury during bilateral tibial nerve stimulation. Green squares and red diamonds represent right and left tibial nerve stimulation,
respectively. There were no detectable responses at the cortical level (black x’s and blue circles). D, Motor evoked potentials were not
observed from any leg muscle during transcranial magnetic stimulation of the motor cortex. Recordings from the right arm flexor carpi
radialis (R FCR) indicate that stimulation intensity adequately evoked responses. Bold trace represents an average of 5 responses. E,
Conditioning stimuli applied to the motor cortex, ulnar nerve, or cervical spine were followed by a stimulus delivered to the
lumbosacral spinal cord. Conditioned depression or potentiation of spinally evoked motor potentials was not observed. Traces
represent an average of 5 responses. Blue vertical lines indicate timing of conditioning stimuli before the onset of lumbosacral stimuli
(black dashed line). Top and bottom traces are unconditioned evoked potentials. F, Evidence of discomplete SCI and progressive
increases in muscle activation observed at weeks 8 and 16 of presurgical motor training during 2 attempts (white and gray panels) of
maximal volitional contraction. Red dashed lines indicate start of volitional attempt. Mean � SD area under the curve (AUC) was
extracted from the root mean square envelope of rectified electromyographic recordings from left leg muscles and averaged for the 2
trials. L ¼ left limb; MG ¼ medial gastrocnemius; MH ¼ medial hamstrings; ms ¼ milliseconds; NR ¼ no response; R ¼ right limb;
RF ¼ rectus femoris; SOL ¼ soleus; TA ¼ tibialis anterior; mV ¼ microvolts; VL ¼ vastus lateralis.
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to 1000 Hz. Additional analyses included full-
wave rectification on the filtered EMG signal
after subtraction of the mean background
signal, and then the root mean square of the
Mayo Clin Proc. n April 2017
EMG activity was calculated as the square
root of the mean square averaged over a win-
dow length of 4000 samples (sliding overlap
of 3000 samples).
;92(4):544-554 n http://dx.doi.org/10.1016/j.mayocp.2017.02.014
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SPINAL CORD NEUROMODULATION AFTER PARALYSIS
EES System Implantation
After the 61 presurgical motor training
sessions, an EES device (RestoreSensor Sure-
Scan MRI, Medtronic) was surgically
implanted and connected to a 16-contact
electrode array (Specify 5-6-5, Medtronic)
positioned on the dorsal epidural surface of
the lumbosacral spinal cord. Intraoperative
radiography (Supplemental Figure 2, available
online at http://www.mayoclinicproceedings.
org) and epidurally evoked motor responses
(0-5.5 V, 0.5 milliseconds, 1 Hz) were used
to confirm array position over the lumbosacral
enlargement of the spinal cord.23,24
Identification of EES Parameters That
Enable Volitional Control of Motor Functions
After 3 weeks of postsurgical recovery, voli-
tional activation of leg muscles was attempted
in the presence of EES while the patient was
positioned side-lying or upright (with and
without body weight support). The EES pa-
rameters that enabled voluntary control of
rhythmic lower limb muscle activity were
identified while in the side-lying position
with the top leg suspended using nonelastic
nylon fabric support slings to allow free limb
movement.25,26 While the patient was in an
upright position, with trainer assistance or
while in a body weight support harness, EES
settings were identified that allowed either in-
dependent standing or volitional control of
steplike muscle activity and limb movements.

Over 2 weeks (8 sessions, 5-7 hours each),
active electrode configurations and stimulation
parameters were adjusted to allow volitional
control of the muscles of interest. A systematic
approach was used to determine the best
parameter settings. Previous reports were
reviewed to provide starting points for stimu-
lation.8,10,11,27,28 We chose frequencies (25
and 40 Hz for volitional control and stepping
and 15 Hz for standing) and a pulse duration
(0.21 milliseconds) based on previous reports.
The electrode configuration was adjusted
based on an algorithm where we initially eval-
uated the effect of wide-field (via electrodes
most distal from each other) vs local-field
(via electrodes most proximal to each other)
stimulation, with both cathode and anode
electrodes tested (ie, reversing polarity) for
each configuration. The effect of right vs left
Mayo Clin Proc. n April 2017;92(4):544-554 n http://dx.doi.org/10.1
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lateralized electrode location was also assessed.
For each configuration, we incrementally
increased voltage intensity from 0 to 6 V.
Voltage intensity was reduced to a comfortable
level or was turned off if the patient reported
any signs of discomfort. Once volitional con-
trol was achieved, that EES setting was held
constant for further repetitions of the intended
task.

