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IpsiHand
Brain-Computer Interface System

Accelerating Motor Recovery
Using The Power of The Mind

Clinically Meaningful
1
Improvement That Lasts

Empower Patients at All
2
Levels of Motor Severity

Designed for Simple Set-Up
3
and Seamless Integration

Digital Analytics &
Remote Monitoring

INDICATION FOR USE
The Neurolutions Upper Extremity Rehabilitation System is indicated for use in chronic stroke patients (≥ 6 months post stroke) age 18 or older undergoing stroke rehabilitation, to facilitate muscle re-education and for
maintaining or increasing range of motion in the upper extremity.
Intended Use Environment: The Neurolutions System is designed for use in clinic or home settings as part of prescribed therapy.

•

CONTRAINDICATIONS
The Neurolutions System is contraindicated for use in patients having any of the following conditions:
Severe spasticity or rigid contractures in the wrist and/or digits that would prevent the Neurolutions Handpiece from being properly fit or positioned for use.
Skull defects due to craniotomy or craniectomy.

•
•

(1) QRS-008, QRS-012, & QRS-013; (2) Bundy DT, Souders L, Baranyai K, Leonard L, Schalk G, Coker R, Moran DW, Huskey T, Leuthardt EC. Contralesional Brain-Computer Interface Control of a Powered Exoskeleton for Motor
Recovery in Chronic Stroke Survivors. Stroke. 2017 Jul;48(7):1908-1915. doi: 10.1161/STROKEAHA.116.016304. Epub 2017 May 26. PMID: 28550098; PMCID: PMC5482564. Contralesional Brain-Computer Interface Control of a
Powered Exoskeleton for Motor Recovery in Chronic Stroke Survivors; (3) TSP-001, TSP-002, TSP-008, User Manual LBL-001(P), MKT-0003
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The IpsiHand Upper Extremity Rehabilitation System
uses a breakthrough Brain Computer Interface to detect neural activity in the unaffected
cortical hemisphere.

Enhanced Clinical Outcomes:
+
+
+

All patients experienced improvement on the primary study
1
outcome measures
66.7% measured statistically and clinically meaningful improvement
2
(mCID)
All patients who met mCID maintained improvement for at least 6
months post-therapy 3

System Components
•
•
•
•
•
•

Neurolutions Handpiece - ASY-1001
AC/DC power supply - PRT-0032
Mirror- To view placement of the headset on the head - PRT-0040
Tape Measure- To assist Headset head placement - PRT-0039
Headset - PRT-0224
Cleaning Brush- To clean the EEG Headset’s electrodes - PRT-0042

•
•
•
•
•
•

Cleaning Solution Container for Headset electrode cleaning solution - PRT-0041
Battery Wall Charger - PRT-0037
Sensory Key- To aid in working sensor electrodes through the hair - PRT-0052
Extra Battery - PRT-0038
Tablet - ASY-0013
AC/DC power supply - PRT-003

Note: A typical facility order includes both a right and left system.

IMPORTANT SAFETY INFORMATION

•
•
•
•
•
•
•

System components contain lithium-ion batteries that MUST NOT be exposed to flame, excessive heat, or incinerated; personal injury may occur.
Only use the Charging Adapters provided with the Neurolutions System to recharge system components and avoid risk of shock.
Use of the Neurolutions System adjacent to or stacked with other equipment should be avoided because it could result in improper operation. If such use is necessary, the Neurolutions System and the other equipment
should be observed to verify that they are operating normally.
Portable RF communications equipment (including peripherals such as antenna cables and external antennas) should be used no closer than 30 cm (12 inches) to any part of the Neurolutions System. Otherwise, degradation
of the performance of the Neurolutions System could result.
The Neurolutions Handpiece enclosure may reach a maximum temperature up to 43°C during use. To reduce the risk of discomfort, you should remove the Handpiece from your hand if the device feels warm on your skin.
Tight straps on the Handpiece may restrict your circulation. Therefore, always check that the straps are not too tight throughout your range of motion to ensure proper circulation during use.
The Neurolutions System should only be used on intact skin, and the System should be cleaned and disinfected regularly to minimize possible contamination and risk of infection.

* Denotes Statistical Significance; Study 1: QRS-0012; Study 2: QRS-0013; (1) QRS-008, QRS-012, & QRS-013; (2) QRS-008; (3) QRS-012 and QRS-013, pooled results

CLINICAL@NEUROLUTIONS.COM

|

NEUROLUTIONS.COM

Fill in the Rx template directly from your computer or print and complete by hand
Send completed and signed prescriptions to rx@neurolutions.com or fax to (323) 300-2410

Prescription Form
Health Care Practitioner
FIRST NAME

LAST NAME

NPI NUMBER
National Provider Identiﬁer 10-digit number
ADDRESS

CITY

STATE

ZIP

PHONE

Patient
FIRST NAME

LAST NAME

BIRTHDATE

ADDRESS

STATE

CITY

ZIP

ICD-10 CODE

Prescription
LEFT OR RIGHT SIDE

PRODUCT

IpsiHand Upper Extremity
Rehabilitation System

Left
Right

DATE

MM

DD

YYYY

MD SIGNATURE

Summary of Clinical Performance Testing
The Neurolutions System has been evaluated in 40 subjects across three separate clinical studies
(described below), all of which evaluated use of the Neurolutions system in chronic stroke survivors. All
three studies were designed to determine the feasibility of recording electroencephalogram (EEG) signals
from the affected and/or unaffected brain hemispheres, and to use the signals to control a computer to
facilitate movement of a robotic hand orthosis (Handpiece). The results of the studies have been
analyzed to determine if the Neurolutions System can be used to positively impact rehabilitation. These
three studies were open-label studies whereby a literature meta-analysis assessing usual care as well as
minimal clinically important difference (MCID) benchmarks were utilized for comparison of device
effectiveness in lieu of randomized control data.
Results of testing demonstrate that following 12-weeks of use of the Neurolutions System, chronic stroke
survivors showed increases in the mean change from their baseline scores on the primary outcome
measure for the three respective studies. Ten of the total 40 subjects were assessed utilizing the Action
Research Arm Test (ARAT) as the primary outcome measure and the mean scores exceeded the Minimal
Clinically Important Difference (MCID) of 5.7 points (study QRS-0008). In the two other studies
(QRS-0012 and QRS-0013), 30 of the total 40 subjects were assessed utilizing the Fugl-Meyer Upper
Extremity (UEFM) assessment as the primary outcome measure. For 66.7% of these 30 subjects, mean
scores exceeded the MCID of 5.25 points. Overall, ARAT data were collected on a total of 27 subjects
from QRS-0008 and QRS-0012 (ARAT was a secondary measure in QRS-0012), while UEFM data were
collected in 30 subjects from studies QRS-0012 and QRS-0013. The 17 subjects assessed with ARAT as a
secondary measure in QRS-0012, while demonstrating some mean improvement, did not exceed MCID.
No patient injury or adverse events occurred in any of the studies.
Results of Pooled Analysis: The results from 30 subjects across two studies (QRS-0012 and QRS-0013)
may be validly pooled because the studies have the same primary endpoint and were conducted under
nearly identical protocols (including inclusion/exclusion criteria and treatment regimen) and investigated
the same version of the device in a very similar patient population (as evidenced by a comparison of the
demographic data). Moreover, the primary endpoint, change in UEFM, was compared at the same
timepoint, and the studies were weighted relative to their size. Based on the foregoing, a pooled analysis
for UEFM, including all 30 subjects from the two studies, resulted in a mean change at 12-weeks of 7.77
points (SD of 5.041, two-sided, one-sample t-test, p-value < .0001), which exceeds the Minimal Clinically
Important difference (MCID) of +5.25 points reported in the literature.
Across the two pooled clinical studies (QRS-0012 and QRS-0013), 100% (30/30) of the subjects
demonstrated improvement on the primary outcome measure, UEFM. A total of 66.7% of these subjects
exceeded the minimal clinical important difference (MCID). The MCID is the change in a treatment
outcome as measured by a trained clinician and regarded as important and clinically meaningful to health
professionals and patients.[1],[2],[3],[4] The remaining 33.3% of the subjects, although demonstrating
improvement, did not achieve the MCID.
For a cohort of 12 patients who participated in (QRS-0012), durability data was assessed at 6-months
following completion of their 12-week study visit. Durability assessment of the primary and secondary
outcome measures revealed these subjects maintained their level of improved functional and motor
performance. This demonstrates that the motor improvements achieved with the Neurolutions System
therapy were maintained at 6-months following the last device use. However, as durability testing has not

been completed beyond 6-months, persistence of benefits beyond 6-months post device use are currently
unknown.

[1]

Page, S. J., Fulk, G. D., & Boyne, P. (2012). Clinically important differences for the upper-extremity Fugl-Meyer Scale in
people with minimal to moderate impairment due to chronic stroke. Physical therapy, 92(6), 791–798.
https://doi.org/10.2522/ptj.20110009
[2]
Bushnell, C., Bettger, J. P., Cockroft, K. M., Cramer, S. C., Edelen, M. O., Hanley, D., Katzan, I. L., Mattke, S.,Nilsen, D. M.,
Piquado, T., Skidmore, E. R., Wing, K., & Yenokyan, G. (2015). Chronic Stroke Outcome Measures for Motor Function
Intervention Trials: Expert Panel Recommendations. Circulation. Cardiovascular quality and outcomes 8(6 Suppl 3),
S163–S169. https://doi.org/10.1161/CIRCOUTCOMES.115.002098
[3]
Fugl-Meyer Assessment of Motor Recovery after Stroke. (2016, August 2). Shirley Ryan Ability Lab.
https://www.sralab.org/rehabilitation-measures/fugl-meyer-assessment-motor-recovery-after-stroke
[4]
Teasell R, Cotoi A, Chow J, Wiener J, Iliescu A, Hussein N, Salter K. The Stroke Rehabilitation Evidence-Based Review:
18th edition. Canadian Stroke Network, March 2018. Chapter 20. Page 21 www.ebrsr.com
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FDA NEWS RELEASE

FDA Authorizes Marketing of Device to Facilitate Muscle
Rehabilitation in Stroke Patients
For Immediate Release:
April 23, 2021
Today, the U.S. Food and Drug Administration authorized marketing of a new device indicated
for use in patients 18 and older undergoing stroke rehabilitation to facilitate muscle reeducation and for maintaining or increasing range of motion. The Neurolutions IpsiHand Upper
Extremity Rehabilitation System (IpsiHand System) is a Brain-Computer-Interface (BCI) device
that assists in rehabilitation for stroke patients with upper extremity—or hand, wrist and arm—
disability.
“Thousands of stroke survivors require rehabilitation each year. Today’s
authorization offers certain chronic stroke patients undergoing stroke
rehabilitation an additional treatment option to help them move their hands and
arms again and fills an unmet need for patients who may not have access to homebased stroke rehabilitation technologies,” said Christopher M. Loftus, M.D., acting
director of the Office of Neurological and Physical Medicine Devices in the FDA’s
Center for Devices and Radiological Health.
A stroke occurs when normal blood flow to the brain is interrupted. Brain cells obtain oxygen
and nutrients from regular blood circulation, so when there is a blockage of blood flow to the
brain caused by a clot (an ischemic stroke) or excessive bleeding in the brain due to a ruptured
blood vessel (a hemorrhagic stroke), the brain cells can die from a lack of blood and oxygen.
Although stroke is a brain disease, it can affect the entire body and sometimes causes long-term
disability such as complete paralysis of one side of the body (hemiplegia) or one-sided weakness
(hemiparesis) of the body. Stroke survivors may have problems with the simplest of daily
activities, including speaking, walking, dressing, eating and using the bathroom. According to
the Centers for Disease Control and Prevention (https://www.cdc.gov/stroke/facts.htm),
someone in the United States has a stroke every 40 seconds. About 795,000 people in the U.S.
have a stroke each year.
Post-stroke rehabilitation helps individuals overcome disabilities that result from stroke
damage. The IpsiHand System uses non-invasive electroencephalography (EEG) electrodes
instead of using an implanted electrode or other invasive feature to record brain activity. The
EEG data is then wirelessly conveyed to a tablet for analysis of the intended muscle movement
https://www.fda.gov/news-events/press-announcements/fda-authorizes-marketing-device-facilitate-muscle-rehabilitation-stroke-patients
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(intended motor function) and a signal is sent to a wireless electronic hand brace, which in turn
moves the patient’s hand. The device aims to help stroke patients improve grasping. The device
is prescription-only and may be used as part of rehabilitation therapy.
The FDA assessed the safety and effectiveness of the IpsiHand System device through clinical
data submitted by the company, including an unblinded study of 40 patients over a 12-week
trial. All participants demonstrated motor function improvement with the device over the trial.
Adverse events reported included minor fatigue and discomfort and temporary skin redness.
The IpsiHand System device should not be used by patients with severe spasticity or rigid
contractures in the wrist and/or fingers that would prevent the electronic hand brace from being
properly fit or positioned for use or those with skull defects due to craniotomy or craniectomy.
The IpsiHand System device was granted Breakthrough Device (/medical-devices/how-studyand-market-your-device/breakthrough-devices-program) designation, which is a process
designed to expedite the development and review of devices that may provide for more effective
treatment or diagnosis of life-threatening or irreversibly debilitating diseases or conditions.
The FDA reviewed the IpsiHand System device through the De Novo (/medicaldevices/premarket-submissions-selecting-and-preparing-correct-submission/de-novoclassification-request) premarket review pathway, a regulatory pathway for low- to moderaterisk devices of a new type. Along with this authorization, the FDA is establishing special controls
for devices of this type, including requirements related to labeling and performance testing.
When met, the special controls, along with general controls, provide reasonable assurance of
safety and effectiveness for devices of this type. This action creates a new regulatory
classification, which means that subsequent devices of the same type with the same intended use
may go through the FDA’s 510(k) premarket process, whereby devices can obtain clearance by
demonstrating substantial equivalence to a predicate device.
The FDA granted marketing authorization of the Neurolutions IpsiHand Upper Extremity
Rehabilitation System to Neurolutions, Inc.
The FDA, an agency within the U.S. Department of Health and Human Services, protects the
public health by assuring the safety, effectiveness, and security of human and veterinary drugs,
vaccines and other biological products for human use, and medical devices. The agency also is
responsible for the safety and security of our nation’s food supply, cosmetics, dietary
supplements, products that give off electronic radiation, and for regulating tobacco products.

Related Information
https://www.fda.gov/news-events/press-announcements/fda-authorizes-marketing-device-facilitate-muscle-rehabilitation-stroke-patients
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FDA: Breakthrough Devices Program (/medical-devices/how-study-and-market-yourdevice/breakthrough-devices-program)
FDA: De Novo Classification Request (/medical-devices/premarket-submissions-selectingand-preparing-correct-submission/de-novo-classification-request)
CDC: Stroke Facts (https://www.cdc.gov/stroke/facts.htm)
National Institute of Neurological Disorders and Stroke: Stroke Information Page
(https://www.ninds.nih.gov/Disorders/All-Disorders/Stroke-Information-Page)
###

Inquiries
Media:
 Shirley Simson (mailto:Shirley.Simson@fda.hhs.gov )
 202-597-4230
Consumer:
 888-INFO-FDA

 More Press Announcements (/news-events/newsroom/press-announcements)
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ARTICLE

Motor Network Reorganization Induced in Chronic Stroke Patients with the Use
of a Contralesionally-Controlled Brain Computer Interface
Joseph B. Humphriesa, Daniela J. S. Mattosb, Jerrel Rutlinc, Andy G. S. Daniela, Kathleen Rybczynskid,
Theresa Notestined, Joshua S. Shimonyc, Harold Burtone, Alexandre Carterb and Eric C. Leuthardta,d,e,f*
a
Departments of Neurosurgery, Washington University in St. Louis, St. Louis, MO, USA; bNeurology, Washington University in St. Louis,
St. Louis, MO, USA; cMallinckrodt Institute of Radiology, Washington University in St. Louis, St. Louis, MO, USA; dNeurosurgery, Washington
University in St. Louis, St. Louis, MO, USA; eNeuroscience, Washington University in St. Louis, St. Louis, MO, USA; fMechanical Engineering and
Materials Science, Washington University in St. Louis, St. Louis, MO, USA

ABSTRACT

ARTICLE HISTORY

Upper extremity weakness in chronic stroke remains a problem not fully addressed by current
therapies. Brain–computer interfaces (BCIs) engaging the unaffected hemisphere are a promising
therapy that are entering clinical application, but the mechanism underlying recovery is not well
understood. We used resting state functional MRI to assess the impact a contralesionally driven
EEG BCI therapy had on motor system functional organization. Patients used a therapeutic BCI for
12 weeks at home. We acquired resting-state fMRI scans and motor function data before and after
the therapy period. Changes in functional connectivity (FC) strength between motor network
regions of interest (ROIs) and the topographic extent of FC to specific ROIs were analyzed. Most
patients achieved clinically significant improvement. Motor FC strength and topographic extent
decreased following BCI therapy. Motor recovery correlated with reductions in motor FC strength
across the entire motor network. These findings suggest BCI-mediated interventions may reverse
pathologic strengthening of dysfunctional network interactions.

