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Abstract

Objective

To test the hypothesis that supplementary motor area (SMA) facilitation with functional near-
infrared spectroscopy-mediated neurofeedback (fNIRS-NFB) augments poststroke gait and
balance recovery, we conducted a 2-center, double-blind, randomized controlled trial involving
54 Japanese patients using the 3-meter Timed Up and Go (TUG) test.

Methods

Patients with subcortical stroke-induced mild to moderate gait disturbance more than 12 weeks
from onset underwent 6 sessions of SMA neurofeedback facilitation during gait- and balance-
related motor imagery using fNIRS-NFB. Participants were randomly allocated to intervention
(28 patients) or placebo (sham: 26 patients). In the intervention group, the fNIRS signal
contained participants’ cortical activation information. The primary outcome was TUG im-
provement 4 weeks postintervention.

Results

The intervention group showed greater improvement in the TUG test (12.84 + 15.07 seconds,
95% confidence interval 7.00-18.68) than the sham group (5.51 + 7.64 seconds, 95% confidence
interval 2.43-8.60; group difference 7.33 seconds, 95% CI 0.83-13.83; p = 0.028), even after
adjusting for covariates (group X time interaction; F; 5361 60 = 4.50, p = 0.030, partial 1]2 =0.083).
Only the intervention group showed significantly increased imagery-related SMA activation and
enhancement of resting-state connectivity between SMA and ventrolateral premotor area. Ad-
verse effects associated with fNIRS-mediated neurofeedback intervention were absent.

Conclusion
SMA facilitation during motor imagery using fNIRS neurofeedback may augment poststroke
gait and balance recovery by modulating the SMA and its related network.

Classification of Evidence

This study provides Class III evidence that for patients with gait disturbance from subcortical
stroke, SMA neurofeedback facilitation improves TUG time (UMIN000010723 at UMIN-
CTR; umin.ac.jp/english/ ).
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Glossary

ACC = anterior cingulate cortex; BBS = Berg Balance Scale; F-M = Fugl-Meyer motor assessment scale; FDR = false discovery
rate; FIM = Functional Independence Measure; fNIRS-NFB = functional near infrared spectroscopy-mediated neurofeedback;
GLM = general linear model; IFG = inferior frontal gyrus; MCID = minimal clinically important difference; MMSE = Mini-
Mental State Examination; PMv = ventral premotor; postl = immediately after intervention; post2 = 2 weeks after intervention;
RM-ANCOVA = repeated-measures analysis of covariance; rsfMRI = resting-state functional MRI; SMA = supplementary

motor area; TUG = Timed Up and Go test.

Poststroke gait and balance dysfunction affects overall quality
of life,"* and even after rehabilitation, 20%-30% of patients
cannot walk independently.'* Studies have shown that most
recovery occurs within the first 12 weeks after onset, with
limited recovery thereafter.>®

Based on findings that functional reorganization of the neural
network is essential for poststroke functional recovery, neu-
romodulation facilitating plastic reorganization is a viable
target for research.” Neurofeedback is a neuromodulation
technique where a patient learns how to regulate neural ac-
tivity using brain activity feedback.®” Because of its safety and
portability, functional near-infrared spectroscopy-mediated
neurofeedback (fNIRS-NFB) may be a promising technique
for patients poststroke. Previous small pilot studies have
revealed the feasibility and efficacy of fNIRS-NFB on upper

. -12
limb recovery.’