RESULTS

Clinical Assessment Outcomes
Presurgical and postsurgical clinical assess-
ments showed no change in motor or sensory
scores on the AIS (Figure 1B). Tibial somato-
sensory evoked potentials showed normal la-
tencies at peripheral and lumbar spine sites,
but there were no detectable cortical responses
(Figure 1C). Transcranial magnetic stimulation
elicited normal motor evoked potentials in the
upper extremities, but there were no responses
observed from lower extremity muscles
(Figure 1D). These assessments were per-
formed on several occasions during the pree
and posteEES implant periods with no
changes identified.

Electrophysiologic Assessment of
Translesional Neural Connectivity
There were no significant differences between
spinally evoked motor potentials that were
elicited after conditioning and those evoked in-
dependent of conditioning pulses (Figure 1E).
In summary, neural connectivity across the
injury site was not detectable during clinical
or electrophysiologic examinations at the time
of enrollment into the study, before EES surgi-
cal implantation, or after surgery.

Motor Training Outcomes
Throughout the presurgical motor training
sessions, no volitional EMG modulation or
control of lower limb movement was
observed. When in side-lying, some prolonged
attempts (lasting 10-15 seconds) of maximal
volitional flexion of all joints of the leg while
contracting the anterior trunk muscles
resulted in nonspecific coactivation of agonist
and antagonist lower leg muscles over the
course of motor task training (Figure 1F).
This EMG activity was first recognizable in
the second month of motor training and was
016/j.mayocp.2017.02.014 547
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observed on multiple testing sessions over the
course of motor training before surgery. The
EMG recordings showed delayed muscle acti-
vation that occurred in a generalized, co-
contractile mass activation pattern. The patient
did not volitionally target the muscles acti-
vated below the level of injury; rather, this
observed activity was the result of his maximal
efforts to flex all the joints of his leg and con-
tract anterior trunk muscles. This observation
is similar to descriptions in the literature of a
discomplete SCI profile.2-5,29

Intraoperative Positioning of the Epidural
Electrode Array
Intramuscular EMG recordings were gathered
from select lower limbmuscles. Spinally evoked
motor potentials via the implanted epidural
electrode were used to position the array to
allow recruitment of either distal or proximal
lower limb musculature bilaterally. Recruit-
ment of distal or proximal muscles at low
voltage intensity depended on active electrode
location (Supplemental Figure 3, available
online at http://www.mayoclinicproceedings.
org). At high voltage intensity, coactivation of
both distal and proximal leg muscles was
observed.

EES Enabled Volitional Control of
Task-Specific Muscle Activity
In a side-lying position with the top leg posi-
tioned on a smooth, low-friction surface, stim-
ulation intensities that were at the threshold
for evoking nonvolitional muscle activity
were identified for each EES configuration.
The EES at subthreshold intensities, in which
stimulation alone did not directly elicit muscle
activity, facilitated volitional production of
motor activity only when the patient attemp-
ted to move his leg (Figure 2A, left panel).
At EES intensities that were at the threshold
for eliciting muscle activity, the EMG ampli-
tude of muscles involved in the task per-
formed increased, but limb movements were
minimal (eg, flexor muscles such as the medial
hamstrings could be activated during knee
flexion attempts, but minimal knee flexion
was observed) (Figure 2A, center panel). The
EES settings that facilitated volitional control
of movement enabled control of muscle
groups involved in producing joint-specific
movement (Figure 2A, right panel)
Mayo Clin Proc. n April 2017
(Supplemental Video 1, available online at
http://www.mayoclinicproceedings.org). This
volitional control could be modulated in an
increasing and decreasing manner using either
visual cuing that consisted of a digitally dis-
played scrolling sinusoidal wave (Figure 2B)
or audio cuing as a tone consisting of 3
increasing intensities (Figure 2C). In contrast,
without EES, muscle activity was either absent
or unorganized and could not be controlled
with respect to timing, intensity, or duration
(Figure 2B and C).