Received 12 July 2021
Accepted 20 March 2022

1. Introduction
Stroke causes adult disability in approximately 800,000
adults annually in the United States [1]. Unilateral
upper motor weakness, known as hemiparesis, occurs
in 77% of new stroke cases [2]. Hemiparesis frequently
persists into the chronic stage of stroke; 65% of chronic
stroke patients report reduced motor function 6 months
after stroke [3,4]. Patients rarely obtain substantial
motor improvement 3 months after a stroke, with resi
dual motor deficits effectively becoming permanent [5–
11]. Behavioral adaptations instead of spontaneous
recovery generally underlie subsequent improvements
[9]. Recent innovations in rehabilitation techniques,
however, offer new opportunities for motor recovery,
even in the chronic stage.
The efficacy of brain–computer interfaces (BCIs) for
post-stroke motor rehabilitation has been demonstrated
with a variety of designs [12]. However, there is a lack of
consensus regarding the neurophysiological mechan
isms driving recovery through BCI [13–16], which
necessitated further study. Functional recovery was pre
viously shown in a severely impaired chronic stroke

KEYWORDS

Rehabilitation; stroke; brain–
computer interface;
functional MRI; motor
network

population treated with a BCI system using signals
from the contralesional motor cortex [17]. The former
study used cortical EEG signals to control a robotic
hand orthosis. Additionally, the efficacy of BCI on
motor recovery was linked to changes in EEG activity
in motor regions within frequencies used for BCI [17].
Given that this contralesional BCI system, known as the
IpsiHand (Neurolutions, Santa Cruz CA), recently
received FDA market authorization and will be applied
to stroke populations, understanding the mechanism of
its clinical benefit is of high importance. Power fluctua
tions in alpha (8–12 Hz) and beta (13–25 Hz) frequen
cies are observed in motor cortex during motor activity
[18,19]. These frequencies are also used for BCI control
[17]. We therefore hypothesized BCI may have affected
neural circuitry to facilitate motor recovery via experi
ence-dependent plasticity. However, previously
recorded EEG signals only assess broad cortical regions
with limited anatomic specificity. Here, we used func
tional MR imaging to study whether BCI therapy
affected functional connectivity organization in the
motor cortex and cerebellum.

CONTACT Eric C. Leuthardt
leuthardte@wustl.edu
Department of Neurological Surgery, Washington University in St. Louis, 660 S. Euclid Avenue,
Campus Box 807, St. Louis, MO 63110, USA
*
Drs. Carter and Leuthardt contributed equally to this project.
Supplemental data for this article can be accessed online at https://doi.org/10.1080/2326263X.2022.2057757
© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-ncnd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way.
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Networks of correlated spontaneous brain activity dur
ing rest have been extensively described using functional
MRI (fMRI) [20–22]. Strokes disrupt ‘functional connec
tivity’ networks [23–26]. Furthermore, the extent of net
work disruption correlated with stroke-induced
impairments in multiple behavioral domains [23,25–27].
Strokes altered network modularity, typically by a decrease
and then a partial recovery in association with behavioral
improvements [25,28,29]. Connectivity changes between
specific regions have also been implicated in stroke recov
ery [30–32]. Further, performance on motor function
assessment tasks after a stroke was reduced with disrupted
interhemispheric motor network connectivity [24,33].
Thus, recovery from stroke induced by BCI might involve
changes in resting-state functional connectivity (rsFC).
The objective of the current study was to determine
whether an EEG-driven BCI controlled by motor signals
from the unaffected hemisphere reorganized brain net
works for motor control. Based on previous reports
linking motor network organization with post-stroke
motor function, we hypothesized that motor recovery
achieved during BCI therapy would change motor net
work connectivity, and that these rsFC changes in motor
systems would correlate with the strength of recovery.
Increases in interhemispheric connectivity, and
decreases in intrahemispheric connectivity have pre
viously been reported during stroke recovery
[24,25,30,33–35]. Consequently, we hypothesized
motor recovery via BCI would lead to similar patterns
of change in inter- and intrahemispheric rsFC. The
unexpected findings in this study suggest a potential
novel recovery mechanism associated with BCI induced
recovery in chronic stroke.

2. Materials and methods
2.1. Patient demographics
Eight enrolled patients had an upper limb hemipar
esis (Median upper extremity portion of the FuglMeyer Assessment (UEFM) = 21.75) at least 6 months

post-stroke. Exclusion criteria included evidence of
memory loss, severe aphasia, joint contractures in the
upper limb, unilateral neglect, or an inability to
generate a consistent BCI control signal.
A complete list of inclusion and exclusion criteria
is available in the supplemental material. Table 1
details patient demographic information. Most
patients showed a moderate or severe motor impair
ment, although two patients showed a mild impair
ment. Every patient provided written informed
consent before data collection.

2.2. EEG screening
Patients performed an EEG screening task to iden
tify a brain signal associated with motor imagery of
the affected hand from the contralesional hemi
sphere (i.e. the BCI control feature). Patients had
to generate the motor imagery EEG signal consis
tently for the BCI therapy task. Initially, patients
rested quietly for approximately 7 minutes during
recordings of baseline EEG activity. Patients then
performed a series of paired trials of quiet rest and
imagined movement of their left, right, or both
hands at the same time. Trial duration was 8 seconds
with an inter-trial interval of 3 seconds. A single
EEG screening session included acquisition of
approximately 45 trials of rest and each type of
imagined hand motion. Patients had to avoid mov
ing or talking during EEG recordings. Screenings
paused automatically for patients to rest in absence
of a specific task at 25% completion intervals for the
full duration of the screening. Each patient per
formed at least two screening sessions. A third ses
sion was necessary when detected feature
frequencies were erratic or EEG signal quality was
low in a prior session. Excluded patients had lowquality EEG data in all screening sessions, showed
no reliable feature frequency, or could not regularly
perform the BCI task.

Table 1. Demographic information.
Patient ID
1
2
3
4
5
6
7
8
Median

Age (y)
55
55
60
56
68
74
63
38
58

Time
Post-Stroke
(mo.)
183
54
119
34
46
26
71
70
62

Gender
F
F
M
M
M
F
M
M

Lesion Location
L SMC
L BG, Thal
R BG, CST, L Thal
L BG, CST
L BG, Thal, CST
R BG, CST
L BG, CST, R BG
R BG, Thal, CST

Affected Limb
R
R
L
R
R
L
R
L

SMC: Somatomotor Cortex, BG: Basal Ganglia, Thal: Thalamus, CST: Corticocospinal Tract.

UEFM Baseline
56
41
25.5
19.5
14.5
12
21.5
22
21.75

UEFM Final
64
48
30
25
22
21
32
31
30.5

UEFM
Change
8
7
4.5
5.5
7.5
9
10.5
9
7.75
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2.3. BCI feature frequency

2.4. Intervention protocol

Control of the BCI device was through a 1 Hz wide
feature frequency distinctly identified from EEG
screening data in each patient. Stroke disrupts nor
mal cortical oscillations in sensorimotor frequencies
[36,37]. A patient-specific feature frequency
approach was therefore implemented to lessen the
impact of stroke-induced changes in the sensorimo
tor rhythm, which is classically used to control
motor BCIs. The band-limited power of the feature
frequency determined whether the orthosis opened
(decreased power) or closed (increased power) dur
ing BCI therapy. A detailed description of BCI con
trol signal processing is available in the
supplemental material. A measure of the variance
in each feature frequency from each patient was its
coefficient of determination (R2), calculated from
the difference in quiet rest and impaired hand ima
gery task states in each screening session. Negative
R2 values indicated a power decrease during motor
imagery relative to rest. Selected from each patient
were feature frequencies with the largest negative R2
value within mu or beta frequency bands (8–25 Hz)
dependably produced across screening sessions.

The study timeline started with screening sessions over
1–2 weeks, followed by pre-therapy motor assessments
and resting-state fMRI (Figure 1(a)). Next, patients
trained to use the BCI device. They subsequently
received a complete set of equipment to use at home.
Patients then performed 12 weeks of home BCI therapy
sessions, when they used the equipment for 1 hour
per day, 5 days per week. The assigned therapy sessions
totaled 60 hours. Although all patients were assigned the
same amount of BCI therapy, usage varied among
patients. Therapy dosage for BCI patients was estimated
by summing the number of runs with at least 10%
accuracy on both movement imagery and rest trials.
Five BCI runs were approximately one hour of therapy.
Patients either performed the therapy and device setup
alone or with a caretaker based on their specific needs
and living situation. Members of the research team were
available via phone and e-mail to assist with technical
issues. Excluded from the study were patients unable to
use the BCI device. Patients had to enter their usage on
a provided tracking sheet, which assisted them in doc
umenting therapy times and any problems experienced
with the equipment. Clinicians assessed motor function

Figure 1. BCI Intervention protocol and system design overview. (a) Protocol Timeline. Screening for EEG feature frequency and
inclusion and exclusion criteria occur over several sessions in a 1–2 week period. Following screening, patients undergo an MRI scan
and motor assessments before receiving their BCI device. Patients perform BCI therapy for 12 weeks at home, returning every 4 weeks
for motor assessments. A final MRI scan and motor assessment is performed after 12 weeks of therapy. (b) BCI System Design.
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once per month (Figure 1(a)). After 12 weeks of BCI
therapy, patients received a post-therapy motor assess
ment and second resting-state fMRI scan. Patients in the
comparison group received intensive physical therapy
in an 8-week task-specific training program.
2.5. BCI system design
Components of the BCI system included a motorized
hand orthosis and wireless EEG headset (Wearable
Sensing, San Diego, CA) with dry, active electrodes
(Figure 1(b)). A Windows tablet connected via blue
tooth to the EEG headset to record signals from the
electrodes. A local Wi-Fi network generated within the
orthosis supported communications between the tablet
and a computer within the orthosis. The computer
controlling orthosis received commands to open or
close the hand via the tablet through these
communications.
BCI therapy sessions involved multiple steps: (1)
Patients put on the BCI headset and hand orthosis,
turned on system components, and confirmed correct
communications through a series of automated test out
puts. The index and middle fingers of the affected limb
were placed into padded braces where they could be
flexed and extended with the orthosis. The motor and
electronics in the orthosis were contained inside the
device and rested on the forearm of the affected limb.
After powering on the system components, the BCI
control software loaded onto the tablet checked for
connections to the headset and orthosis. Upon confir
mation of these connections, the software proceeded to
signal quality assessment. (2) Next, EEG signal quality
assessments involved comparing low amplitude rest sig
nals to noisy signals activated by jaw clenches. Patients
were prompted to rest and clench their jaws, each for
5 seconds. Raw signals were displayed to the patients
during this process, and they were trained to identify the
characteristic noise expected during clenching.
Following the rest and clench states, an electrode map
was displayed with colors (green, yellow, and red)
denoting signal quality at each electrode site. Quality
was assessed by measuring the difference in signal
power between rest and clench states, as a jaw clench
typically results in significantly higher signal power.
When signals were too noisy, patients could improve
electrode connections by manually adjusting the headset
and electrodes to facilitate contact with the scalp, rotat
ing electrodes to push through hair, and waiting for
a gradual decline in dry electrode impedance. Therapy
did not proceed until signal quality improved with
a subsequent assessment. (3) Patients began the BCI
therapy task following a one-minute recording of an at-

rest signal and eight repetitions each of 8-second-long
quiet rest and motor imagery trials. These recordings
enabled threshold adjustments for orthosis control for
each session. During therapy, patients received a cue to
remain quietly at rest or perform vivid motor imagery of
their affected hand. Band-limited power of the feature
frequency was extracted from the contralesional EEG
signal during therapy. The hand orthosis opened in
a 3-point grip (Figure 1(b), upper right) after power of
the feature frequency dropped below the threshold. The
orthosis remained closed at higher feature frequency
power levels (Figure 1(b), lower right). Patients received
an instruction to attempt opening the orthosis by think
ing about moving during motor imagery trials, and kept
the hand closed by clearing their thoughts during rest
trials. Patients thereby received proprioceptive and
visual sensory feedback from the orthosis based on the
EEG signals they generated. Individual trials lasted 8 sec
onds followed by a 3-second inter-trial interval.
2.6. Motor function assessment
The upper extremity portion of the Fugl-Meyer
Assessment functioned as the primary motor outcome
due to its wide use and high inter- and intra-rater
reliability [38–40]. UEFM is a 66-point measurement
of reaching and grasping ability with several hand orien
tations and ranges of motion. Secondary outcomes
included grip strength, Motricity Index, Modified
Ashworth Scale (MAS), and Arm Motor Ability Test
(AMAT) [41–43]. Motor function assessment to estab
lish a stable baseline occurred twice before commencing
therapy. Baseline motor function was the average of two
assessments (pre1 and pre2). Further assessments
occurred at 4-week intervals during therapy, and at
6-months post-therapy completion. Calculation of
motor improvement followed the formula:
UEFMpost

UEFMpre1 þ UEFMpre2
;
2

,
that is, the post-therapy motor function score minus the
average of the baseline motor function scores.
Occupational and physical therapists assessed motor
function.
2.7. MRI acquisition protocol
MRI scans with a Siemens Prisma 3 T scanner included
structural images from T1-weighted MP-RAGE, T2weighted fast spin echo, and fluid attenuation inversion
recovery (FLAIR) sequences. Scanning sessions
occurred within 2 weeks of initiating and completing
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the 12-week therapy protocol. Capture of BOLD signals
for resting-state data utilized a 64-channel head coil and
a gradient echo EPI sequence (voxel size = 2.4 × 2
.4 × 2.4 mm; TR = 1070 ms; TE = 30 ms; flip angle = 70°;
multi-band factor 4). Each of three, approximately
7-minute scans collected 400 frames of resting-state
functional MRI data, for a total of 1200 frames over
21 minutes. We acquired distortion maps immediately
prior to each resting-state BOLD scan.
Comparison group MRI scans included similar T1and T2-weighted structural images with a Siemens
TRIO 3 T scanner. Resting state BOLD data acquisition
included the following parameters: 4 mm isotropic vox
els; TR = 2000 ms; TE = 27 ms; 12 channel head coil; 4
scans with 128 frames each.
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basis of left and right CBL mean timeseries [48]. Then,
labeling these left- and right-side timeseries as con
tralesional and ipsilesional was relative to the left/
right stroke brain location. Cerebellar laterality was in
correspondence to motor network membership (i.e.
left cerebellum and right primary motor cortex were
in the same functional hemisphere). Excluded ROIs
overlaid the stroke lesion. Analyses were of functional
connectivity, defined as the Pearson correlation of
paired mean ROI timeseries and between select ROIs
and all other voxels in the brain. Pre- and post-therapy
connectivity differences indicated changes in func
tional connectivity.