In neuromodulation, the target cortical area is selected based on
the desired effect; for example, the lateral motor areas for upper
limb dysfunction'®'® and the parietal cortex for neglect."*
Therefore, making a priori determination of the appropriate
targets for gait and balance recovery is important. Among various
neural structures involved in gait and postural regulation,
previous studies demonstrated the vital role of the cerebral
cortex, especially the supplementary motor area (SMA) and its
descending projections.”'"'® Encouraged by a potentially ben-
eficial effect on postural control in healthy young subjects,'” we
conducted this 2-center, double-blind, randomized controlled
trial to test the hypothesis that SMA facilitation with fNIRS-NFB
would augment postural and gait recovery assessed by the
3-meter Timed Up and Go test (TUG).'*"

Methods

Study Population

This 2-center, double-blind, randomized controlled study is
part of the exploratory project investigating the feasibility and
efficacy of fNIRS-NFB in neurologic diseases. This project
consists of 4 parallel randomized controlled studies targeting
different symptoms and diseases using various intervention
methods. Here we report the study targeting poststroke gait
disturbance. In this study, we recruited patients with sub-
cortical first-time stroke with hemiplegic gait disturbances
from Osaka University Hospital (M.M.) and Morinomiya
Hospital (H.F.) in Osaka, Japan. We included patients aged
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20-8S years, having a first episode of subcortical ischemic or
intraparenchymal hemorrhagic stroke with hemiplegia, and
more than 12 weeks poststroke onset. Excluded patients were
those with severe cognitive dysfunction or aphasia as screened
by a Mini-Mental State Examination (MMSE) score of <20,
severe carotid (>90%) or intracerebral stenosis (>75%), at-
tention deficit that may interfere with understanding the ex-
aminers’ instructions, unilateral spatial neglect, large cortical
lesion (>1/3 of middle cerebral artery territory), unstable
general condition, severe infection with scalp dermatitis,
pregnant or lactating women, as well as patients considered
not eligible for this study by the attending physician (see trial
profile in figure 1).

Study Design

After enrollment, we assessed clinical background and baseline
characteristics of the patients including age, sex, duration from
onset, lesion side and location, cognitive status (MMSE), and
side of hemiparesis. Enrolled patients were randomly allocated
to real feedback and sham feedback groups by one of the
authors (K.K.) who was not involved with intervention and
evaluation, using a computer-generated sealed envelope
method without any adjustment factors. Patients in both
groups were provided with the customary rehabilitative in-
tervention for at least S days a week. The daily duration of
therapy was up to 180 minutes, including at least 60 minutes of
physical therapy or occupational therapy. We did not regulate
the precise methods or techniques, but therapies were opti-
mized for each patient by the therapist in charge. After ran-
domization, the patients were clinically assessed before
neurofeedback intervention (preintervention), immediately
after intervention (postl), and 2 weeks after intervention
(post2). Patients in both groups were provided 6 sessions
(3 times a week for 2 weeks) of neurofeedback training with
gait and balance-related motor imagery (figure 2A). Patients
were longitudinally assessed using the TUG, Functional In-
dependence Measure (FIM), Fugl-Meyer motor assessment
(F-M), Berg Balance Scale (BBS), and gait speed. Subjective
and objective adverse effects were assessed at the time of
clinical assessment and medical records were consulted
retrospectively.

Neurofeedback Intervention

Details of the interventions were described previously.'
Briefly, each neurofeedback session consisted of a 10-minute
instruction followed by neurofeedback training. At the start of
each session, the participant watched a 10-minute video
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Figure 1 Trial Profile
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Out of the 325 patients with subcortical stroke
screened, 57 patients who were eligible for this
study were randomly allocated to the real feed-
back group and the sham feedback group. Three
of those patients did not complete the in-
tervention. Finally, data from 28 patients in the
real feedback group and 26 patients in the sham
feedback group were used for analysis.

instruction of the kinesthetic motor imagery task, which
consisted of a “rising up from the chair and stepping twice”
task and a “walking along the corridor” task. Neurofeedback
training targeting SMA activation was performed using the
fNIRS-NFB system.'>*° Measured oxygenated hemoglobin
signals were processed in real-time using a sliding-window
general linear model (GLM) with least-square estimation,
and calculated ¢ values for the task-related SMA activation
change were used as feedback information. Patients were
asked to perform kinesthetic motor imagery of both tasks
and to try keeping the horizontal bar higher, which repre-
sents the SMA activation status. Patients in the real feedback
group were provided signals representing their own SMA
activation, whereas patients in the sham feedback group were
provided signals representing prerecorded activation of
other participants. Therefore, the sham feedback group
could not learn how to regulate their cortical activity. The
feedback task comprised 16 repetitions of a S-second trial,
with pseudorandomized interval ranging from 8 to 16 sec-
onds. Patients in both groups performed the same training
procedures, and the examiners, patients, and assessors were
not aware of the group allocation (double-blinded).