EES Enabled Volitional Control of Rhythmic
Motor Activity to Produce Steplike
Movements in the Side-Lying Position
The EES settings that enabled volitional rhyth-
mic activity were also identified (Figure 3A).
Lateralizing electrode configurations facilitated
ipsilateral control of rhythmic activity, and
shifting active electrodes contralaterally on
the array attenuated EES facilitation of ipsilat-
eral EMG activity (Figure 3B). Once a subset of
parameters was identified that enabled voli-
tional control of rhythmic activity, with the
top limb suspended using a fabric support
sling, the patient was able to initiate and
then modulate the amplitude of steplike
movements, as well as volitionally terminate
rhythmic steplike activity (Supplemental
Video 2 and Supplemental Figure 4, available
online at http://www.mayoclinicproceedings.
org).

EES Enabled Independent Standing
Without EES, the patient was unable to stand
without trainer assistance. In the presence of
EES, he was able to stand independently for
more than 1.5 minutes, using his arms to
maintain balance (Figure 4) (Supplemental
Video 3, available online at http://www.
mayoclinicproceedings.org). While indepen-
dently standing, he was able to shift his weight
forward, backward, and laterally using his
arms to assist. During standing sessions per-
formed in the presence of EES, multiple fac-
tors contributed to the patient requesting a
brief break from standing, including changes
in blood pressure and heart rate when transi-
tioning from sitting to standing, arm muscle
fatigue from maintaining balance, and cardio-
vascular fatigue. The duration of standing
was not limited by a decrease in efficacy of
;92(4):544-554 n http://dx.doi.org/10.1016/j.mayocp.2017.02.014
www.mayoclinicproceedings.org
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FIGURE 2. Volitional control of task-specific motor activities with and without epidural electrical stimulation (EES). A, Electromyo-
graphic (EMG) recordings are shown during attempts to volitionally perform leg flexion in the presence of EES using voltage intensities
that were subthreshold of motor activity (left panel), at threshold of motor activity (center panel), and that enabled volitional
movement (right panel) during the first 2 weeks of EES. Blue shaded boxes indicate attempts to volitionally perform left knee flexion.
Area under the curve (AUC) values of rectified EMG of left leg muscles normalized to the maximal response recorded from the
medial hamstring in the presence of EES that enabled volitional leg flexion. The EMG recordings during attempts to volitionally
contract lower limb muscles in the presence of EES with a visual display of a sinusoidal cue (B) or an audio cue (C) consisting of 3
increasing intensities without EES (red plots) and with EES (black plots). Rectified EMG for the first trial (upper panels) and root mean
square averages (AVGs) of 3 trials are shown with standard deviations (shaded regions). For all the panels, EES electrode configu-
rations during the task performed are displayed as cathodes (black boxes) and anodes (red boxes), with stimulation settings shown
below each array. Hz ¼ hertz; L ¼ left; MG ¼ medial gastrocnemius; MH ¼ medial hamstrings; ms ¼ milliseconds; RF ¼ rectus
femoris; SOL ¼ soleus; s ¼ seconds; TA ¼ tibialis anterior; ms ¼ microseconds; mV ¼ microvolts; VL ¼ vastus lateralis.