2.10. Functional connectivity analyses
2.8. MRI preprocessing
A previously described pipeline preprocessed all func
tional MRI data [44]. The 4dfp suite (4dfp.readthedocs.
io) of preprocessing steps comprised slice-time correc
tion, removal of odd-even slice intensity differences,
rigid body motion correction, affine transformation to
a (3 mm)3 atlas space, spatial smoothing with a 6 mm
FWHM Gaussian kernel, voxelwise linear detrending,
and a temporal low pass filter (0.1 Hz cutoff). Freesurfer
software performed cortical surface segmentation.
Regression of nuisance waveforms, derived from
motion correction timeseries, CSF signal, white matter
signal, and the whole brain (‘global’) signal, reduced
spurious variance [45,46]. High-motion frames were
removed from the analysis [44]. Fisher z-transforms
were applied to Pearson correlation coefficients prior
to statistical analysis.

2.9. Seed-based functional connectivity
calculations
Analysis of preprocessed MRI data utilized MATLAB
(MathWorks, Natick, MA) unless otherwise noted.
Cortical regions previously implicated in motor con
trol served as a priori regions of interest (ROIs). These
included the hand region of bilateral primary dorsal
motor cortex (M1), dorsal premotor area (PMA), and
supplementary motor area (SMA). We used
Neurosynth [47] for all cortical ROI coordinates.
Peak Z-scores for each ROI served as centers for
8 mm diameter spheres. Extracted mean BOLD time
series were from each ROI. Generation of two aggre
gate cerebellum (CBL) ROIs were from somatomotor
regions in anterior CBL lobules. Separately averaged
left and right CBL somatomotor regions formed the

A twofold focus of the functional connectivity ana
lysis was: 1) define changes in cortical and subcor
tical connectivity topography and 2) define
alterations in magnitude of connectivity in known
motor network ROIs. For network topography, pri
mary analyses performed on fMRI data included
voxel-based functional connectivity between ROI in
contralesional M1, ipsilesional M1, contralesional
CBL, and ipsilesional CBL and the rest of the brain.
Findings assessed connectivity changes at specific
ROIs following BCI therapy. We examined only sta
tistically significant functional connectivity maps by
applying a threshold of z = 0.3. Obtained maps were
from pre- and post-therapy timepoints. Counts of
suprathreshold voxels in each connectivity map
tracked spatial distributions for pre- and posttherapy MRI scans. Voxel counts were from the
whole brain and each hemisphere. Wilcoxon signedrank tests compared pre- and post-therapy time
points for whole-brain voxel counts. Timepoints
here refers to MRI scans at baseline before any
therapy (pre-therapy) and after 12 weeks of BCI
therapy (post-therapy). Suprathreshold voxel counts
for each patient and ROI evaluated relationships
between functional topography plasticity and motor
recovery. The subtraction of pre- from post-therapy
voxel counts quantified changes. Spearman rank cor
relations estimated the relationship between motor
recovery and change in number of suprathreshold
voxels.
Evaluations of motor network connectivity
changes following therapy relied on assessments of
network strength through pairwise functional con
nectivity (FC) measurements between ROIs. Median
adjacency matrices generated from Pearson correla
tion coefficients between each ROI pair visualized FC
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strength in the pre-therapy state as well as changes
in FC following therapy. Adjacency matrices were
converted into circular graphs for visualization
using the Python NetworkX package [49]. Circular
graph nodes were per ROI. Color of edges (lines)
connecting nodes mark the z-score value of Pearson
correlations (i.e. connectivity strength).
Pairwise connectivity measurements were grouped
into the following subsets: all motor ROI pairs, inter
hemispheric ROI pairs contralesional intrahemispheric
pairs, and ipsilesional intrahemispheric pairs.
Interhemispheric ROI pairs indicated FC strengths
between contra- and ipsilesional ROIs. For each ROI
pair within these groupings, FC strengths across all
cases were combined into distributions showing the
proportion of each FC strength value at pre- and posttherapy timepoints. Similarly, distributions of all FC
z-values for each ROI pair and per patient showed
individual differences in changed FC strengths between
pre- and post BCI therapy. Wilcoxon signed-rank tests
assessed differences between pre- and post-therapy FC
strength distributions relative to the number of correla
tion z-scores of a given magnitude. The formula listed
below estimated the Wilcoxon signed-rank effect sizes:
pffiffiffiffi
r ¼ Z= N ;
with r the effect size, Z the signed-rank test Z-statistic,
and N the sample size. The Spearman rank correlation
between Wilcoxon effect sizes and increases in UEFM
scores examined the relationships between FC change
and motor recovery.

3. Results
3.1. Motor rehabilitation
All BCI patients showed an increase in UEFM score after
12 weeks of contralesional BCI therapy. Clinically mean
ingful recovery occurred in seven of the eight patients
who reached a minimal clinically important difference
(MCID) threshold of at least a 5.2 point score increase
[50]. Median increase in UEFM score was 7.25. Figure 2
illustrates progressive longitudinal motor recovery from
baseline in each case. Most patients passed the clinically
significant threshold by 8 weeks. Patients 1 and 2 showed
similar UEFM improvement to other subjects despite
having a much milder baseline impairment. Wilcoxon
signed-rank tests also found significant improvement
(p < 0.05) in grip strength, Motricity Index score, and
AMAT scores (see Supplemental Material for more
detail). Median changes included increased grip strength
(3.75 pounds, p = 0.0234), Motricity Index (2 points,
p = 0.0156), and AMAT (5 points, p = 0.0156). The
Modified Ashworth Scale, a measure of spasticity,
showed median changes of 0 at the elbow and 0.125 at
the wrist. No MCID comparisons were available for these
measures. Individual changes in secondary outcomes are
detailed in Table S1.

3.2. BCI performance
Patients generally used their BCI systems effectively,
achieving median move and rest success rates of
78.5% and 35%, respectively. A definition of

Figure 2. Longitudinal BCI primary motor outcomes. Longitudinal change in UEFM score from baseline. Each patient represented as
a different line color. Dotted black line indicates minimal clinically important difference of 5.2 points on the UEFM.
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Table 2. BCI performance data.
Subject Move Success Rate (%) Rest Success Rate (%) Move Error (SS) Rest Error (SS)
1
84
15
3.7
2.7
2
49
48
3.9
4.1
3
34
60
2.8
2.8
4
92
23
3.6
3.8
5
73
37
3.1
3.2
6
31
62
4.7
4.9
7
96
33
18.5
4.1
8
91
22
18.5
3.3

R2
Total Sessions Total Trials Feature Frequency (Hz)
0.089
47
6120
21
0.102
62
9660
15
0.089
19
2790
19
0.256
50
8250
15
0.239
61
9750
16
0.128
29
3690
11
4.145
86
9420
10
3.341
26
3090
18

SS: Sum of Squares, R2: Coefficient of Determination, Bold denotes updated hardware algorithm which changes estimation of error and R2.

a successful trial was reaching the BCI activation
threshold for at least 1 second for move trials or
staying under the activation threshold for the entire
trial duration for rest trials. Most patients showed
greater success rates with movement imagery trials
due to restrictive criteria for success on rest trials.
Although we accepted feature frequencies in both
alpha (8–12 Hz) and beta (13–25 Hz) bands, six
out of eight patients had beta feature frequencies.
This preference for beta frequencies is consistent
with previous studies of ipsilateral motor electrophy
siology in which there are stronger spectral power
changes in the beta band than in the mu (also known
as alpha) band during ipsilateral movement [51].

Table 2 contains BCI performance data including
feature frequencies, trial success rates, signal error
(Sum of Squares), and coefficients of determina
tion (R2).
3.3. Spatial distributions of voxel-based functional
connectivity in select ROIs
BCI therapy-induced changes in spatial connectivity
patterns in contralesional and ipsilesional primary
motor cortex and cerebellum from pre- and posttherapy in group average functional connectivity maps
(z > 0.3), as shown in Figure 3. Qualitatively, contrale
sional and ipsilesional M1 (Figure 3(a,b)) and cerebellar

Figure 3. Spatial connectivity distributions change following BCI Therapy. Pre- and post-therapy maps of group average voxelwise
functional connectivity (z > 0.3) are shown for contralesional M1 (a), ipsilesional M1 (b), contralesional cerebellum (c), and ipsilesional
cerebellum (d). Pre-therapy maps are shown above their post-therapy equivalents.
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(Figure 3(c,d)) ROIs showed decreased spatial distribu
tions functional connectivity voxels post therapy
(Figure 3(a–d). Smaller extents of functional connectiv
ity appeared especially in ipsilesional M1 (Figure 3(b))
and contralesional cerebellum (Figure 3(c)).
Quantitatively, suprathreshold voxel counts signifi
cantly decreased for ipsilesional M1 following BCI ther
apy (Figure 4, Wilcoxon signed-rank test, p = 0.0156).
Suprathreshold voxel count changes were normalized to
the matching baseline for each patient and region. Boxand-whisker plots of pre- and post-therapy counts of
voxels surpassing the functional connectivity statistical
significance threshold (z > 0.3) show decreased variance
following BCI therapy (Figure S4). No statistically sig
nificant correlations were observed between voxel count
changes and motor recovery (Figure S5).
3.4. ROI-ROI and interhemispheric connectivity
Circular graph representations show median func
tional connectivity strengths pre-therapy for contraand ipsilesional ROIs, based on z-scores of Pearson
correlations between paired ROI nodes (Figure 5(a)).
Strong connectivity strengths (z > 0.6) characterized
links between cortical motor ROI with connections
located entirely contralesional or ipsilesional and

most interhemispheric links (Figure 5(a)). Relatively
weaker connectivity strengths (z < 0.5) occurred
between interhemispheric CBL and motor ROIs
(e.g. cSMA to iPMA or iM1; cM1 to iM1 or
iPMA). Generally, many nodes showed connectivity
above the threshold to other motor ROIs, an
expected feature of the motor network. All supra
threshold connectivity changes in BCI patients were
negative from pre- to post-therapy timepoints,
regardless of whether paired ROIs were contrale
sional, ipsilesional, or interhemispheric. (Figure 5
(b)). Not shown are median connectivity changes of
|z| < 0.1.
Functional connectivity strength in BCI patients was
significantly lower post-therapy compared to pretherapy. Normalized distributions of functional connec
tivity strengths pre- and post-therapy are shown in
Figure 6. The analysis included all ROI pairs regardless
of a threshold of z > 0.3 for results shown in Figure 5.
A Wilcoxon signed-rank test found statistically signifi
cant decreases from pre- to post-therapy timepoints
across all motor ROIs and patients (p = 1x10−6), all
interhemispheric motor ROI (p = 0.006), all ipsilesional
intrahemispheric ROI pairs (Figure 6(d), p = 0.003), but
not any contralesional intrahemispheric ROI pairs
(Figure 6(c), p = 0.071). These results showed

Figure 4. Normalized voxel count changes in select ROIs. Difference relative to baseline for the number of voxels with statistically
significant functional connectivity (z > 0.3) to contralesional and ipsilesional primary motor cortex (M1) and cerebellum (CBL) in
chronic stroke patients pre- and post-therapy. Box-and-whisker plots indicate median values. Value of 1 indicates no change. The
ipsilesional M1 region showed a statistically significant reduction in number of suprathreshold voxels compared to the pre-therapy
timepoint with a Wilcoxon signed-rank test (p = 0.0156).
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4. Discussion

Figure 5. Functional connectivity changes in motor regions. (a)
Median pre-therapy functional connectivity between motor ROI
pairs in BCI patients. Primary motor, premotor, supplementary
motor, and cerebellar ROIs used. Each node marks an ROI with
a prefix specifying laterality (e.g. cSMA is contralesional supple
mentary motor area). Nodes in red and blue background areas
are contralesional and ipsilesional ROIs, respectively. Line color
indicates connectivity strength. Threshold of z = 0.3 applied to
connectivity graph. (b) Median change in connectivity from pretherapy to post-therapy timepoints (post – pre) in BCI patients.
Threshold of z = 0.1 applied to connectivity graph.

contralesional BCI therapy significantly decreased motor
network connectivity strength, regardless of hemisphere
in relation to stroke location.
A key issue was whether motor recovery corresponded
with decreases in motor connectivity. A nonparametric
rank correlation analysis sorted patients by change in FC
strength and extent of motor recovery. The analysis
found that larger decreases in motor FC strength corre
lated with greater motor recovery (Figure 7(a) r = 0.77,
p = 0.033). These significant findings indicated motor
recovery through contralesional BCI therapy resulted in
decreased overall motor intra-network functional con
nectivity. No other ROI sets showed connectivity changes
correlated with recovery (Figure 7(b–d)).

Upper extremity motor function improved in a chronic
stroke population following 12 weeks of training with
a noninvasive, contralesionally controlled brain–com
puter interface. Decreases in functional connectivity
strength and topography in motor cortex ROIs were
concurrent with upper limb motor improvements.
Reductions in topographic connectivity to ipsilesional
primary motor cortex correlated with recovery. Motor
recovery levels were also significantly correlated with
a reduction in functional connectivity strength. These
findings suggest that contralesional BCI-induced motor
function improvement in chronic stroke patients may
be partially driven by widespread decreases in motor
network functional connectivity.
Of particular importance was finding contralesional
BCI therapy effectively enabled recovery for chronic
hemiparesis. Chronic hemiparetic stroke patients
usually experience poor motor recovery after 3 months
post-stroke [5–9]. Studied patients were at a median of
62 months post-stroke. Nevertheless, 7 out of 8
patients made clinically significant improvements in
upper limb motor function following contralesional
BCI therapy. Ipsilesional BCI therapy for both acute
and chronic hemiparesis has been previously imple
mented in a variety of configurations [12]. Robotic
orthoses, electrical stimulation, and visual imagery
feedback have all been used successfully in combina
tion with ipsilesional BCI systems across several stu
dies [12,13,16,52–55]. The current contralesionally
driven BCI therapy method and intervention protocol
replicated BCI-mediated recovery reported previously,
thus confirming motor recovery with contralesional
BCI therapy [17]. Critically, patients achieved motor
improvement using BCI in a home therapy setting,
with patients or their caretakers operating the BCI
system. Others have recently noted the practical chal
lenges of implementing BCI therapy in a clinical set
ting and suggested home-based therapy as a potential
solution [54,56]. The current BCI approach advanta
geously expanded a therapy method previously con
fined to in-person clinical settings.
Acquisition of noninvasive functional neuroima
ging concurrent with BCI therapy additionally
revealed unexpected motor network changes during
rehabilitation. Decreases in motor network functional
connectivity strength suggest different network
dynamics occur during recovery in chronic stroke
compared to (sub)acute stroke. Typically, acutely
injured networks characteristically showed increased
intra- and decreased interhemispheric resting-state
FC strength [24,25,30,33–35]. Task-based BOLD
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Figure 6. Motor connectivity decreases following BCI rehabilitation. Histograms constructed from motor ROI sets across all BCI patients
at pre-therapy (blue) and post-therapy (red) timepoints. Overlapping histograms shown in purple. Histograms displays the normalized
distribution of Z-transformed functional connectivity. ROI sets include all motor ROI pairs (a), interhemispheric ROI pairs (b),
contralesional intrahemispheric ROI pairs (c), and ipsilesional intrahemispheric ROI pairs (d). Decreased post-therapy motor FC is
statistically significant via Wilcoxon signed-rank test for full motor ROI set (p = 1x10−6), interhemispheric ROI set (p = 0.006), and
ipsilesional intrahemispheric ROI set (p = 0.003). Contralesional intrahemispheric connectivity decreased, but this change was not
statistically significant (p = 0.071).

activations during motor tasks also became latera
lized toward the contralesional hemisphere [57].
With functional recovery in the subacute stage,
brain function gradually reverted toward the prestroke state with increased interhemispheric connec
tivity and a return of ipsilesional cortical activation
during a motor task [16,29,30,32,34,57,58].
Functional organization with more successful beha
vioral recovery resembled that of a healthy brain
[29,30,32,58]. In contrast, contralesionally driven
BCI therapy resulted in broadly decreased motor
network intra- and interhemispheric connectivity
strength. The findings also were not an epiphenome
non given a significant correlation between connec
tivity change and motor recovery.

