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Abstract This study demonstrates volitional arm and hand motions restored to
a person living with complete tetraplegia due to high cervical spinal cord injury.
Selective intramuscular functional electrical stimulation (FES) of paralyzed muscles
throughout the upper extremity powered multiple reaching and graspingmovements.
An intracortical brain computer interface (iBCI) recorded neural signals from the
participant’s contralateral motor cortex, extracted movement intentions from these
signals, and commanded FES patterns to generate these intended movements. As
a result of the combined technological approach, the participant could volitionally
reach, grasp, and drink from a cup, demonstrating the feasibility of this FES +
iBCI system to restore cortically-controlled functional arm and hand movements in
persons with extensive paralysis.

Keywords Spinal cord injury (SCI) · Intracortical brain computer interface
(iBCI) · Functional electrical stimulation (FES) · Tetraplegia ·Microelectrode
arrays

A. Bolu Ajiboye (B) · R. F. Kirsch
Department of Biomedical Engineering, Case Western Reserve University, 10900 Euclid Ave,
Cleveland, OH 44106, USA
e-mail: aba20@case.edu

Department of Veterans Affairs Medical Center, Louis Stokes Cleveland, FES Center of
Excellence, Rehab. R&D Service, 10701 East Blvd, Cleveland, OH 44106, USA

School of Medicine, Case Western Reserve University, 10900 Euclid Ave, Cleveland, OH 44106,
USA

L. R. Hochberg
School of Engineering, Brown University, Providence, RI, USA

Rehabilitation R&D Service, Department of Veterans Affairs Medical Center, Center for
Neurorestoration and Neurotechnology, Providence, RI, USA

Brown Institute for Brain Science, Brown University, Providence, RI, USA

Department of Neurology, Massachusetts General Hospital, Boston, MA, USA

Department of Neurology, Harvard Medical School, Boston, MA, USA

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2020
C. Guger et al. (eds.), Brain–Computer Interface Research,
SpringerBriefs in Electrical and Computer Engineering,
https://doi.org/10.1007/978-3-030-49583-1_4

35

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-49583-1_4&domain=pdf
mailto:aba20@case.edu
https://doi.org/10.1007/978-3-030-49583-1_4


36 A. Bolu Ajiboye et al.

1 Clinical Significance and Background

Spinal cord injury (SCI) resulting in paralysis affects over 250,000 people nationwide
with over 12,000 new cases each year. Slightly more than half of all SCI cases occur
at cervical levels (tetraplegia). Incomplete and complete tetraplegia have accounted
respectively for 34 and 18% of all SCI cases since 2000, with less than 1% of all
cases achieving full recovery [1]. Even with a caregiver, many of these individuals
experience a lower quality of life due to loss of personal independence from the
inability to perform standard activities-of-daily-living (ADL) on their own, such as
reaching to grasp objects for drinking and self-feeding. People with low cervical
SCI (C5-C7) resulting in chronic hand paralysis can regain assisted arm reaching
and simple hand grasp function by using functional electrical stimulation (FES)
neuroprostheses, using their residual voluntary movement to command the neuro-
prosthesis. FES, in the absence of descending cortical commands, applies spatially
and temporally coordinated patterns of electrical stimulation to peripheral nerves and
muscles to reanimate paralyzed limbs and allow for performance of simple but func-
tional and meaningful arm and hand movements [2–5]. In particular, FES has been
used to restore simple arm and hand function to persons with cervical SCI using posi-
tion transducer andmuscle (electromyogram, or EMG) command interfaces [2, 4, 6].
In contrast, people with high cervical SCI (C1-C4), resulting in chronic tetraplegia,
have limited residual voluntary movement post-injury to use as a command source,
and hence cannot adequately command even simpleFES restoredmovementswithout
implementing a more suitable command interface, such as a brain interface.