SPINAL CORD NEUROMODULATION AFTER PARALYSIS
stimulation during a session. However, as
stimulation parameters were adjusted to find
settings that enabled independent standing,
the patient did report bouts of trunk pares-
thesia, trunk muscle discomfort, and feeling
short of breath, which required brief periods
of rest lasting approximately 5 minutes with
EES turned off.
EES Enabled Steplike Movements in the
Upright Position
While in an upright position, with body
weight partially supported, the participant
was able to voluntarily generate leg flexion of
1 leg with coordinated contralateral leg
Mayo Clin Proc. n April 2017;92(4):544-554 n http://dx.doi.org/10.1
www.mayoclinicproceedings.org
extension in the presence of continuous EES.
He was able to volitionally alternate this activ-
ity in the legs to produce steplike movements
(Figure 5, Supplemental Video 4, available
online at http://www.mayoclinicproceedings.
org).
DISCUSSION
In this report, a patient diagnosed as having
sensory and motor complete (AIS-A) SCI was
identified to have a discomplete SCI during
motor task training before EES implantation.
After EES implantation and surgical recovery,
EES enabled (1) volitional control of task-
specific lower limb muscle activity in a
016/j.mayocp.2017.02.014 549
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FIGURE 3. Identification of epidural electrical stimulation (EES) parameters that enable rhythmic motor activity. A, Left leg elec-
tromyography (EMG) while increasing EES from 2 to 6 V is shown with the patient lying on his right side with his left leg elevated.
From 3 to 5 V the patient was unable to initiate rhythmic muscle activity. At 6 V, EES enabled control of rhythmic activity. B, Active
electrodes positioned laterally enabled rhythmic activity in the limb ipsilateral to stimulation (left plot). Shifting active electrodes to the
contralateral side of the array did not facilitate rhythmic EMG in the ipsilateral leg. The EES electrode configurations during the task
performed are displayed as cathodes (black boxes) and anodes (red boxes), with stimulation settings shown below. Hz ¼ hertz;
L ¼ left; MG ¼ medial gastrocnemius; MH ¼ medial hamstrings; RF ¼ rectus femoris; SOL ¼ soleus; TA ¼ tibialis anterior; ms ¼
microseconds; mV ¼ microvolts; V ¼ volts; VL ¼ vastus lateralis.
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side-lying position; (2) voluntary initiation,
modulation, and termination of rhythmic
muscle activity to produce steplike move-
ments while side-lying; (3) full weightbearing
independent standing; and (4) volitional con-
trol of muscle activity to produce steplike
movements while in a vertical position with
body weight partially supported. For the first
time, all of these functions, which were absent
before EES, were enabled in the presence of
EES during the first 2 weeks (8 sessions total)
in the same participant. During these training
sessions, in the presence of EES, the patient
regained volitional control of paralyzed mus-
cles and was able to control rhythmic steplike
motor activity, both in side-lying and while
standing with body weight partially sup-
ported. In addition, EES facilitated indepen-
dent standing using his arms placed on
support bars for balance only. Without EES,
the patient was unable to perform any of these
tasks.

Early reports of evidence of central pattern
generators in the human spinal cord led to the
development of strategies to engage spinal net-
works that drive locomotor activity after
SCI.6,30-34 Since then, numerous studies have
shown that step training on a treadmill can
Mayo Clin Proc. n April 2017
improve locomotor performance after incom-
plete SCI.35-38 Several reports of EES of the
lumbosacral enlargement after SCI previously
described that locomotor spinal networks
could be facilitated to produce nonvolitional
steplike patterns of limb movement with
rhythmic muscle activity.6-8 A later study
described a series of 4 cases of chronic loss
of motor function due to SCI, where EES com-
bined with motor rehabilitation enabled voli-
tional control of motor activity in the lower
limbs.11 However, EES-enabled independent
standing did not occur for at least 17 weeks.
In addition, to date, there are no reports in
the literature of recovery of volitional control
of EES-facilitated rhythmic activity to allow
initiation, modulation, and termination of
steplike activity and volitional control of
task-specific muscle activity (eg, flexion and
extension) in the same patient.

The results of this case report, combined
with previous reports of spinal cord neuromo-
dulation restoring function after motor com-
plete paralysis,10,11,25,39 suggest that
subfunctional neural connections are likely
present in some cases of clinically motor com-
plete (AIS-A or AIS-B) SCI, and these neural
connections can be identified and used for
;92(4):544-554 n http://dx.doi.org/10.1016/j.mayocp.2017.02.014
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FIGURE 4. Epidural electrical stimulation (EES)efacilitated independent standing. Without EES, trainer support was required at the
pelvis and knees, with the patient using arm support to maintain upright posture. Electromyographic (EMG) recordings from lower
limb muscles show no muscle activity during trainer-assisted standing without EES. During threshold EES (1.5 V, 15 Hz, 210 mi-
croseconds), trainer assistance was required at the knees with minimal support at the pelvis. The EMG records indicate activity in the
left vastus lateralis (L VL) and bilaterally in the medial hamstrings. At increased EES voltage intensity (2.2 V, 15 Hz, 210 microseconds),
independent standing was achieved for more than 1.5 minutes. Trainers provided no assistance but remained in position to assist if
needed. Active electrode positions on the EES array are displayed as cathodes (black) and anodes (red). Bottom panels show area
under the curve (AUC) values from rectified EMG as percentage maximum of the left vastus lateralis during independent standing.
Black bars represent EMG activity in microvolts and time in seconds. Hz ¼ hertz; L ¼ left; MG ¼ medial gastrocnemius; MH ¼ medial
hamstrings; R ¼ right; RF ¼ rectus femoris; s ¼ seconds; SOL ¼ soleus; TA ¼ tibialis anterior; mV ¼ microvolts; V ¼ volts.