Contralesionally driven BCI rehabilitation in
chronic stroke may operate by affecting inhibitory
circuit activity through experience-dependent plasti
city. Mouse models of stroke recovery have indicated
that experience-dependent plasticity may be important
for stroke recovery. Studies in whisker barrel cortex
suggest a possible model in which loss of incoming
sensory input (e.g. removal of a whisker) resulted in
robust alteration in the activity, connectivity, and
structure of neural circuits [59]. Loss of input to
a deprived barrel column precipitated a loss of inhibi
tory firing in that column. Unmasked horizontal exci
tatory connections possibly provoked expanded
adjacent receptive fields serviced from neighboring
columns linked to intact whiskers. These changes

BRAIN-COMPUTER INTERFACES

189

Figure 7. Correlation between connectivity change and BCI motor recovery. Spearman correlations between motor ROI connectivity
change and motor recovery. Data represented in ranked form. The dotted line represents a least-squares regression fit onto the ranked
data. Connectivity change in four ROI sets measured as shown in Figure 5. The correlation between connectivity change in all motor
ROIs and motor recovery was statistically significant.

might be a consequent pathologic expansion of local
connectivity [60]. Similar changes in cortical topogra
phical maps arose from peripheral loss in nonhuman
primates [61,62]. A possible mechanism affecting these
network changes might be injury-induced downregu
lation of inhibitory circuits [62–64], allowing increased
neural activity via preexisting thalamocortical and
intracortical connectivity as opposed to de novo
sprouting [65–67]. Similarly, provoked increases in
intracortical connectivity might occur following
stroke-mediated white matter transections in human
cortex [68]. Consequently, chronic loss of motor out
put from stroke might pathologically diminish inhibi
tory activity, resulting in a net increase in maladaptive
connectivity of the remaining motor network. This
connectivity increase probably does not represent
a compensatory mechanism, but rather a long-term
pathologic end point of an injury. Thus, a consistent
engagement of thalamocortical inhibitory motor
rhythms with BCI usage may reverse this chronic

state of maladaptive, decreased inhibitory activity
[18]. A consequence of the reversal could be the
observed reduced motor functional connectivity,
which may result from restored inhibitory activity.
Further, enhanced inhibition might lead to increased
functional specialization within the motor network,
consistent with current findings of reduced nodal con
nectivity and diminished topographic distributions of
connectivity (most notably in ipsilesional M1).
Ipsilesional primary motor cortex in BCI patients was
the only ROI that showed a statistically significant change
in suprathreshold voxels. Previous studies into motor net
work connectivity following acute stroke typically reported
positive associations between ipsilesional M1 connectivity
or activity and motor recovery – this does not match the
presented findings [16,24,32,57]. While we observed no
correlations between the degree of motor recovery and
the change in ipsilesional M1 connectivity extent, there
was an observed increase in a patient population achieving
clinically significant recovery. The discrepancy may be due
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to the specific design of the BCI device used for therapy. By
promoting contralesional activity during therapy, activitydependent plasticity may have altered functionally relevant
ipsilesional activity. Extensive contralesional BCI use
potentially resulted in reduced ipsilesional M1 connectivity
specifically, in addition to the general decrease in motor
network connectivity.
The current findings of BCI effects on motor recovery
and decreased motor network connectivity indicate the
importance of further optimization of BCI-mediated
therapies. Previously, Bundy et al. demonstrated func
tional recovery correlated with patient accuracies of BCI
control [17]. Thus, enhancing the personalization of BCI
control to best facilitate patients’ ability to control BCI
therapy devices may be important for effective therapy
[69]. The described methods used for BCI control in this
study were relatively simple. The BCI system was con
trolled by the signal from a single electrode and a 1-Hz
wide EEG frequency band associated with motor ima
gery. More elaborate control algorithms reliant on differ
ent EEG features may enhance rehabilitative effects.
Further, other methods of feedback could include func
tional electric stimulation or virtual representations of
a paretic hand moving [12,13,52,70–73]. In particular,
the current feedback was only through proprioceptive
sensation from moving the hand. Abundant evidence
showed robotic manipulation of an affected limb has
provided substantive benefit [12,13,52,70–72].
Designing an optimal feedback regimen to best affect
identified motor network changes will require further
research, possibly piloted initially in an animal model.
4.1. Limitations
We executed a small, non-randomized, prospective
study, which constrained the impact of these findings.
The small sample size also constrained statistical testing
to less powerful non-parametric tests, which may unre
liably detect results from small effect sizes. Two BCI
patients had multiple-stroke lesions, which may have
further affected motor connectivity. However, we
assumed these patients achieved full recovery from nonmotor deficits due to our strict inclusion and exclusion
criteria. Despite additional stroke effects in these cases,
seven of eight patients showed clinically significant
upper motor recovery after BCI therapy, which coin
cided with decreased in motor network connectivity.

5. Conclusion
Chronic stroke patients used a contralesionally con
trolled BCI system to achieve clinically significant
upper motor recovery. Motor recovery was coincident

with decreases in resting-state functional connectivity
among motor ROIs. These findings are notably different
from those in the subacute stage of stroke. Future stu
dies need to explore the influence of BCI as a therapy for
strokes affecting motor behavior.
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Chronic stroke patients with upper-limb motor disabilities are now beginning to see treatment options that were not previously available. To date, the two options recently approved by the United States Food and Drug Administration include vagus nerve stimulation
and brain–computer interface therapy. While the mechanisms for vagus nerve stimulation have been well deﬁned, the mechanisms
underlying brain–computer interface-driven motor rehabilitation are largely unknown. Given that cross-frequency coupling has
been associated with a wide variety of higher-order functions involved in learning and memory, we hypothesized this rhythm-speciﬁc
mechanism would correlate with the functional improvements effected by a brain–computer interface. This study investigated whether
the motor improvements in chronic stroke patients induced with a brain–computer interface therapy are associated with alterations in
phase–amplitude coupling, a type of cross-frequency coupling. Seventeen chronic hemiparetic stroke patients used a robotic hand
orthosis controlled with contralesional motor cortical signals measured with EEG. Patients regularly performed a therapeutic
brain–computer interface task for 12 weeks. Resting-state EEG recordings and motor function data were acquired before initiating
brain–computer interface therapy and once every 4 weeks after the therapy. Changes in phase–amplitude coupling values were assessed and correlated with motor function improvements. To establish whether coupling between two different frequency bands
was more functionally important than either of those rhythms alone, we calculated power spectra as well. We found that theta–gamma
coupling was enhanced bilaterally at the motor areas and showed signiﬁcant correlations across brain–computer interface therapy
sessions. Importantly, an increase in theta–gamma coupling positively correlated with motor recovery over the course of rehabilitation. The sources of theta–gamma coupling increase following brain–computer interface therapy were mostly located in the hand regions of the primary motor cortex on the left and right cerebral hemispheres. Beta–gamma coupling decreased bilaterally at the frontal
areas following the therapy, but these effects did not correlate with motor recovery. Alpha–gamma coupling was not altered by brain–
computer interface therapy. Power spectra did not change signiﬁcantly over the course of the brain–computer interface therapy. The
signiﬁcant functional improvement in chronic stroke patients induced by brain–computer interface therapy was strongly correlated
with increased theta–gamma coupling in bihemispheric motor regions. These ﬁndings support the notion that speciﬁc cross-frequency
coupling dynamics in the brain likely play a mechanistic role in mediating motor recovery in the chronic phase of stroke recovery.
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represent modulatory circuits associated with deeper grey
structures such as the thalamus and hippocampus.41–43 In the
recent years, there is growing interest in exploring more complex properties of neural oscillations, such as synchronization
between the phase of low-frequency oscillations and the amplitude of higher-frequency oscillations, i.e. phase–amplitude
coupling (PAC), a type of cross-frequency coupling (CFC).44–48
It has been suggested that PAC reﬂects the regulation of highfrequency local oscillation by a larger network oscillating at
lower frequencies.49 PAC has been associated with a wide variety of higher-order functions involved in learning and memory,50–54 attention,55,56 nociception,57,58 motor and
visuomotor tasks.59–64 The mechanisms underlying learning
have been most extensively studied in the hippocampus, where
theta–gamma PAC has been hypothesized as a key
learning-related mechanism.46,54,65–67 It has been determined
that theta–gamma PAC also plays a similar role in learning
throughout the neocortical regions.49,68 As in the hippocampus, M1 gamma oscillations are modulated by theta activity
through PAC.69 In a preliminary study, enhancement of theta–gamma PAC via transcranial alternating current stimulation
(tACS) over M1 during learning of motor skills resulted in a signiﬁcant improvement in motor skill acquisition.70 This implies
a potential role of theta–gamma PAC in motor skill learning but
requires further investigation.
In this study, we sought to evaluate in chronic stroke patients
whether BCI therapy-induced motor improvement is associated with alterations in PAC between gamma and lower frequencies. Contralesionally controlled BCI training used
cortical signals related to affected hand motor imagery, recorded from the unaffected hemisphere, to control the affected
hand via a powered hand exoskeleton. Resting-state EEG recordings of patients with chronic stroke were examined
throughout a 12-week period of BCI training. Given the prior
evidence showing the potential implications of theta–gamma
PAC in motor learning, we hypothesized that theta–gamma
PAC will be primarily changed with BCI intervention and
that these changes over motor areas will correlate with the
magnitude of motor recovery. As in prior studies, chronic
stroke patients achieved a clinically signiﬁcant motor recovery
following BCI therapy.22–24 Here, we found a signiﬁcant increase in theta–gamma PAC over motor areas which positively
correlated with these functional improvements. These ﬁndings
highlight an important role of theta–gamma PAC enhancement
in the facilitation of motor improvement which may represent a
key underlying mechanism for motor learning with the use of a
BCI therapy in chronic stroke patients.

Materials and methods
Study population
Seventeen chronic stroke patients with upper-limb hemiparesis completed the full course of BCI therapy for 12 weeks.
The inclusion criteria were the following: stroke at least 6
months prior conﬁrmed by neurologist or medical records;
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About two-thirds of stroke patients suffering from hemiparesis are still unable to fully use their affected limb 6 months
after stroke.1–3 Motor recovery usually plateaus at 3 months
post-stroke, and residual motor deﬁcits ultimately become
permanent.4–8 Trials of increased rehabilitation therapy
dose or brain stimulation therapies have not been effective.9–11 Developing new treatments for stroke rehabilitation
remains a research priority. Vagus nerve stimulation therapy
combined with movement training has been shown to help
achieve improvement in upper-limb motor recovery in patients with chronic stroke,12–14 possibly through cholinergic
and monoaminergic modulation of motor cortex neurons.15,16 Moreover, studies using neuroprosthetic strategies
for stroke rehabilitation have shown that functional improvements can be achieved even in the chronic stage.17–21
One approach is the application of a brain–computer interface (BCI)-controlled robotic hand orthosis using EEG signals from the contralesional motor cortex.22–24
Contralesionally controlled BCI therapy has been shown to
facilitate motor rehabilitation in severely impaired chronic
stroke patients.23 However, the mechanisms underlying
BCI-driven motor rehabilitation are poorly understood.
Deﬁning changes in cortical electrophysiology with motor
recovery in the chronic phase of stroke will better elucidate
the mechanisms promoting motor learning and facilitate further reﬁnement of motor rehabilitation strategies.
Previous studies have supported the role of the contralesional hemisphere in post-stroke recovery. Functional MRI
(fMRI) studies of stroke patients have shown that increased
contralesional activity is associated with improved motor
function.25,26 The use of the uninjured motor cortex as the
control signal for BCI rehabilitation further demonstrated
the beneﬁcial role of the unaffected hemisphere in motor recovery.23 Conversely, several studies have shown that the reduction of the contralesional motor cortical activity enhances
motor function in the affected limb of hemiparetic stroke patients, which suggests that the contralesional hemisphere impedes recovery.27–30 Taken together, there is increasing
support that the unaffected motor cortex plays a role in motor
recovery, but underlying physiological mechanisms require
further clariﬁcation. In previous work in animal models, there
has been substantial evidence that M1 plays a role in the acquisition of motor skills.31–33 In humans, the cortical physiology associated with motor learning in M1 is more
limited.34,35 This physiology in the setting of chronic stroke
is even more scarce (see Kantak et al.36 for a review).
Coupling between different frequency bands may be a potential mechanism for motor learning. Traditionally, neural oscillations have been divided into speciﬁc frequency bands and
studied according to their spectral features alone.37,38
Higher-frequency oscillations (.70 Hz), known as gamma
rhythms, are thought to represent local cortical ensembles.39,40
Narrow bands under 30 Hz, such as theta (4–7 Hz), alpha (8–
12 Hz) and beta rhythms (13–29 Hz), have been posited to
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Table 1 Patient demographics and primary motor assessment scores (mean + SEM)
Age
(years)
54.7
(2.9)

Time since stroke
(months)

BCI usage (h)

65.7
(15.5)

41.7
(5.2)

Lesion side:
hemisphere

Gender

11 L/6 R

7 f/10 m

Baseline
UEFM

Final
UEFM

UEFM change

33.3
(3.5)

41.4
(3.4)

8.03
(0.9)

BCI, brain–computer interface; f, female; L, left; m, male; R, right; SEM, standard error of mean; UEFM, upper extremity Fugl-Meyer assessment.

BCI system design
The BCI system and intervention protocol have been designed
as we previously described.23 The system consisted of a robotic
hand orthosis, EEG ampliﬁer and wireless EEG cap with six active electrodes (US Food and Drug Administration-authorized
IpsiHand Upper Extremity
Rehabilitation
System,
Neurolutions, Santa Cruz, CA, USA) (Fig. 1A, top panels). A
touchscreen tablet was connected via Bluetooth to the EEG
headset to record signals from the brain. The local Wi-Fi network supported communication between the tablet and orthosis. The tablet guided patients through BCI tasks and
translated spectral power changes into orthosis control to
open and close it in a 3-ﬁnger pinch grip. For the BCI task, patients were instructed to open the orthosis with motor imagery
of the affected hand or to keep the orthosis closed by resting
quietly. The orthosis opened and closed in response to changes
in the power of the patient-speciﬁc control signal. Subjects who
could partially move their affected arm were instructed to allow
passive movements by the orthotic device.