Recent investigations have shown the efficacy of using intracortical brain-
computer interfaces (iBCIs) to decipher intended movement, from the electrical
activity of intact cortical networks, to command various simple external devices. The
possibility of naturally commanding neuroprosthetic devices, such as FES arm and
hand systems, using an iBCI offers significant potential benefit to peoplewith chronic
and complete tetraplegia. Current rehabilitation command options for people with
high cervical SCI have historically included mouthsticks, chin-controlled joysticks,
sip-and-puff [7], and voice recognition systems. However, these systems are slow
and limited in functionality, which makes them unsuitable for commanding neuro-
prostheses to performmulti-dimensional coordinated and dexterous actions. An iBCI
commanded neuroprosthesis offers the possibility of harnessing intact cortical activ-
ities that remain even many years after injury. Patterns of cortical activation related
to reaching and grasping have been validated in both non-human primate models [8,
9] and human participants. By recording these cortical patterns, extracted intended
movement signals have been used to commandhigher dimensional prosthetic systems
[10, 11]. Persons with paralysis are very knowledgeable of, and highly amenable
to, receiving iBCIs for commanding neuroprosthetic upper extremity movements,
provided that there are substantial performance gains over less invasive options [12,
13]. Hence iBCIs, when combined with FES, may offer a user an acceptable means
of providing advanced functional arm and hand movement restoration. Persons with
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arm and hand paralysis have stated that they would much prefer to regain command
over their own limbs (reanimated via FES) than other types of movement assistive
devices, such as robotic limbs [12, 14]. There is a potential psychological benefit to
seeing one’s own limb move [15], possibly contributing to this preference. Further-
more, robotic assistants havemet with limited acceptance in the past [16, 17] because
of the inconvenience of setup and limited portability [18].

Our team of investigators at CaseWestern Reserve University demonstrated that a
person with chronic and complete tetraplegia could use an invasive BCI to command
both reaching and grasp movements of his paralyzed arm, restored by FES [19].
The study, described in detail in the remainder of this chapter, used intramuscularly
implanted FES electrodes in combination with dual intracortical microelectrodes
and a cortically commanded motorized arm support to restore movements of the
shoulder, elbow, wrist, and hand grasping.We show that, using this combined FES+
iBCI technology, the study participant regained the ability to perform functional and
meaningful reaching and grasping movements. This study is the first demonstration
of an implantable BCI with an implanted stimulation system, and shows the potential
for a totally implanted BCI and FES system that would restore cortically commanded
whole arm and grasping movements to persons with paralysis.

2 System Description and Scientific Approach

The study participant (identified as T8) was enrolled into the BrainGate2 pilot clin-
ical trial (ClinicalTrials.gov NCT00912041) and gave informed consent for medical
and research procedures as approved by the Institutional Review Boards of Univer-
sity Hospitals Case Medical Center (Cleveland, OH) and Massachusetts General
Hospital (Boston, MA). At the time of this study, T8 was a 53-year-old man with
high cervical SCI (C4, AIS A) that occurred 8 years prior to enrollment. On his right
side (contralateral to the intracortical implant), T8 retained some limited voluntary
shoulder girdle motion, but no voluntary glenohumeral, elbow, or hand function.
T8 underwent three separate surgical procedures. First, he received two 96-channel
microelectrode arrays (Blackrock Microsystems, Salt Lake City, Utah) [20] that
were implanted into the hand area on the precentral gyrus [21] of his motor cortex
(Fig. 1b). During two subsequent procedures, occurring respectively four and nine
months post implantation of the arrays, T8 received a total of thirty-six percutaneous
muscle stimulating electrodes (Synapse Biomedical, Oberlin, OH) [4] (Fig. 1c) in
his right (dominant) upper and lower arm. These included four percutaneous anodic
current return electrodes. Implanted muscles include those for finger (flexor digi-
torum superficialis, extensor digitorum communis), thumb (flexor pollicis longus,
adductor pollicis, extensor pollicis longus), wrist (extensor carpi radialis/ulnaris,
flexor carpi radialis/ulnaris), elbow (biceps, triceps), and shoulder (anterior, posterior
deltoids, pectoralis major) functions. By stimulating the thumb and finger muscles,
we could restore a lateral hand grasp (where the thumbpad opposed the lateral surface
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Fig. 1 Overview of the FES + iBCI system. a Illustration of how the system components are
connected, b [left] structural MRI scan of T8’s brain. The implant locations of the two intracortical
arrays are indicated with red squares. [top right] Photo of microelectrode arrays and wire bundles
shortly after intracortical implantation. [bottom right] SEMof an examplemicroelectrode recording
array (photo courtesy of Blackrock Microsystems), c example FES Implanted lead and electrode

of the proximal phalanx of the index finger), which can be used to complete a wide
range of functional tasks [22, 23]. All implanted muscles were exercised 2–3 times
per week, 2–4 h per session using cyclical electrical stimulation patterns to improve
strength, range of motion, and fatigue resistance. Electrical stimulation resulted in
restoration of 76 degrees of flexion/extension of the elbow, and a lateral grasp that
could close with enough force to securely hold several objects, including a coffee
mug.