SPINAL CORD NEUROMODULATION AFTER PARALYSIS
enabling volitional control of motor function
via EES. In this study, we used multiple tech-
niques to attempt to diagnose residual fibers
across the injury level; however, no detectable
Mayo Clin Proc. n April 2017;92(4):544-554 n http://dx.doi.org/10.1
www.mayoclinicproceedings.org
connections were observed. Still, before EES,
nonspecific muscle activity (ie, coactivation
of agonist and antagonist lower leg muscles)
during maximal volitional flexion of all joints
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FIGURE 5. Bilateral steplike electromyographic (EMG) activity in an upright position with partial body
weight supported. The EMG recordings from the left and right legs are shown for 5 cycles of volitional
extension and flexion bilaterally in the presence of epidural electrical stimulation (EES). Active electrode
positions on the EES array are displayed as cathodes (black) and anodes (red). Red and blue bars
represent the period when the patient was attempting leg extension and flexion activity. EXT ¼ leg
extension; FLX ¼ leg flexion; Hz ¼ hertz; L ¼ left; MG ¼ medial gastrocnemius; MH ¼ medial hamstrings;
r ¼ right; RF ¼ rectus femoris; SOL ¼ soleus; TA ¼ tibialis anterior; ms ¼ microseconds; mV ¼ microvolts;
V ¼ volts; VL ¼ vastus lateralis.

MAYO CLINIC PROCEEDINGS

552
of the leg and simultaneous contraction of
anterior trunk muscles was observed, indi-
cating that this patient has discomplete SCI.
At the same time, the observed EMG activity
increased in amplitude during presurgical mo-
tor training, suggesting that motor training
may have influenced the overall excitability
of spinal motor circuitry via unidentified resid-
ual fibers that cross the injury site.

Although the present data suggest that pa-
tients found to have discomplete SCI could be
potential candidates for EES therapy, we
recognize that the indication of discomplete
SCI currently provides only general informa-
tion about the injury status and lacks a specific
definition that characterizes specific ascending
or descending spinal pathways. This lack of a
distinct definition is due to limited diagnostic
approaches that can be used to identify the
pathways transmitting residual, yet subfunc-
tional, descending and ascending signals
across the injury in AIS-A patients. Therefore,
Mayo Clin Proc. n April 2017
the neural substrates underlying the phenom-
enon of discomplete SCI and the extent to
which these substrates contribute to EES-
enabled functional recovery described in the
present study remains to be determined.

In summary, these results provide evidence
of successful replication of a previous clinical
trial using EES therapy and altogether provide
further evidence that spinal cord neuromodula-
tion strategies combined with intense motor
rehabilitation can facilitate functional recovery
even when initiated years after the occurrence
of a motor complete spinal injury.

CONCLUSION
This report provides evidence of successful
replication of previously reported results that
(1) EES enabled volitional control of motor ac-
tivity and (2) EES enabled independent stand-
ing after several months of training in 2 AIS-A
and 2 AIS-B patients. In addition, this is the
first report of EES-facilitated volitional control
;92(4):544-554 n http://dx.doi.org/10.1016/j.mayocp.2017.02.014
www.mayoclinicproceedings.org
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SPINAL CORD NEUROMODULATION AFTER PARALYSIS
of task-specific motor activity and control of
rhythmic steplike movements in a single pa-
tient with clinically complete chronic SCI dur-
ing the first 2 weeks of EES.
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