Intervention protocol
The diagram of the BCI intervention timeline is shown in
Fig. 1A (bottom panels). Patients were ﬁrst tested for the inclusion and exclusion criteria and the ability to perform the
BCI task. The exclusion criteria included severe aphasia,
joint contractures in the upper limb, unilateral neglect or inability to generate a consistent BCI control signal. During
EEG screening session prior to therapy implementation, patients were instructed to perform a series of rest and motor
imagery trials. The 1 Hz width frequency band with spectral
power modulation best corresponding to the difference between rest and motor trials was selected as the BCI device
control signal. The selected control signal was always within
the mu (8–12 Hz) or beta (13–29 Hz) canonical frequency
band and remained consistent for each patient throughout
BCI therapy. Patients with identiﬁable feature frequency
consistent over two EEG screenings were included in the
study. Patients were evaluated for baseline motor function
before initiating the therapy by physical and occupational
therapists. In addition to the UEFM, secondary motor function outcome measures using the AMAT, MI, MAS at the
wrist and elbow and grip strength were also acquired.
Research team members then trained patients in the use of
the BCI system. Patients were instructed to use the device
1 h/day, 5 days/week, for a total of 12 weeks. BCI performance data per patient are provided in Supplementary Table 1.
Clinicians assessed motor function once every 4 weeks. After
12 weeks of BCI therapy, patients underwent a ﬁnal posttherapy motor assessment.
A session of BCI therapy took 1 h to complete and consisted of one calibration period and ﬁve BCI therapy runs.
Pre-therapy calibration was implemented for data quality assurance and for detecting motor imagery activity during the
BCI task. During calibration, patients rested quietly and then
completed a series of task blocks and rest trials. During task
blocks, patients were instructed to imagine moving their affected hand. The orthosis did not move during calibration.
Following calibration, patients started BCI therapy runs.
Each run consisted of 30 motor imagery and 30 rest trials.
The trial order was randomized, and 3 s of ‘ﬁdget’ periods
were included between each 8 s trial. A ‘ﬁdget’ periods encouraged patients to blink or make physical adjustments.
After the completion of the BCI therapy run, the system
paused to allow patients to rest before continuing with their
therapy. Resting-state EEG data from pre-task calibration
sessions were saved to a remote server for further analysis.
In order to further validate the clinical and electrophysiological effects of BCI intervention, future sham-controlled
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intact cognitive ability quantiﬁed by a score of 0–1 on Items
1b and 1c (cognition) of the NIH Stroke Scale; unilateral
upper extremity weakness; ability to provide informed consent; full passive range of motion of the affected elbow, wrist
and digits and normal sensation (tactile and proprioceptive)
in the affected upper extremity. The exclusion criteria were
the following: severe visual impairment; cognitive impairment (8 or more on the Short Blessed Test); Botox injections
in the affected upper extremity for spasticity management in
the prior 3 months; severe aphasia, ataxia or unilateral neglect; severe psychiatric disorders such as schizophrenia or
pre-stroke bipolar disorder; concurrent participation in
other stroke studies. All patients suffered a ﬁrst-time stroke
at least 6 months prior to this study. Patient demographics
are shown in Table 1 (see the ‘Results’ section). Motor function outcomes were primarily assessed with the upper extremity Fugl-Meyer (UEFM) assessment, which has been
validated in a stroke patient population and has high reliability.71–73 Secondary motor function outcomes were measured
using the Arm Motor Ability Test (AMAT), motricity index
(MI), modiﬁed Ashworth Scale (MAS) at the wrist and elbow
and grip strength. This study was approved by the
Institutional Review Board of Washington University
School of Medicine in St Louis. The data in this study were
pooled across two pre-registered studies (NCT04338971
and NCT03611855) with identical research protocols.
Before data collection, all patients gave written informed
consent according to the Declaration of Helsinki.
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motor imagery tasks. Contralesional EEG signals were translated into commands to open or close the orthosis, which then provided
proprioceptive sensory feedback to the patient as they performed motor imagery tasks. (Bottom panels) Intervention timeline. Patients were
screened for the ability to perform the BCI task. Following screening, eligible patients underwent motor assessments before initiating the BCI
therapy. Daily BCI therapy sessions included one calibration period (extended rest, alternating motor imagery and rest trials) and ﬁve BCI therapy
runs (motor imagery and rest trials with active orthosis). Fidget periods were included between trials encouraging patients to blink or make
physical adjustments. Motor assessments were performed every 4 weeks. Final EEG recording and motor assessment data were acquired after 12
weeks of therapy. (B) Data processing schematic for calculating PAC. The raw EEG signal was bandpass ﬁltered in the lower (theta, alpha or beta)
frequency range (right), and in the higher (high gamma) frequency range (left). Then, the complex analytic form of each signal was obtained using
the Hilbert transform. The phase (angle of analytic signal) and power (amplitude of analytic signal) information was extracted from the lower- and
higher-frequency signals, respectively. The coupling between phase and amplitude was then quantiﬁed using MVL algorithm to produce a
modulation index values.

studies comparing the effects of active BCI with those observed with a sham BCI intervention are warranted. Sham
BCI may consist in delivering a constant signal not coupled
to the brain activity from the scalp EEG to mimic active
BCI while keeping participants blind to the intervention.
To rule out the possible efﬁcacy of the sham intervention,
the signiﬁcance of changes in the clinical and electrophysiological outcomes between the BCI training group and the
sham group should be assessed.

EEG recording and processing
EEG was recorded by means of six wireless dry electrodes (F3,
F4, C3, C4, P3 and P4) mounted on the EEG headset in an
International 10–20 System (Neurolutions, Santa Cruz, CA,
USA). EEG was sampled at 300 Hz with a ground electrode
placed on the forehead. The electrode impedance was kept below 10 kΩ. The raw EEG data were preprocessed in a
MATLAB environment (Mathworks, Natick, MA, USA).
EEG data collected during the pre-therapy calibration rest
period were prepared for analysis across four stages of the
BCI therapy runs. These stages were Pre-BCI (before initiating

the therapy), earlier Post-BCI (4th week), later Post-BCI (8th
week) and ﬁnal Post-BCI (12th week). Resting-state EEG data
for each condition were 5 min long. For each condition, continuous EEG recording was bandpass ﬁltered between 1 and
100 Hz using a ﬁnite impulse response (FIR) ﬁlter. To remove
environmental noise, 60 Hz notch ﬁlter was applied. EEG was
screened for extreme values, as well as for infrequent and unstereotyped artefacts. For further artefact attenuation,
Infomax independent component analysis was applied.74
Independent components found to reﬂect eye blinks, lateral
eye movements, muscle-related and cardiac artefacts were
removed from the data. EEG data were common average
re-referenced. Frequency bands were deﬁned as follows: theta,
4–7 Hz; alpha, 8–12 Hz; beta, 13–29 Hz; gamma, 65–
100 Hz.38

Power spectral density
The power spectral density (PSD) was calculated for each
condition using Welch’s method.75 The input signal was segmented into 50% overlapping sections each with the duration of 2 s. Each segment was windowed with a Hamming
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Figure 1 Experimental design and EEG processing. (A) BCI intervention protocol. (Top panels) BCI system design. Patients performed
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As a complimentary tool, Canolty maps were calculated to
visualize the high gamma power and theta–gamma PAC.69
The phase troughs of the low frequency were speciﬁed at
the theta frequency band (5 Hz). A time window of 1 s was
extracted around each of these troughs. A time–frequency
decomposition of these short epochs was performed. The
power of all the time–frequency maps was averaged to obtain the ﬁnal Canolty maps (see Supplementary Fig. 1B).
This approach allowed us to visualize whether the power
at high frequencies ﬂuctuated systematically with the phase
of the low frequency, i.e. PAC.

Localizing electrodes to the cortical
surface for theta–gamma PAC
Cortical sources of statistically signiﬁcant theta–gamma
PAC increase during motor recovery relative to Pre-BCI
baseline were estimated in order to spatially characterize
this effect. The forward model was calculated using the
Open-MEEG Boundary Element Method86 on the cortical
surface of a template MNI brain (colin27 atlas). A noise covariance matrix was estimated from the preprocessed EEG
data. Cortical source activation was calculated with a constrained inverse model of EEG sources using the weighted
minimum norm current estimation87 and mapped to a distributed source model consisting of 15 002 elementary current dipoles. Theta–gamma PAC was computed on the
source using the MVL method. We then applied voxelwise
non-parametric permutation tests on PAC source space.

Statistical analyses
Phase–amplitude coupling
To calculate PAC, ﬁrst, the raw signal was bandpass ﬁltered
in the frequency bands of interest (Fig. 1B). A Hilbert transform was then applied to obtain the complex-valued analytic
signal. Estimates of low-frequency phase and high-frequency
amplitude were extracted from the low- and high-frequency
ﬁltered analytic signal, respectively. The coupling between
low-frequency phase and high-frequency amplitude was
quantiﬁed using the mean vector length (MVL) approach,
originally described in Canolty et al.69 PAC values were computed between phases of theta/alpha/beta frequency bands
(4–7, 8–12 or 13–29 Hz) and amplitudes of the high gamma
frequency band (65–100 Hz). Theta–, alpha– and beta–gamma PACs were compared between conditions. MVL approach allows us to estimate whether the power at high
frequencies ﬂuctuates systematically with the phase of the
low frequency, i.e. PAC.
To rule out the possible effects of ﬁltering on PAC results,
we conducted additional analyses using neighbouring electrodes to generate the lower and higher-frequency signals
to compute PAC. Neighbouring central (C3 and C4) and
frontal (F3 and F4) electrodes were used for cross-electrode
theta/alpha-high gamma and beta-high gamma PAC calculations, respectively.

Differences in the mean PAC values were examined in a
repeated-measures ANOVA with within-subjects factors
Stage (main factor with four levels: Pre-BCI, earlier, later
and ﬁnal Post-BCI—see the ‘EEG recording and processing’
section) × Electrode (F3, F4, C3, C4, P3 and P4). In case of
signiﬁcant interaction Stage × Electrode indicating an overall difference between conditions with regard to PAC as a
function of the electrode, we ran separate ANOVAs for
each electrode. Planned contrasts were then used to test a
priori hypotheses and decompose the signiﬁcant effects of
BCI intervention. Changes in PSD values and motor assessment scores across BCI therapy runs were also assessed by
repeated-measures ANOVA. All statistical tests were twotailed with a signiﬁcance level of 0.05, and the P-values
were adjusted using a Bonferroni correction.
For the theta–gamma PAC source, under the null hypothesis
of no difference between the two conditions, each point in
space per subject was randomly permuted between conditions
(ﬁnal Post-BCI versus Pre-BCI) and the resulting data were used
to compute a permutation t-statistic spatiotemporal map for
PAC.88–90 Repeating this permutation procedure 1000 times,
using Monte Carlo random sampling, enabled us to estimate
the empirical distribution of the t-statistic at each voxel, and
thus convert the original data into a P-value statistical map.
Lastly, to control for multiple comparisons across all voxels,
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window that is the same length as the segment. A fast Fourier
transform was applied to the windowed data. The periodogram of each windowed segment was averaged to form the
spectrum estimate from 1 to 100 Hz. PSD values were then
averaged across frequency bands and participants. The averaged data for Post-BCI runs were contrasted with Pre-BCI
baseline.
A high gamma band was typically deﬁned as cortical oscillations above 60 Hz.76–78 However, scalp EEG was found to
effectively record high gamma activity up to 100 Hz.48,79–83
On the other hand, notch ﬁltering (60 Hz) can possibly affect
cortical oscillations at the neighbouring frequencies. That is
why broadband gamma84 was deﬁned between 65 and
00 Hz.85
Time–frequency analysis was additionally performed to
support the idea that high gamma oscillations can be detected using scalp EEG. This analysis allowed visualizing
resting high gamma cortical oscillations and their potential
modulation by the BCI intervention. EEG was ﬁltered ofﬂine
using an FIR bandpass ﬁlter from 65 to 100 Hz. Data were
segmented into 5 s epochs. A Morlet wavelet convolution
was computed using the channel time–frequency option.81,82
Thirty-ﬁve linearly spaced frequencies were computed between 65 and 100 Hz. For each patient, time–frequency
data were averaged across all epochs per condition. The
grand average time–frequency maps were obtained by averaging data across patients (see Supplementary Fig. 1A, top
panels). High gamma oscillations were then averaged across
65–100 Hz to visualize a single high gamma frequency wave
(see Supplementary Fig. 1A, bottom panels).

N. Rustamov et al.

Theta–gamma coupling and motor recovery

Data availability
The data will be made available upon reasonable request to
the corresponding author.
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AMAT: the main effect of the stage proved signiﬁcant,
F(3,48) = 16.15, P , 0.001, indicating that AMAT scores
changed across stages of BCI therapy runs. The ﬁrst
Helmert contrast revealed a signiﬁcant difference between
Pre-BCI versus Post-BCI runs (Pre-BCI versus earlier, later
or ﬁnal Post-BCI, P = 0.01, 0.002 and 0.0001, respectively).
The second Helmert contrast revealed a signiﬁcant difference
between earlier versus ﬁnal Post-BCI (P = 0.03). The third
Helmert contrast did not yield signiﬁcant results (later versus
ﬁnal Post-BCI, P = 0.08).
Motricity index: the main effect of the stage proved signiﬁcant, F(3,48) = 18.71, P , 0.001, indicating that MI scores
changed across stages of BCI therapy runs. The ﬁrst
Helmert contrast revealed a signiﬁcant difference between
Pre-BCI versus Post-BCI runs (Pre-BCI versus earlier, later
or ﬁnal Post-BCI, P = 0.007, 0.002 and 0.0001, respectively). The second and third Helmert contrasts were not signiﬁcant (earlier versus later or ﬁnal Post-BCI, P = 0.94 and 0.14,
respectively; later versus ﬁnal Post-BCI, P = 0.08).
Grip, elbow MAS, wrist MAS: the main effect of the stage did
not prove signiﬁcant, F(3,48) = 2.19, 0.19 and 0.87, P = 0.12,
0.90 and 0.46, respectively, excluding signiﬁcantly changes in
these motor assessment scores with the use of a BCI therapy.

EEG effects
Modulation of PAC

Results
Motor rehabilitation
Following 12 weeks of contralesionally controlled BCI therapy, all chronic stroke patients showed an increase in UEFM
score which served as a primary motor outcome assessment
tool. Patients achieved a mean increase of 8.03 points in
UEFM (Table 1). This increase implies clinically meaningful
motor recovery surpassing the minimal clinically signiﬁcant
difference (MCID) threshold of 5.25 points score increase.93
Overall, 14 out of the 17 patients reached the MCID.
Figure 2A shows the mean primary and secondary motor
assessment scores across four stages of the BCI therapy runs
(Pre-BCI, earlier, later and ﬁnal Post-BCI). Motor scores
were examined in an ANOVA with within-subjects factor
Stage (1)–(4) (see the ‘Statistical analyses’ section).
UEFM: the main effect of the stage proved signiﬁcant,
F(3,48) = 38.11, P , 0.001, indicating that UEFM scores
changed across stages of BCI therapy runs. The ﬁrst
Helmert contrast compared motor scores during Pre-BCI
with those during Post-BCI runs, revealing a signiﬁcant difference for each contrast (Pre-BCI versus earlier, later or ﬁnal
Post-BCI, P = 0.002, 0.009 and 0.000003, respectively). The
second and third Helmert contrasts compared Post-BCI runs
with one another: earlier versus later or ﬁnal Post-BCI, and
later versus ﬁnal Post-BCI, respectively, revealing signiﬁcant
differences in contrasts with ﬁnal Post-BCI (earlier versus ﬁnal Post-BCI and later versus ﬁnal Post-BCI, P = 0.0008 and
0.002, respectively).

Theta–gamma PAC. Figure 2B shows the mean theta–gamma PAC values across four stages of the BCI therapy runs
(Pre-BCI, earlier, later and ﬁnal Post-BCI) separately for
each electrode (also see Figs 3A and 4, top panels). PACs
were examined in an ANOVA with within-subjects factors
Stage (1)–(4) × Electrode (1)–(6) (see the ‘Statistical analyses’
section). The main effect of the stage, F(3,240) = 16.48, P ,
0.001, and interaction Stage × Electrode, F(3,240) = 17.61,
P , 0.001, were signiﬁcant, indicating an overall difference
between stages with regard to PACs as a function of the electrode. We conducted separate ANOVAs for each electrode.
C3 electrode: the main effect of the stage proved signiﬁcant, F(3,48) = 27.23, P , 0.001, indicating that PAC values
changed across stages of BCI therapy runs. The ﬁrst Helmert
contrast revealed a signiﬁcant difference between Pre-BCI
versus later or ﬁnal Post-BCI (P = 0.0004 and 0.00002, respectively), while Pre-BCI versus earlier Post-BCI contrast
was not signiﬁcant (P = 0.13). The second Helmert contrast
revealed a signiﬁcant difference between earlier versus later
or ﬁnal Post-BCI (P = 0.02 and P = 0.001, respectively).
The third Helmert contrast did not yield signiﬁcant results
(later versus ﬁnal Post-BCI, P = 0.16).
C4 electrode: the main effect of the stage proved signiﬁcant, F(3,48) = 35.44, P , 0.001, indicating that PAC values
changed across stages of BCI therapy runs. The ﬁrst Helmert
contrast revealed a signiﬁcant difference between Pre-BCI
versus later or ﬁnal Post-BCI (P = 0.0002 and 0.000003, respectively), while Pre-BCI versus earlier Post-BCI contrast
was not signiﬁcant (P = 0.09). The second and third
Helmert contrasts revealed a signiﬁcant difference between
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the P-values were adjusted using a Bonferroni correction. The
signiﬁcant values with P ≤ 0.05 were retained, while values
with P . 0.05 were set to zero.
Correlation analyses were conducted between PAC values
across BCI therapy runs to test synchrony between time series data. We used a non-parametric Spearman rank correlation to avoid imposing a model assuming a linear relation
between variables.91,92 Correlations were also calculated between motor assessment scores and electrophysiological
ﬁndings. Signiﬁcance thresholds were set at P ≤ 0.05. It is
worth noting that correlations were assessed for the statistically signiﬁcant EEG effects (theta–gamma PAC increase at
the C3 and C4 electrodes; beta–gamma PAC decrease at
the F3 and F4 electrodes following BCI treatment). PAC values were averaged for electrodes showing signiﬁcant effects,
creating one value per electrode, subject and condition. The
differences in PAC and motor assessment scores relative to
the Pre-BCI baseline were computed, and correlation coefﬁcients were calculated by comparing PAC and motor score
changes across four stages of the BCI therapy runs.