Figure 1a illustrates the percutaneous FES+ iBCI system. The implanted micro-
electrode arrays recorded electrical activity frommultiple neurons. A neural decoder
then translated the recorded neural activity patterns into command signals for
controlling the stimulation of biceps, triceps, forearm, and hand muscles to produce
coordinated reaching and grasping movements. An external stimulator delivered
charge-balanced, biphasic, constant-current stimulation through the percutaneous
muscle stimulation electrodes, with fixed current amplitude (20 mA) and frequency
(12.5 Hz), and variable pulse duration of 0–200 µs, to produce muscle contractions
and subsequent limb movement. The duration of the current pulse (“pulse-width”)
applied at a given electrode determined the strength of the muscle contraction, and
different muscles were activated in a coordinate manner to produce functional arm
and hand movements. Thus, we varied the pulse-widths and muscle combinations as
functions of T8’s cortically-derived movement commands to enable graded control
of functional motions. To support the paralyzed arm against gravity during move-
ment, T8 was fitted with aMobile Arm Support (MAS) (Focal MEDITECH, Tilburg,
Netherlands). The MAS also provided a motorized vertical arm motion that was
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used to restore self-initiated, cortically-controlled shoulder elevation. Instrumented
goniometers were fitted onto T8’s elbow, wrist, and/or hand to measure the range of
motion of each actuated movement.

A neural decoder was calibrated at the beginning of each experimental session
to translate patterns of cortical neural activity into command signals for the FES
system. The decoder used two neural features from each electrode of the intracortical
microelectrode arrays: (1) the threshold crossing (TX) “firing” rate, determined by
counting the number of action potentials present in a 20ms time window that crossed
a preset noise threshold, and (2) the average spectral high frequency power (HFP,
250–3000 Hz) in a 20 ms time window. The decoder used a linear transformation
function, similar to the Kalman filter used in recent iBCI applications [24], to map
the 384 features (192 firing rates and 192 spectral high frequency power values)
to three movement commands. Each command determined the stimulation level
corresponding to a specific pattern of muscles (either a hand open/close pattern or
an elbow flexion/extension pattern) or the actuation level of the mobile arm support.
Figure 2a illustrates the decoding process.

To initialize the neural decoder, we used neural data recorded while T8’s arm was
automatically driven by the FES system tomake elbow, hand or shouldermovements,
and he was verbally instructed to simultaneously attempt to control the observed
arm motions. We then refined the decoder [25] by using neural data recorded while
T8 actually controlled his FES-powered arm movements, using the initial decoder
to volitionally make those same movements. After calibration and refinement, the
neural decoder was held constant for the remainder of the research session while
T8 made several single joint movements and completed a functional coffee drinking
task.

3 Results

Neural activity recorded from many of the intracortical electrodes was strongly
related to T8’s intended movement commands when he attempted to use the FES +
iBCI system. Figure 2b illustrates how the threshold crossing rates observed on two
example electrodes changed as a function of the movement that T8 was attempting in
response to verbal instruction. On one electrode, substantially more threshold cross-
ings were observed during attempted elbow flexion as opposed to extension, and
on another electrode, substantially more threshold crossings were observed during
attempted hand opening as opposed to closing. Of the 192 electrodes, we identified a
neural feature (either threshold crossing or spectral high frequency power) that coded
for hand opening and closing on 36 electrodes, for elbow flexion and extension on
45 electrodes, and for mobile arm support elevation on 37 electrodes. We considered
a neural feature to “code” for a certain movement if that feature’s mean value was
significantly different (t-test, p < 10−4) between the two opposing commands, such
as hand opening versus closing.
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Fig. 2 Overview of how the FES+ iBCI system translates cortical neural activity into FES stimulus
parameters. a Neural activity is decoded into a single command signal for each joint (“stimulation
pattern %”). A pattern mapper then converts this command signal into the appropriate pulse widths
to apply to each individual FES electrode, enabling the participant to coordinate the action of
multiple electrodes and muscles using only a single command. b Example neural activity during
elbow flexion/extension commands (electrode 67) and hand opening/closing commands (electrode
81). c The stimulation pattern used for converting a decoded elbow movement command into the
stimulation pulse widths required to produce the commanded movement. d Example threshold
crossing rates, decoded command, and pulse widths over time as T8 made elbow flexion and
extension movements

T8 completed a series of self-initiated, iBCI-commandedFES arm reachingmove-
ments involving 2D (elbow, grasp) and 3D (elbow, shoulder, grasp) joint movements.
Sitting upright in his wheelchair, T8 first qualitatively demonstrated the ability to
command movement of each degree-of-freedom independent. The first successful
demonstration of T8 cortically commanding movements of his reanimated arm and
hand occurred 7 days post-implant of the FES electrodes. After demonstrating robust
control of single degree-of-freedom arm and handmovements, T8 then demonstrated
his ability to perform an activity-of-daily living (ADL) task in which he acquired
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a cup of coffee and took a drink (Fig. 3A). The task required T8 to use the FES +
iBCI system to (1) extend his elbow, (2) open his hand, (3) grasp the cup securely,
(4) flex his elbow to transport it close to his mouth, 5) take a drink, 6) extend his
elbow to return the cup, and 7) release his grasp. T8 required between 20 to 40 s to
complete the drinking task and was successful in 11 of the 12 attempts made during
the illustrated session (Fig. 3b). His success demonstrates for the first time that a
person with extensive paralysis, and nine years post injury, can perform cortically-
controlled volitional functional movements involving both arm reaching and hand
grasping with an FES + iBCI system. When asked to describe how he commanded
the FES arm movements, T8 replied, “It’s probably a good thing that I’m making