Study Outcomes

The primary outcome was longitudinal changes in TUG time;
the secondary outcomes were FIM, F-M, BBS, and gait speed.
In addition to the clinical measures, resting-state functional
MRI scans (rsfMRI) were obtained before and after in-
tervention in patients who had no contraindication. We also
evaluated intervention-related cortical activation changes us-
ing the motor imagery related cortical activation measured by
NIRS at the first and last neurofeedback session. Subjective
adverse effects, including headache or faintness, were assessed
by the interview at the end of each training session. In
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addition, we collected the number of falls, pain complaints
including joint pain, headache, or lumbago, and other possible
adverse events by reviewing medical records from enrollment
to the planned final clinical assessment.

fNIRS Data Acquisition and Analyses

Details of NIRS data acquisition and analyses have been
described previously.'”*° In short, we used an fNIRS system
(OMM-3000; Shimadzu Corp., Kyoto, Japan), and the oxy-
genated hemoglobin signal changes were considered as cor-
tical activation changes. fNIRS measurement and intervention
was conducted by trained researchers (H.O., Y.K,, and Y.H.).
Cortical activity was measured from 50 channels placed on the
fronto-parietal scalp at 4 Hz (figure 2, B and C). Because we
included patients with both right- and left-sided lesions, all
imaging data from patients with a left-sided lesion were flip-
ped horizontally before data analysis, so the affected hemi-
sphere formed the right side of the image. For neurofeedback,
real-time estimation of task-related signal changes were per-
formed using adaptive GLM-based analysis with 20-second
sliding time-window.'”"”*° The largest calculated t values for
the 4 channels covering the SMA (21, 22, 28, and 29) were
shown as the height and color of the vertical feedback bar. We
recorded averaged feedback signal values for each patient.

For post hoc analysis of motor imagery-related cortical acti-
vation changes, fNIRS data were analyzed using an in-house
developed program running on MATLAB.'® Using the first
and last (6th) neurofeedback session data, we performed
2-tailed 1-sample ¢ tests to detect the imagery-related cortical
activation. We also performed group comparison of the
neurofeedback-related cortical activation changes using
2-tailed unpaired ¢ tests. Statistical significance was set at a
false discovery rate (FDR)-corrected q < 0.0S. In the
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Figure 2 Study Protocol and Setting of the Functional Near Infrared Spectroscopy (fNIRS) Neurofeedback Session
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as a measure of appropriate supplementary
motor area (SMA) activation. Neurofeedback
practice was provided 3 times per week for 2
weeks, and clinical measures were evaluated be-
fore intervention (pre), just after intervention
(post1), and 2 weeks postintervention (post2). (B)
During neurofeedback sessions, participants’
cortical activation was measured using fNIRS.
fNIRS signals from the channels covering the

Data
processing fronto-parietal scalp and suspected to cover the
computer SMA (channels 21, 22, 28, and 29) were used for

real-time processing and calculation of the feed-
back signal. (C) lllustration depicts the experiment
setup wherein a participant is sitting on a chair
and performing a gait and balance-related motor
imagery task. rsfMRI = resting-state functional
MRI.

channels revealed to be significant, we also performed
channel-based Pearson correlation analysis between cortical
activation changes and clinical improvement.