BRAIN COMMUNICATIONS 2022: Page 7 of 18

8

| BRAIN COMMUNICATIONS 2022: Page 8 of 18

N. Rustamov et al.

weeks of BCI intervention. Each motor assessment tool represented as a separate graph. Y-axis, motor score; X-axis, stages of BCI therapy runs.
UEFM, upper extremity Fugl-Meyer; AMAT, Arm Motor Ability Test; MAS, modiﬁed Ashworth Scale. (B–D) Theta–, alpha– and beta–gamma PAC
values, respectively, across BCI therapy runs. PAC values (mean + SEM) for each electrode from baseline through 12 weeks of BCI intervention.
Y-axis, PAC value; X-axis, stages of BCI therapy runs. Patients were depicted in 17 different colours. Signiﬁcance levels were based on the pairwise
comparisons in ANOVA (N = 17; Bonferroni corrected). *, ** and *** symbols: P ≤ 0.05, 0.01 and 0.001 for Pre-BCI versus earlier, later or ﬁnal
Post-BCI contrasts; # and ### symbols: P ≤ 0.05 and 0.001 for earlier versus later or earlier versus ﬁnal Post-BCI contrasts; && symbol: P ≤ 0.01
for later versus ﬁnal Post-BCI contrasts; MI, modulation index; Pre-BCI: before initiating therapy; earlier Post-BCI, 4th week; later Post-BCI, 8th
week; ﬁnal Post-BCI, 12th week.

earlier or later versus ﬁnal Post-BCI (P = 0.001 and 0.002,
respectively), while the earlier versus later Post-BCI comparison did not prove signiﬁcant (P = 0.28).

These effects have largely been replicated when electrodes
over the motor region were grouped together based on lesion
side (see Supplementary Fig. 2A, left panels) indicating
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Figure 2 Mean motor assessment scores and PAC values. (A) Longitudinal changes in motor assessment scores from baseline through 12

Theta–gamma coupling and motor recovery
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enhancement of theta–gamma PAC over both ipsilesional and
contralesional motor cortices following BCI intervention.
F3, F4, P3 and P4 electrodes: the main effect of the stage
did not prove signiﬁcant, F(3,48) = 2.47, 2.36, 3.01 and
0.69, and P = 0.07, 0.08, 0.06 and 0.57, respectively, indicating that PACs at these electrodes were not signiﬁcantly
modulated with the use of a BCI therapy.
Alpha–gamma PAC. The same conﬁrmatory ANOVA (see
theta–gamma PAC results) was applied to examine possible
alpha–gamma PAC modulation across BCI therapy runs
(Fig. 2C, also see Figs 3A and 4, middle panels). In the Stage
× Electrode ANOVA, the main effect of the stage, F(3,240)
= 1.34, P = 0.22, and interaction Stage × Electrode,
F(3,240) = 1.06, P = 0.39, did not prove signiﬁcant. These
ﬁndings indicate that BCI therapy did not have signiﬁcant effects on alpha–gamma PAC at any electrode. The lack of alpha–gamma PAC effects was not dependent on the lesion
side (see Supplementary Fig. 2A, middle panels).
Beta–gamma PAC. In the same conﬁrmatory ANOVA (see
theta–gamma PAC results), the main effect of the stage,

F(3,240) = 0.59, P = 0.62, was not signiﬁcant but interaction Stage × Electrode, F(3,240) = 2.13, P = 0.04, proved
signiﬁcant, indicating an overall difference between stages
with regard to PACs as a function of electrode (Fig. 2D,
also see Figs 3A and 4, bottom panels). We conducted separate ANOVAs for each electrode.
F3 electrode: the main effect of the stage proved signiﬁcant,
F(3,48) = 5.28, P = 0.001, indicating that PAC values changed across stages of the BCI therapy runs. The ﬁrst Helmert
contrast revealed a signiﬁcant difference between Pre-BCI versus later or ﬁnal Post-BCI (P = 0.03 and 0.01, respectively),
while Pre-BCI versus earlier Post-BCI contrast was not signiﬁcant (P = 0.93). The second and third Helmert contrasts did
not reveal signiﬁcant differences between Post-BCI runs (earlier versus later or ﬁnal Post-BCI, P = 0.34 and 0.41, respectively; later versus ﬁnal Post-BCI, P = 0.92).
F4 electrode: the main effect of the stage proved signiﬁcant,
F(3,48) = 4.48, P = 0.007, indicating that PAC values changed
across stages of the BCI therapy runs. The ﬁrst Helmert contrast
revealed a signiﬁcant difference between Pre-BCI versus ﬁnal
Post-BCI (P = 0.03), while Pre-BCI versus earlier or later
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Figure 3 PAC and motor recovery. (A) PAC changes following BCI intervention. Coupling between the phase of theta, alpha or beta
oscillations and the amplitude of gamma oscillations. (Top panels) Topographic distribution of PACs. (Bottom panels) PACs at the electrode level.
Y-axis, frequency for amplitude (gamma range); X-axis, frequency for phase (theta, alpha or beta range); MI, modulation index. (B) Spearman rank
correlations were run to calculate correlations between PAC values across BCI therapy runs (N = 68). Signiﬁcance thresholds were set at P ≤
0.05. Null distributions of Spearman rank correlation coefﬁcients across all electrodes. Y-axis, probability of r-values; X-axis, r-value. (C)
Longitudinal changes in motor assessment scores (UEFM and AMAT) and theta–gamma PAC values (C3 and C4 electrodes) from baseline through
12 weeks of BCI intervention. Data were shown as mean + SEM. MI, modulation index; Y-axis, motor score change (left) and theta–gamma PAC
change (right); X-axis, stages of BCI therapy runs (Pre-BCI, before initiating therapy; earlier Post-BCI, 4th week; later Post-BCI, 8th week; ﬁnal
Post-BCI, 12th week). UEFM, upper extremity Fugl-Meyer; AMAT: Arm Motor Ability Test. (D) Localizing electrodes to the cortical surface for
theta–gamma PAC which correlated signiﬁcantly with motor recovery. Source estimation was represented as t-values, based on a voxelwise
non-parametric permutation tests on PAC source space. Only voxels whose t-statistic exceeded a critical threshold of P ≤ 0.05 (two-tailed,
Bonferroni corrected) were retained. For the voxels not showing signiﬁcant effects, t-values were set to zero.
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Figure 4 PAC across BCI therapy runs. Modulation of the amplitude of gamma oscillations by phase of theta, alpha or beta oscillations (top
panels: theta–gamma PAC; middle panels: alpha–gamma PAC; bottom panels: theta–gamma PAC). PAC plots were shown for each electrode.
Pre-BCI, before initiating therapy; earlier Post-BCI, 4th week; later Post-BCI, 8th week; ﬁnal Post-BCI, 12th week. Y-axis, frequency for amplitude
(gamma range); X-axis, frequency for phase (theta, alpha or beta range); MI, modulation index.

Post-BCI contrasts were not signiﬁcant (P = 0.47 and 0.91, respectively). The second Helmert contrast revealed the only
signiﬁcant difference between earlier versus ﬁnal Post-BCI

(P = 0.04), but earlier versus later Post-BCI contrast was
not signiﬁcant (P = 0.94). The third Helmert contrast did
not prove signiﬁcant (later versus ﬁnal Post-BCI, P = 0.25).

Theta–gamma coupling and motor recovery

These effects have largely been replicated when electrodes
over the frontal region were grouped together based on the
lesion side (see Supplementary Fig. 2A, right panels) indicating reduction of beta–gamma PAC over both ipsilesional and
contralesional frontal cortices following BCI intervention.
C3, C4, P3 and P4 electrodes: the main effect of the stage
did not prove signiﬁcant, F(1,38) = 0.69, 1.45, 0.64 and
0.03, and P = 0.56, 0.24, 0.59 and 0.81, respectively, indicating that PACs at these electrodes were not signiﬁcantly
modulated with the use of a BCI therapy.

The same PAC ﬁndings have been replicated when neighbouring electrodes were used to generate the lower (theta, alpha and beta) and higher (high gamma) frequency signals to
compute PAC (see Supplementary Fig. 3A and B). This excludes the possible effects of ﬁltering on the PAC results reported above.

Spearman correlation analyses
Correlations between PAC values across BCI
therapy runs
Correlations between PAC values across BCI therapy runs are
shown in Fig. 3B. Across-therapy run correlation coefﬁcients
for theta–gamma PAC at the C3 and C4 electrodes were 0.56
(P = 0.00008) and 0.60 (P = 0.00004), respectively, suggesting signiﬁcant positive correlations. Theta–gamma PAC at
the F3, F4, P3 and P4 electrodes showed poor correlations
(r = 0.15, −0.05, −0.10, −0.09, and P = 0.20, 0.65, 0.42,
0.43, respectively) (Fig. 3B, top row). Alpha–gamma PAC
did not correlate signiﬁcantly across therapy runs (F3, F4,
C3, C4, P3 and P4 electrodes: r = −0.08, −0.19, −0.03,
−0.07, −0.16, 0.02, and P = 0.51, 0.11, 0.77, 0.58, 0.18,
0.86, respectively) (Fig. 3B, middle row). Beta–gamma PAC
showed signiﬁcant correlations at the F3 and F4 electrodes,
with across-therapy run correlation coefﬁcients of −0.34
(P = 0.01) and −0.33 (P = 0.02), respectively. Beta–gamma
PAC at the C3, C4, P3 and P4 electrodes showed poor correlations (r = 0.06, −0.12, −0.03, 0.10 and P = 0.62, 0.32,
0.82, 0.43, respectively) (Fig. 3B, bottom row). These results
have been replicated when electrodes over the right and left
hemispheres were grouped together based on lesion side (see
Supplementary Fig. 2B).

Correlations between motor recovery
and theta–gamma PAC
Correlations between changes in motor scores and theta–
gamma PACs across BCI therapy runs relative to Pre-BCI
are shown in Fig. 5A (also see Fig. 3C). Correlation coefﬁcients between UEFM score change and PAC change at the
C3 and C4 electrodes were 0.51 (P = 0.0001) and 0.49
(P = 0.0002), respectively, suggesting signiﬁcant positive
correlations. Similarly, AMAT score change showed signiﬁcant correlation with PAC change at the C3 and C4
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electrodes, with correlation coefﬁcients of 0.52 (P =
0.0001) and 0.39 (P = 0.004), respectively. Theta–gamma
PAC increase at both ipsilesional and contralesional motor
electrodes showed signiﬁcant correlations with UEFM and
AMAT score changes (see Supplementary Fig. 2C, left panels). MI score change and PAC change at the C3 electrode
correlated signiﬁcantly 0.33 (P = 0.02), while PAC change
at the C4 showed poor correlation with MI score change
0.02 (P = 0.88). Grip, elbow MAS and wrist MAS changes
did not correlate signiﬁcantly with PAC change at the C3
and C4 electrodes (r = 0.06, 0.13 and P = 0.68, 0.35; r =
0.03, 0.15 and P = 0.84, 0.28; r = −0.22, 0.23 and P =
0.12, 0.10, respectively).

No correlation between motor recovery
and beta–gamma PAC
Correlations between changes in motor scores and beta–
gamma PACs across BCI therapy runs relative to Pre-BCI
are shown in Fig. 5B. UEFM, AMAT, MI, Grip, elbow
MAS and wrist MAS changes correlated poorly with PAC
change at the F3 and F4 electrodes (F3 electrode, r = −0.07,
−0.15, −0.22, −0.16, −0.17, 0.07 and P = 0.62, 0.29,
0.12, 0.26, 0.23 and 0.62, respectively; F4 electrode,
r = −0.10, −0.19, 0.12, 0.21, −0.13 and −0.04, and
P = 0.48, 0.16, 0.42, 0.14, 0.38 and 0.80, respectively). The
lack of correlation effects was not dependent on the lesion
side (see Supplementary Fig. 2C, right panels).

Sources of theta–gamma PAC
increase following BCI therapy
To examine the sources of theta–gamma PAC increase during
motor recovery relative to baseline, source estimation was calculated. Compared with Pre-BCI, the ﬁnal Post-BCI resulted
in signiﬁcant foci of theta–gamma PAC increase (Fig. 3D).
These foci were located in the cortical areas representing
hand regions of the primary motor cortex on the left and right
cerebral hemispheres (left-hand M1, MNI: −36, −19, 48, P =
0.001; right-hand M1, MNI: 38, −18, 45, P = 0.004).

Power spectral density
Figure 6 shows PSD plots for Post-BCI conditions relative to
Pre-BCI baseline. The same conﬁrmatory ANOVA (see theta–gamma PAC results) was applied to each frequency band
examining the possible PSD modulation with the use of a
BCI therapy. In the Stage × Electrode ANOVA, the main effect of the stage did not prove signiﬁcant, F(3,240) = 1.35,
1.22, 1.03 and 0.85, and P = 0.21, 0.29, 0.43 and 0.56, for
theta, alpha, beta and gamma band PSDs, respectively.
Likewise, the interaction Stage × Electrode was not signiﬁcant, F(3,240) = 0.73, 1.07, 1.13 and 0.95, and P = 0.66,
0.41, 0.38 and 0.45, for theta, alpha, beta and gamma band
PSDs, respectively. These ﬁndings indicate that BCI therapy
did not have signiﬁcant effects on PSDs across any frequency
band or electrode, and found PAC modulation effects were
not driven by underlying PSD changes.
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Cross-electrode theta/alpha/
beta–gamma PAC
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Figure 5 Relationships between motor recovery and PAC change. Spearman rank correlations were run between changes in motor
scores and theta–, beta–gamma PAC values across BCI therapy runs relative to Pre-BCI baseline (N = 51). Signiﬁcance thresholds were set at P ≤
0.05. (A) Signiﬁcant correlations between motor recovery and theta–gamma PAC changes at the C3 and C4 electrodes (UEFM: r = 0.51, 0.49 and
P = 0.0001, 0.0002; AMAT: r = 0.52, 0.39 and P = 0.0001, 0.004; MI: r = 0.33 and P = 0.02). Other measures showed no signiﬁcant correlations (MI:
r = 0.02 and P = 0.88; Grip: r = 0.06, 0.13 and P = 0.68, 0.35; Elbow MAS: r = 0.03, 0.15 and P = 0.84, 0.28; Wrist MAS: r = −0.22, 0.23, and P =
0.12, 0.10). (B) No signiﬁcant correlations have been detected between motor recovery and beta–gamma PAC changes at the F3 and F4
electrodes (UEFM: r = −0.07, −0.10, and P = 0.62, 0.48; AMAT: r = −0.15, −0.19, and P = 0.29, 0.16; MI: r = −0.22, 0.12 and P = 0.12, 0.42; Grip: r
= −0.16, 0.21 and P = 0.26, 0.14; Elbow MAS: r = −0.17, −0.13, and P = 0.23, 0.38; Wrist MAS: r = 0.07, −0.04, and P = 0.62, 0.80). Y-axis, PAC
change; X-axis, motor score change. MI, modulation index; UEFM, upper extremity Fugl-Meyer; AMAT: Arm Motor Ability Test; MAS: modiﬁed
Ashworth Scale.
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Discussion
In the setting of chronic stroke, this study demonstrates that
motor rehabilitation using contralesionally controlled BCI
training for 12 weeks induced cortical changes reﬂected in
resting-state PAC measures. A key electrophysiological