Fig. 3 T8 using the FES+ iBCI system to take a drink of coffee. a T8 reaching out to grasp the cup
of coffee (left) and bringing it to his mouth to take a drink (right). b The length of time it took T8
to complete each phase of the drinking task. Data is shown for 12 trials completed within a single
experimental session; only one trial was failed when T8 dropped the cup. c Example time series of
T8’s elbow and hand motion when the FES + iBCI system was turned on (left) and when the FES
system was turned off (right). When the system was on, the decoded neural commands (blue) and
the elbow and hand joint angles (orange) changed appropriately as T8 moved through the phases
of the task, enabling him to take a drink of coffee. When the system was off, T8 could only make
small, uncontrolled elbow jerks caused by his residual shoulder motion and could not move his
hand at all
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Fig. 3 (continued)

it move without having to really concentrate hard at it.…I just think ‘out’ and… it
just goes.” T8 was completely unable to perform the same task with the FES system
turned off (Fig. 3c); his minor residual motion of his shoulder girdle could only cause
a small, uncontrolled jerk of his elbow and could not move his hand at all, despite
T8’s attempts to command the required arm movements.

4 Discussion and Future Direction

We have demonstrated, for the first time, that cortically-controlled volitional arm
and hand function can be restored to a person with chronic tetraplegia by simul-
taneously (1) reanimating multiple, functionally meaningful motions of the limb
through intramuscular FES of paralyzed muscles and (2) enabling control of these
FES-restored motions by extracting multiple movement intention commands from
intracortical recordings in real time. The simultaneous implementation of iBCI and
FES technologies represents a neurotechnology-based bridging of the participant’s
spinal cord injury and demonstrates a significantly more intuitive command interface
than those currently available to persons with extensive (whole arm) paralysis. With
the FES+ iBCI system, T8 was once again able to just “think” about moving his arm
and hand, and the movement intentions decoded from the recorded neural activity
were sufficient to create the desired arm and hand movements via the FES system.

By restoring iBCI-commanded and FES-driven motion of both the arm and hand
in a human participant, the present work significantly extends previous iBCI research
performed in intact [26–28] and temporarily paralyzed non-human-primates [8, 9],
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as well as research done in individuals with paralysis controlling cursors or robotic
limbs [10, 11, 29, 30]. Our present FES + iBCI system restores both reaching
and grasping to an individual with complete motor paralysis of the hand and arm,
while following a viable path to clinical relevance through the use of implantable
stimulation technology.

The performance of the FES + iBCI system used here was somewhat limited by
SCI-related conditions such as muscle atrophy, denervation, and joint contractures,
and by the difficulty of precisely targeting desired muscles when inserting FES elec-
trodes percutaneously rather than in an open surgical procedure. However, these limi-
tations are addressable by currently available, implantable FES technologies (e.g.,
precisely located intramuscular electrodes and peripheral nerve cuff electrodes) and
associated techniques (model-based optimization of muscle stimulation patterns,
muscle tendon transfers to replace the functions of denervated muscles, and more
extensive exercise programs). Advances in intracortical electrodes to enhance long-
term recording stability (through increased mechanical and biological viability [31,
32]), and to enable a fully-implanted brain recording interface [33] may also increase
the clinical viability of an FES + iBCI system. Nevertheless, (1) T8 had a high rate
of success in performing a reaching and grasping task using his current percuta-
neous FES-activated arm and hand, and (2) remaining performance limitations can
be largely addressed using existing (but permanent) technologies. The movements
afforded to T8 by the current system allowed him to take a drink of coffee, with
his own arm and hand, solely of his own volition (reaching out, grasping, reaching
back to the face). These actions are representative of movements needed to perform a
wide range of reaching tasks [34], suggesting that more functional activities may be
achieved with the current system. The present study used percutaneous, removable
technologies both for the brain recordings and the FES system in order to first eval-
uate the feasibility of the approach. Future systems inspired by this project are being
designed to provide full-time, reliable, effective, intuitive control of the arm and
hand, and may thus enable restoration of a much wider range of functional activities.
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