MRI Data Acquisition and Analyses

Structural MRI data were obtained for fNIRS channel regis-
tration and lesion configuration, and rstMRI data were obtained
(by N.H. and Y.W.) to determine whether neurofeedback could
modulate resting-state functional networks. Because MRI
scanners at the 2 facilities were different, we used only the data
from the facility with the larger sample size (Morinomiya
Hospital) for further rsfMRI analysis (Philips 1.5T Intera
Achieva Nova [Philips Medical Systems, Best, the Netherlands].
Detailed measures are described in the supplementary in-
formation (doi.org/10.5061/dryad.sf7m0Ocg3n). For rsfMRI
scans, we performed spin-echo echoplanar imaging and
instructed participants to lay still with their eyes open and look
at the fixation cross for 10 minutes. Lesion location was con-
firmed by anatomical scans, and individual lesion masks were
manually generated. All rsfMRI analyses were performed with
the CONN-fMRI Functional Connectivity toolbox v17 (nitrc.
org/projects/conn). To reveal neurofeedback-related network
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changes, we investigated group difference of the individual
SMA-seeded connectivity change map. We also investigated
the cortical area with significant correlations between the
SMA-seeded connectivity changes and clinical improvement.
A threshold of uncorrected p < 0.001 with FDR-corrected
q < 0.0S at the cluster level was considered to be statistically
significant for imaging analysis.

Statistical Analyses

Statistical analysis for the clinical measures was conducted
using IBM SPSS version 24 (IBM Corp.). Power analyses and
a priori sample size estimation were conducted using
G*Power with data from a previous study that investigated the
fNIRS neurofeedback effect on poststroke upper limb pare-
sis.'® Using these data and considering the 15% larger inter-
subject gait variability of pooled SD, we calculated the effect
size for a 2-group comparison (d) as 0.85 and the minimum
sample size as 46 (23 for each group), with 2-tailed a of 0.05
and power (1-p) of 0.80. We could not estimate sample size
needed to detect clinically significant improvement, because
this is the first exploratory study investigating the effect of
fNIRS-NFB on poststroke gait disturbance, and the minimal

Neurology.org/N
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Table 1 Baseline Characteristics of Patients in Both
Intervention Groups

Real (n = 28) Sham (n = 26)

62.25+10.39 60.08 + 12.33

Age,y

Duration from onset, d 315.52 + 535.12 462.96 + 764.67

MMSE 29.04 +1.93 28.96 + 1.97
Male: female 217 19:7
Ischemic: hemorrhagic 12:16 15:11

Right: left hemiparesis 17:11 14:12

3-m TUG, s 38.73+33.14 27.93+17.28
BBS 36.71+9.48 40.77 £7.78
Speed, m/s 0.53+0.36 0.61+0.41
FIM total 103.33+11.33 102.88 + 12.17
F-M upper 33.29+17.84 30.38 + 16.75
F-M lower 21.71+7.68 21.38+5.97

Daily therapy time, min 123.96 + 21.81 129.56 + 21.08

Institution, OUH:MH 5:23 5:21

Abbreviations: 3-m TUG = 3-meter Timed Up and Go test; BBS = Berg Bal-
ance Scale; F-M = Fugl-Meyer motor assessment scale; FIM = Functional
Independence Measure; MH = Morinomiya Hospital; MMSE = Mini-Mental
State Examination; OUH = Osaka University Hospital.

Data are presented as mean + SD or ratios.

clinically important difference (MCID) for TUG in patients
with stroke is not established. To estimate the clinical effect of
the fNIRS-NFB, we performed post hoc analysis using the
largest minimal detectable change of TUG in stroke, as pre-
viously proposed (8.0 seconds).”* We performed > test for
investigating group differences in achieving more than 8
seconds improvement. We also calculated the absolute risk
reduction for nonsignificant improvement in TUG by in-
tervention with the fNIRS-NFB and calculated the number
needed to treat to achieve clinically significant improvement
in TUG.

Baseline characteristics, averaged feedback values, and aver-
aged daily therapy duration were compared between groups
using unpaired t test (continuous measures) and X2 test
(categorical measures), as appropriate. Because the post onset
duration of the participants was widely distributed, baseline
characteristics were also compared between an early in-
tervention group (enrolled within 150 days from onset) and
late intervention group (enrolled after 150 days from onset).