ﬁnding is the bilateral ampliﬁcation of theta–gamma PAC
at the C3 and C4 motor electrodes over the course of rehabilitation. Chronic stroke patients achieved clinically signiﬁcant upper extremity motor recovery despite being over
6 months post-stroke. Importantly, there were signiﬁcant
positive correlations between theta–gamma PAC at the C3
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Figure 6 Power spectral density. (A) Average power spectra across all patients. EEG electrodes were depicted in six different colours.
(B) Topographic representation of PSD for theta, alpha, beta and gamma frequency bands. The power spectra for Post-BCI runs were contrasted
with Pre-BCI baseline. Pre-BCI, before initiating therapy; earlier Post-BCI, 4th week; later Post-BCI, 8th week; ﬁnal Post-BCI, 12th week. Changes
in PSD values across BCI therapy runs were assessed by repeated-measures ANOVA (N = 17; Bonferroni corrected). BCI intervention did not
result in signiﬁcant modulation of power spectrum in any frequency band.
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ﬁrst to characterize the dynamic changes in EEG oscillatory
synchronization associated with the improvement of motor
skills throughout BCI training. Our main novel ﬁnding is
that the motor recovery was associated with enhanced gamma–theta coupling in the motor areas. Enhancement of theta–gamma coupling throughout BCI therapy, and most
importantly, its positive correlation with motor recovery indices suggests that theta–gamma coupling is involved in the
processing of motor learning. This conclusion is in agreement with the role of theta power and theta–gamma interaction in spatial and motor learning.70,113,114 We also
found that theta–gamma PAC synchronously and constantly
increased in the later therapy sessions compared with the
early ones. This might reﬂect mechanisms promoting the development of new and more efﬁcient motor plans and the integration of this information into a new internal model. Our
ﬁndings support previous studies showing learning-related
involvement of the primary sensory-motor cortex.114–117
In order to demonstrate the exclusive role of theta–gamma
coupling in motor learning, we tested couplings between
other frequency bands as well. Theta– and beta–gamma
PAC both enhanced signiﬁcantly following the treatment,
yet only theta–gamma coupling ampliﬁcation showed a signiﬁcant correlation with motor recovery. Moreover, no signiﬁcant effects were found with regard to alpha–gamma
PAC. The lack of signiﬁcant correlation of alpha– and
beta–gamma PAC modulation with motor recovery emphasizes their important distinction from theta–gamma PAC in
the context of BCI-driven motor recovery. It is important
to note, however, that alpha– and beta–gamma PAC modulation have been associated with other motor and non-motor
phenomenon. Exaggerated coupling between beta and gamma oscillations has been detected in basal ganglia, as well as
motor and frontal cortices of patients with Parkinson’s disease.118,119 Relationship of beta–gamma PAC with motor
symptoms of Parkinson’s disease is not fully understood.
Nevertheless, reductions in the beta–gamma PAC through
deep brain stimulation correlated with symptom improvement in Parkinson’s disease,118,120–122 suggesting that enhanced beta–gamma coupling might be implicated in
bradykinesia and rigidity. In our study, chronic stroke patients showed enhanced beta–gamma PAC over the frontal
areas which was reduced signiﬁcantly following BCI intervention. The lack of correlation between bifrontal beta–gamma PAC decrease and motor recovery can be explained by
the fact that the frontal cortex is predominantly involved
in executive and other cognitive functions rather than motor
functions.123,124 Thus, reduced beta–gamma coupling in
frontal areas may be involved in the mechanism underlying
behavioural domains outside of motor control.
In healthy humans, brief periods of low-frequency oscillations (LFOs) below 4 Hz appear at motor cortices prior to
movement onset.125,126 Recent work has shown the role of
transient movement-related LFOs in the delta and lower theta
band over the motor cortical areas during skilled upper-limb
tasks.125,127–129 Cortical circuit dysfunction after stroke led
to substantially diminished LFOs in proportion to the motor
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and C4 motor electrodes, and motor assessment scores
across BCI therapy runs. The sources of theta–gamma PAC
increase following BCI therapy were mostly located in the
hand regions of M1 on the left and right cerebral hemispheres. We also observed a bilateral decrease in beta–gamma PAC at the F3 and F4 frontal electrodes following the
therapy. However, these effects did not show signiﬁcant correlations with motor recovery. Moreover, alpha–gamma
PAC was not modulated by BCI. Taken together, these ﬁndings support the notion that theta–gamma PAC ampliﬁcation over the motor cortex is associated with functional
motor improvement, and this may represent a mechanism
for motor learning with the use of a BCI in chronic stroke
patients.
CFC, interaction between neuronal oscillations at different frequency bands, has been gaining growing interest in
the recent years.45,55,69,94,95 It has been described in animals,46,47,57,96,97 and humans,55,69,95 and in multiple brain
regions, including hippocampus,46,50,66 subcortical nuclei45,95 and neocortex.55,69 Although the exact functional
signiﬁcance of CFC remains unclear, it has been found to
manifest in response to sensory inputs and cognitive or motor tasks, and it is believed to be a major mechanism of information processing by which brain areas spatially and
temporally coordinate their activity.44,51,98 The best-known
example of CFC, namely the theta–gamma PAC, has consistently been demonstrated in relation to learning in the rodent
hippocampus,46,65–67,99 linking this phenomenon to
hippocampal function in learning and memory.100–102 The
magnitude of theta–gamma coupling during learning of
item–context associations was correlated with the high accuracy of behavioural performance, which increased during the
course of learning.54 Studies adopting short- and workingmemory paradigms have shown that theta–gamma coupling
is associated with encoding and retrieval of verbal and visual
information.103,104 These ﬁndings support the view that the
theta–gamma interaction contributes to memory and learning
processes. However, very little is known about the role of theta–gamma PAC in non-hippocampal-dependent learning (e.g.
motor learning). It has been suggested that M1 gamma activity has pro-kinetic role that is further supported by its increase
within M1 in the hyperkinetic states experienced by patients
with Parkinson’s disease.105 Physiologically, M1 gamma activity is locked to the peaks of ongoing theta activity and
thus simultaneous theta and gamma oscillatory activities in
M1 show PAC.69 A decrease in M1 gamma-aminobutyric
acid-ergic (GABAergic) activity predicts motor learning ability106 and represents a central mechanism for motor plasticity.107–111 Interestingly, theta–gamma coupling within M1
emerged spontaneously when GABA activity is blocked.112
Given the role of decreased GABAergic activity in motor
learning and plasticity, and its relationship with theta–gamma
coupling, it may be suggested that synchronization of gamma
and theta oscillations represents an important signature of
motor learning.
In this study, we tested a hypothesis about the role of theta–gamma PAC in motor learning. The current study is the
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Limitations
This study has several limitations worth noting. First, our
sample size was limited to 17 participants. Therefore, further
studies with a larger sample size to validate these preliminary
results are warranted. Those studies should also include
fMRI assessment to assess the effect of contralesionally driven BCI therapy on motor system functional organization.
Secondly, the study was conducted under the assumption
that motor deﬁcits were stable in the chronic stage of stroke
and thus we did not have a separate BCI control group.
Indeed, motor deﬁcits have been shown to improve poorly
in the chronic stage of stroke.6–8,132 Moreover, sham BCI
therapy in a different study of motor recovery in stroke patients failed to promote recovery comparable to BCI therapy.19 Taken together, we therefore attribute motor
function improvement and associated electrophysiological
changes found in this study primarily to BCI intervention.
Carefully designed external multicentre studies are needed
to validate the constructed model. Thirdly, our EEG recording system had a limited number of electrodes negatively affecting the spatial speciﬁcity of our ﬁndings. Finally, while
the phenomenon of theta–gamma coupling was a strong
ﬁnding in this study with the use of BCI, we cannot say at
this time whether it is speciﬁc to BCI techniques or whether
this is a more generalized phenomenon with other rehabilitation methods in the chronic phase of stroke.

recovery in the chronic phase of stroke recovery. Further research into these neural correlates of stroke recovery will be required to deﬁne the speciﬁcity and generalizability of these
frequency interactions to different therapy strategies.
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Background and Purpose—There are few effective therapies to achieve functional recovery from motor-related disabilities
affecting the upper limb after stroke. This feasibility study tested whether a powered exoskeleton driven by a brain–
computer interface (BCI), using neural activity from the unaffected cortical hemisphere, could affect motor recovery in
chronic hemiparetic stroke survivors. This novel system was designed and configured for a home-based setting to test the
feasibility of BCI-driven neurorehabilitation in outpatient environments.
Methods—Ten chronic hemiparetic stroke survivors with moderate-to-severe upper-limb motor impairment (mean Action
Research Arm Test=13.4) used a powered exoskeleton that opened and closed the affected hand using spectral power
from electroencephalographic signals from the unaffected hemisphere associated with imagined hand movements of
the paretic limb. Patients used the system at home for 12 weeks. Motor function was evaluated before, during, and
after the treatment.
Results—Across patients, our BCI-driven approach resulted in a statistically significant average increase of 6.2 points in
the Action Research Arm Test. This behavioral improvement significantly correlated with improvements in BCI control.
Secondary outcomes of grasp strength, Motricity Index, and the Canadian Occupational Performance Measure also
significantly improved.
Conclusions—The findings demonstrate the therapeutic potential of a BCI-driven neurorehabilitation approach using the
unaffected hemisphere in this uncontrolled sample of chronic stroke survivors. They also demonstrate that BCI-driven
neurorehabilitation can be effectively delivered in the home environment, thus increasing the probability of future clinical
translation.
Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT02552368.
(Stroke. 2017;48:1908-1915. DOI: 10.1161/STROKEAHA.116.016304.)
Key Words: arm ◼ brain-computer interface ◼ hand ◼ rehabilitation ◼ stroke

A

significant challenge in the treatment of stroke survivors is the rehabilitation of chronic motor disabilities.
Although behavioral therapies such as constraint-induced
movement therapy1 or robot-aided sensorimotor stimulation2
can improve upper-limb motor function, they require some
level of peripheral motor function to engage with the therapy.
This residual function is variable across patients and absent in
the setting of complete hemiplegia. An alternative to behavioral therapies is to engage with the patient’s central nervous
system directly. Specifically, a brain–computer interface

(BCI) system can measure movement-related signals from the
central nervous system and provide meaningful feedback to
the central nervous system to direct plasticity.
BCIs have recently emerged as novel and potentially powerful tools to restore function in chronic stroke survivors.3 Early
results present promising demonstrations that BCI-controlled
orthoses or functional electric stimulators can lead to improvements in motor function in chronic stroke survivors.3–8 These
stroke-specific BCI systems for rehabilitation have focused on
signals stemming from perilesional cortex, contralateral to the
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affected hand for BCI control. Because the ability to modulate
perilesional cortical activity decreases with increasing cortical
damage,9 it may be particularly important for neurorehabilitation systems to focus on the ipsilateral, contralesional cortex
in those patients who are most severely affected.
Although movement-related neural activity occurs in
the ipsilateral and the contralateral cortices,10,11 the role of
the unaffected hemisphere in stroke recovery is uncertain.
Specifically, decreases in contralesional activity are associated with optimal recovery in some studies.12,13 Other studies
show that increases in contralesional activity may be related
to motor recovery,14,15 particularly in patients with incomplete
recovery.16 As motor recovery is inversely correlated with the
extent of corticospinal tract transection,17 we hypothesized
that using contralesional hemisphere activity to drive a BCIcontrolled exoskeleton may lead to functional improvements.
Previously, we demonstrated that chronic stroke survivors can
control BCIs using electroencephalographic (EEG) signals
from the contralesional hemisphere associated with the intention to move the affected limb.18 However, it was uncertain
whether emphasizing the relationship between activation of
ipsilateral cortex and resultant sensory feedback would be
beneficial.
This feasibility study tested an EEG-BCI system that used
signals related to affected hand motor imagery, recorded from
the unaffected hemisphere, to control the affected hand via
a powered exoskeleton. This study is the first to specifically
focus on the unaffected hemisphere with a BCI rehabilitation system and the first to provide BCI-driven therapy in the
patients’ homes. This setting is important because it increases
the likelihood that this approach can be scaled more widely
across the stroke-affected population.

Methods
To determine whether a BCI-controlled exoskeleton using EEG signals from the unaffected hemisphere can lead to functional rehabilitation, we created a novel home-based system called the IpsiHand. We
then examined whether a 12-week training period led to functional
improvements in chronic, hemiparetic stroke survivors.

Patient Characteristics
Ten chronic hemiparetic stroke survivors with moderate-to-severe
upper-limb hemiparesis, enrolled at least 6 months after first-time
hemispheric stroke, completed the study. Because motor recovery
plateaus after 3 months,19 the study was designed as a self-controlled
study comparing motor function before and after the intervention to
establish the feasibility of the BCI-driven therapy studied. The Table
contains patient demographics and baseline motor function. The
online-only Data Supplement contains detailed inclusion and exclusion criteria. Moderate-to-severely impaired patients were specifically
targeted because they are less likely to recover through other methods
and therefore require an alternative rehabilitation strategy, such as
a BCI. The Washington University School of Medicine Institutional
Review Board approved the study protocol, and all patients provided
written informed consent.

BCI System Design
The BCI system (Figure 1A) combined a novel powered exoskeleton
with a commercial EEG amplifier and active electrodes. The exoskeleton opened and closed the patient’s hand in a 3-finger pinch grip (1
degree of freedom). A detailed description of the system is contained
in the Methods in the online-only Data Supplement. Consistent with
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our previous work,18 the system used spectral power changes to control hand position. Because stroke patients typically have difficulty
extending their extremities, BCI control associated motor imagery
with opening the affected hand. Each trial began with the hand fully
closed, and spectral power at the control feature was used to update the
hand position, providing visual and proprioceptive feedback. During
rest trials, patients were instructed to try to keep the exoskeleton
closed by imagining that they were resting. During movement trials,
patients were instructed to try to open their hand via motor imagery.

EEG Screening
After meeting the inclusion criteria, patients underwent an EEG
screening protocol to ensure that a consistent control signal was present for device control. Each patient completed 3 separate screenings
to assess the stability of potential BCI control signals. EEG electrodes
were applied by a trained biomedical engineer, and EEG signals were
collected while patients performed a visually cued motor screening
task consisting of trials of (1) rest, (2) unaffected hand movements,
(3) affected hand motor imagery, and (4) bilateral motor imagery.
Spectral power, or the power in the EEG signal as a function of frequency, was calculated using an autoregressive spectral estimation
method. The coefficient of determination (r2), the percent of variance
in spectral power that was accounted for by the difference between
affected hand motor imagery and rest trials, was calculated for each
channel and frequency. After completing 3 EEG screenings, the EEG
data were examined for the presence of consistent spectral power
changes during affected hand motor imagery. BCI control features
were required to be associated with imagined movements of the
affected hand and located in unaffected hemisphere motor regions.
These sessions were not designed to achieve BCI mastery but to identify patients with consistent cortical activations (ie, μ [8–12 Hz] or β
(12–30 Hz) power decreases) in at least 2 of 3 sessions. The feature
in the unaffected hemisphere with the strongest r2 value was chosen
as the patient-specific BCI control feature. Patients without consistent
spectral power changes were unable to continue in the study.

Outcome Measures
The primary outcome measure was the Action Research Arm Test
(ARAT).20 Secondary outcome measures included: (1) the Canadian
Occupational Performance Measure,21 (2) the Motricity Index, (3)
the modified Ashworth Scale at the elbow joint, (4) grip strength, (5)
pinch strength, and (6) the active range of motion (AROM) at the
metacarpophalangeal joint of digits 2 to 5. As this study was the first
to use a BCI system for stroke rehabilitation in the home setting, we
measured the BCI control quality by comparing the topographies of
spectral power changes in the laboratory and home-based sessions.
We assessed compliance by recording the total number of days and
time that each patient used the system.

Study Protocol
The study timeline is shown in Figure 1B. After completing the EEG
screenings, patients completed 2 pretherapy motor evaluations in
which all primary and secondary outcome measures were measured
by an occupational therapist. On these days, the exoskeleton was
also fit to the patient’s hand. In addition, patients and their caregivers
were trained to use the system. This included (1) donning the exoskeleton and EEG cap, (2) examining the EEG readouts to verify that
physiological signals were collected, (3) software operation, and (4)
system maintenance. After the baseline motor evaluations and training, each patient was sent home with a BCI system to complete 12
weeks of training. Patients were instructed to use the BCI system on
a minimum of 5 days per week. Patients completed 1 to 12 10-minute
runs of the BCI task per day depending on their stamina and time
constraints. At 2-week intervals, patients came to the laboratory for
follow-up motor evaluations consisting of the ARAT and Canadian
Occupational Performance Measure. At these follow-up sessions
and as needed, an occupational therapist or a biomedical engineer
communicated with the patients to ensure compliance with the study,
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Table. Patient Characteristics and ARAT Scores
Patient
1

Age, y

Time
Post-Stroke, mo

Hand
Dominance

Clinical Cause/Location

Affected UE

Baseline
ARAT

Completion
ARAT

ARAT
Change

63

49

L

L Ischemic CVA

R

16.5

29

12.5

18

L

R ICA/MCA Dissection
leading to a R basal ganglia/
internal capsule stroke

L

6.5

7

0.5

2
41
3

72

7

R

L Hemorrhagic CVA

R

4

12

8

4

57

29

R

L Thalamic Hemorrhage

R

10

16

6

65

12

R

L Periventricular cystic
encephalomalacia

R

32

34

2

6

67

283

R

R Ischemic CVA

L

15

21

6

7

62

35

R

R Ischemic CVA

L

5

6

1

8

48

6

R

R Ischemic MCA CVA

L

5

12

7

9

46

42

R

L Ischemic CVA

R

29.5

43

13.5

R

R AVM

L

5

65

255

10.5

16

5.5

Mean

10

58.6

73.6

13.4

19.6

6.20

Median

62.5

32

10.25

16

6.00

SD

10.3

104.2

10.1

12.2

3.81

ARAT indicates Action Research Arm Test; AVM, arteriovenous malformation; CVA, cerebrovascular accident; ICA, internal carotid artery; L, left; MCA,
middle cerebral artery; R, right; and UE, upper extremity.

answer questions about the device, fix any malfunctions, and discuss
EEG signal quality, which was assessed regularly by a biomedical
engineer. After 12 weeks, patients were again tested on all primary

and secondary outcome measures. Different occupational therapists
collected baseline and completion outcome measures, and all occupational therapists were blinded to observed EEG changes.

Downloaded from http://ahajournals.org by on April 7, 2021
Figure 1. Study methodology. A, The exoskeleton used attached to a patient’s affected hand via straps on the forearm, palm of the hand,
and intermediate phalanges of the index and middle finger, whereas the thumb was held stationary. The exoskeleton was controlled by a
microprocessor in the forearm assembly that processed electroencephalographic (EEG) signals. A linear actuator drove hand movements
in a 3-finger pinch grip based on the decoded EEG. B, The study tested whether training with the brain–computer interface (BCI)–controlled exoskeleton would lead to functional improvements. Patients that met the inclusion criteria completed 3 EEG screenings. Patients
with consistent movement-related EEG activations then completed baseline motor evaluations and BCI system training. Finally, patients
completed a 12-wk home-based BCI protocol with follow-up motor evaluations at 2-wk intervals.

Bundy et al

Analysis of Outcome Measures
A paired-sample t test was used to evaluate the statistical significance
of ARAT changes and continuous secondary outcome measures (grip
strength, pinch strength, and AROM). Signed-rank tests were used for
all other outcome measures because their measurement scales were
ordinal. Because the exoskeleton drove extension of the second and
third digits, AROM values for the second and third digits and fourth
and fifth digits were averaged separately. Changes were examined
for both the overall and subcomponents of the ARAT and Motricity
Index.

Neurophysiological Correlates

Downloaded from http://ahajournals.org by on April 7, 2021

To examine potential mechanisms of action, we calculated the correlation between the change in ARAT and changes in BCI control
accuracy, total usage time, and EEG modulation changes. To quantify BCI performance, we calculated the average hand position in the
second half of each trial. The BCI accuracy for each run of the BCI
task was calculated by taking the difference in this average position
between movement and rest trials. EEG modulation was determined
by calculating the coefficient of determination (r2 value) quantifying
the difference in EEG spectral power between motor imagery and
rest trials. The change in BCI accuracy and EEG modulation was
defined as the slope of a robust multilinear regression representing
the change per run of the BCI task. The relationship between the
ARAT change and change in both BCI control accuracy and EEG
modulation was measured with Spearman r. To control for the location and frequency used for BCI control, we performed 3 control
analyses: (1) change in EEG modulation at the same frequency but
at the location contralateral to the control site (ipsilesional motor
cortex), (2) change in EEG modulation at the same frequency used
for control but at a nonmotor electrode site (F3), and (3) change
in EEG modulation at the location used for BCI control (contralesional motor cortex) but at a different frequency (50 Hz). Because
patients performed the BCI task at home, poor-quality EEG activity
was observed on some days. Thus, we included only those runs in
which BCI control signals significantly (P<0.01) differed between
movement and rest trials.

Results
Ten patients completed the study. Patient characteristics are
summarized in the Table, and the online-only Data Supplement
contains a detailed description of patient recruitment. In short,
of the 22 patients who completed EEG screenings, 18 (81%)
were suitable for further BCI therapy, 13 (59%) began the
therapy, and 10 (45%) completed the study. The drop off was
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because of a variety of causes, including unrelated medical
diagnoses, inability to comply with the time commitment, and
poor orthosis fit.

BCI Control
After initial training, patients and their caregivers were able
to apply EEG electrodes in the home setting to record physiological EEG signals. Figure 2 shows exemplary movementrelated EEG activity observed in the laboratory and while
at home. The patient demonstrated bilateral μ- and β-band
power decreases in both settings. Furthermore, the patient
had very similar spatial and spectral patterns of movementrelated EEG activity during both sessions. The significant
decrease in power during motor imagery in the BCI control task led to a high level of accuracy with discriminable
patterns of exoskeleton movement during rest and motor
imagery.
Because our hypothesis focused on the contralesional hemisphere, the features used to drive the BCI system were from
electrodes over the contralesional motor cortex. Movementrelated EEG activations were also observed from the ipsilesional hemisphere in 8 of the 10 patients. Although the
frequency used for BCI control varied across patients, all BCI
control features were μ- and β-band power suppressions, also
referred to as event-related desynchronization.22 Patients used
the device on 37 to 72 days. Patients performed 74 to 465
10-minute runs of the BCI task for a total of 740 to 4650 minutes of online BCI control in addition to the daily screening
task. Details of the patient-specific BCI control are included in
the online-only Data Supplement.

Functional Outcomes
The 2 baseline motor assessments were averaged to determine each patient’s baseline motor function. ARAT changes
throughout the study protocol are shown in Figure 3A.
Patients had a statistically significant mean ARAT increase
of 6.2 points. Importantly, 5.7 points has been estimated
to represent the minimal clinically important difference in
chronic stroke survivors.23 Specifically, 6 of the 10 patients

Figure 2. Exemplar electroencephalographic (EEG) activity and brain–computer interface (BCI) control. A, During an exemplar laboratorybased screening session, the patient (patient 10, left affected) demonstrated significant decreases in μ- and β-band spectral power
bilaterally. The color scale shows signed r2 values indicating increases (positive values) and decreases (negative values) in spectral power
during motor imagery. A BCI control feature (red box) ipsilateral to the affected hand was chosen (contact C3). B, During a home-based
BCI control session, a similar spatiospectral pattern of movement-related EEG activity was observed. C, The mean (±SE) of the hand
position in movement and rest trials shows that the patient achieved a high level of BCI control (0% fully closed, 100% fully open).
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Figure 3. Improvement in motor function. A, Each line shows the change in Action Research Arm Test (ARAT) during the study. At completion, 6 of 10 patients had ARAT increases surpassing the minimal clinically important difference (MCID; 5.7 points). B, ARAT increases
were related to the rate of change in brain–computer interface (BCI) accuracy (Spearman r=0.75, P=0.013). C, ARAT increases were not
related to the time of device use (Spearman r=0.47, P=0.17).

Downloaded from http://ahajournals.org by on April 7, 2021

had ARAT improvements above this level. In addition to
this per-protocol analysis, a significant increase in ARAT
score was also found using an intention-to-treat analysis
as described in the online-only Data Supplement. Grasp
strength, Motricity Index, the grip and grasp ARAT subscores, and Canadian Occupational Performance Measure
performance and satisfaction ratings were also significantly
increased after therapy, whereas pinch strength, AROM,
and the pinch and gross ARAT subscores were not changed.
Figure 4 and Table II in the online-only Data Supplement
summarize changes across outcomes. Other than minor
fatigue, no negative effects were observed.

Neurophysiological Correlates
Across patients, there was a significant correlation between
the change in ARAT score and the change in BCI accuracy (defined as the difference between the hand position in
the movement and rest trials) per BCI task run (Figure 3B;
Spearman r=0.75, P=0.013). There was not a significant
relationship between the change in ARAT score and the
total device usage time (Figure 3C; Spearman r=0.47,
P=0.17).
Finally, we sought to determine whether there was a relationship between ARAT and EEG changes (Figure 5). There
was a trend toward a positive relationship between ARAT

Figure 4. Summary of outcome measures. Each box shows the distribution of each outcome measurement at baseline and study completion. Boxes show the 25th percentile, median, and 75th percentile; bars indicate the range of values; and outliers >2.7 SDs from the mean
are marked with a +. Measures with statistically significant (P<0.05) changes are indicated with an *. ARAT indicates Action Research Arm
Test; and COPM, Canadian Occupational Performance Measure.
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Figure 5. Relationship between changes in electroencephalographic (EEG) activity and Action Research Arm Test (ARAT) improvements.
Ranked changes in motor function (ARAT) and changes in EEG activations (r2 value) per brain–computer interface (BCI) run are shown.
A, Analyses were performed using EEG activity at the site and frequency used for BCI control, at the frequency used for BCI control but
an electrode in the contralateral hemisphere, at the frequency used for BCI control but an electrode in the frontal lobe (F3; serving as a
spatial control), and at the site used for BCI control but at 50 Hz (serving as a spectral control). B, There was a positive relationship that
trended toward significance at both the BCI control feature (top left) and in the contralateral motor cortex (top right) but not at a location
outside the motor cortex (bottom left) or a task-irrelevant frequency (bottom right).

score changes and the change in the EEG modulation per run
of the BCI task at the location and frequency used for BCI
control and in a site in the contralateral motor cortex (BCI
control feature: Spearman r=0.48, P=0.16, contralateral motor
cortex: Spearman r=0.62, P=0.06).

Discussion
This study provides evidence for the potential role of the
unaffected hemisphere in rehabilitation via a BCI-controlled
exoskeleton. Specifically, patients had an average ARAT
improvement surpassing the minimal clinically important
difference.23 In addition, improvements were observed in
some, but not all, objective secondary measures of function.
Although pinch strength, AROM, and the ARAT pinch subcomponent did not change, these measures are less sensitive
in more severely impaired patients and were likely affected
by a qualitative increase in spasticity observed, particularly
in patients who had received botox 90 to 120 days before
study onset. Furthermore, the grasp and grip ARAT subcomponents and grip strength, which all involve distal hand function, significantly improved. It is uncertain whether observed
improvements in general distal hand function that did not
localize to pinch were because of the poor spatial specificity
of EEG or the sensitivity of pinch-specific subcomponents.
Finally, we also observed statistically significant increases
in a self-scored subjective measure of each patient’s use of
their affected arm in functional tasks (Canadian Occupational

Performance Measure). These findings build on previous evidence that BCI-controlled rehabilitation systems can facilitate
motor recovery.4–8 There are several features that distinguish
this work from previous studies. First, this study was the first
to focus exclusively on using the unaffected hemisphere in a
BCI rehabilitation system. Second, the BCI drove the velocity of the exoskeleton, providing a closer temporal pairing
between brain activity and proprioceptive feedback than previous systems.4,6
The choice of a BCI control signal for poststroke motor
rehabilitation requires careful consideration, particularly
given the conflicting evidence on the unaffected hemisphere
after stroke.12–15,24–28 By pairing cortical activations with
peripheral feedback, we hypothesized that we would induce
plasticity in the remaining (ipsilateral) central nervous system pathways. As noted, there was a significant relationship
between the change in ARAT scores and the rate of change
in BCI control accuracy that could not be explained by the
volume of device use. Further, there was a trend toward a
significant relationship between the rate of change in EEG
activity and ARAT score specific to the bilateral motor
system, but not in the frontal lobe or at task-irrelevant frequencies. Therefore, although what can be asserted from a
mechanistic standpoint is somewhat limited, the results indicate that the choice of a BCI control feature in the unaffected
hemisphere may have played an important role in the benefits of the intervention.
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There are many potential explanations that could account for
the functional improvements observed. Specifically, although
postrecovery increases in activity have been found in both the
affected and unaffected hemispheres,16,24,26,29 the reorganization
of interhemispheric connectivity between the contralesional
and ipsilesional motor cortices may also play a role in functional recovery.17,28 Further studies designed to better define the
mechanism of action will be beneficial to better understand the
characteristics of patients who will benefit optimally from BCIs
controlled from the unaffected hemisphere. Because the integrity of the ipsilesional corticospinal tract is strongly correlated
with motor recovery,17 we would hypothesize that the corticospinal tract integrity is essential in determining what role the
contralesional hemisphere will play in recovery. Specifically, in
patients with the greatest corticospinal tract damage, we would
expect recovery to require an alternative pathway, such as fibers
descending ipsilateral to the contralesional motor cortex.
This study was also unique in that the system was used
in the home setting without daily oversight. Traditional BCI
systems for rehabilitation have been used in a laboratory setting with trained experts operating them.4–8 The ability to provide therapy in a patient’s home without constant supervision
would likely reduce the cost of therapy, increase the time of
therapy, and give patients flexibility in scheduling therapy. For
this approach to achieve large-scale implementation, several
practical aspects will need to be addressed, including building
the system in a cost-effective fashion, optimizing the orthosis and EEG headset design for enhanced user experience
and compliance, and integrating the hardware and software to
enable seamless remote maintenance and minimize the need
for EEG quality checks.
There are also several limitations to note. Because of the
home-based setting, it was impossible to ensure that data
were free from artifacts. Although the majority of patients had
good-quality EEG recordings in the majority of sessions, a few
patients met this standard in <50% of sessions. In addition,
because the study sample is small in size and was restricted to
those with enough motivation to complete the study protocol,
the scope and generalizability of the results is uncertain. Also,
pinch strength, all Motricity Index subcomponents, ARAT
pinch and gross subcomponents, and AROM did not improve.
Whether this was because of the poorer sensitivity of these
subcomponents combined with the small sample size, the
poor spatial resolution of the EEG signals used, or a limitation of the therapy is uncertain. Finally, the study was uncontrolled. Previous work has shown ARAT improvements can
be achieved in chronic stroke patients after interventions such
as constraint-induced movement therapy or standard physical therapy,30 but patients in these studies began with a much
higher baseline ARAT score than the current cohort. Also of
note, while shorter in duration (2 weeks), a randomized controlled trial of a BCI-controlled hand orthosis in patients with
a similar baseline motor function showed no improvement in
a control group receiving a sham therapy.6 Taken together,
there remains an open question of whether more severely
affected chronic stroke patients benefit from a BCI intervention exclusively versus prolonged physical therapy; a question
that will ultimately be answered with a randomized clinical
trial. However, this work provides important early evidence

that training with a BCI-driven orthosis can be implemented
in the home environment and is associated with a meaningful
functional improvement.

Conclusions
This feasibility study shows a statistically significant and
clinically meaningful improvement in the motor function
of chronic stroke survivors after using a home-based BCIcontrolled exoskeleton. The use of control features in the
contralesional hemisphere shows evidence of the potential relevance of the unaffected hemisphere for functional rehabilitation. Collectively, although this study represents an important
step toward developing and translating BCI-driven rehabilitation protocols for chronic stroke survivors, the effectiveness
of BCI-driven therapies must be proven in large randomized
controlled trials before full acceptance.
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