We also performed an unpaired t test between pre-
intervention and post2 for primary and secondary outcomes
(TUG, BBS, gait speed, F-M, and FIM) to determine whether
neurofeedback intervention over time has an augmenting ef-
fect on functional recovery. Next, a repeated-measures anal-
ysis of covariance (RM-ANCOVA) was conducted with the
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group as the between-subject factor and time (assessment
periods) as the within-subject factor. In these adjusted mod-
els, the interaction term of group by time indicated whether
neurofeedback was different between groups over time.
The p values were corrected for sphericity using the
Greenhouse—Geisser correction, wherever necessary. Post-
onset duration and patient age, which could have a con-
founding effect on functional recovery, were included as
covariates in the RM-ANCOVA. When a significant in-
teraction term was observed, within-group post hoc t tests
with Bonferroni correction were conducted comparing post1l
vs pre and post2 vs pre.

Standard Protocol Approvals, Registrations,
and Patient Consents

Written informed consent was obtained for all participants.
The study was approved by the Research Ethics Boards at
Osaka University Hospital (13,065-2) and registered at the
University Hospital Medical Information Network Clinical
Trials Registry (UMIN000010723 at UMIN-CTR umin.ac.
jp/english/). Written consent to disclose was obtained from
the patient who appeared in the supplementary video 1.

Data Availability

Three months after the publication of the study, individual
anonymized participant data collected during the trial will be
available to scientific researchers upon approval of the re-
search proposal by the corresponding author.

Results

Study Population

Patients were recruited between November 15, 2013, and
January 18§, 2016. In total, 325 patients with first-time stroke
were screened and 57 met the eligibility criteria. After ran-
domization, 3 patients declined to participate before or at the
time of intervention initiation. Therefore, a total of 54 patients
(n = 28 for the real feedback group and n = 26 for the sham
feedback group) participated (figure 1).

Baseline clinical characteristics are shown in table 1. Patients
in both groups were provided customary rehabilitative in-
tervention for comparable periods with comparable average
feedback signal values (2.1 + 0.79 and 1.8 + 0.67, re-
spectively). Forty-two patients (77.8%) started intervention
within 150 days from onset, while 12 patients (22.2%) were in
a more chronic period (table S1, doi.org/10.5061/dryad.
sf7m0cg3n). Baseline characteristics of both early recruitment
and late recruitment patients were not significantly different
except for the time since stroke onset and daily therapy time.
Time from onset was 113.57 + 18.21 days (median 112.0,
interquartile range 99-28) in the early group and 1,341.79 +
881.59 days (median 1,332.2S, interquartile range
638.25-1971, p < 0.001) in the late group. Duration of re-
habilitation intervention was significantly shorter among late
intervention patients (98.45 + 17.82 minutes vs 136.67 +

Neurology | Volume 96, Number 21 | May 25, 2021
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Figure 3 Lesion Overlap and Longitudinal Changes in Gait-Related Clinical Measures in Both Groups
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21.13 minutes, p < 0.001). However, there was no group
difference in the mean duration of rehabilitation within both
early and late intervention patients (early: real vs sham, 140.6
minutes vs 132.8 minutes, p = 0.281; late: real vs sham, 100.08
minutes vs 96.00 minutes, p = 0.71). Because early and late
intervention patients had a similar baseline status in gait and
balance characteristics, subsequent analyses were performed
with the total sample. Lesion location analysis revealed that
the participants’ lesions mainly overlapped with the pyramidal
tract (figure 3A).

Primary Outcome Measures

The results of clinical measures for gait and balance distur-
bance, activities of daily living, and motor impairment are
shown in tables 2 and 3 and figure 3, B and C. As shown in
table 2, a significant group difference was observed in TUG
improvement from preintervention to post2. The group dif-
ference was 7.33 seconds in absolute value (ts, = 2.23, p =
0.028) and 7.89% in recovery rate (ts, = 2.08, p = 0.042). See
the video for a representative patient. RM-ANCOVA revealed
a significant effect of time (F, 536160 = 4.91, p = 0.024, partial
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n2 = 0.089, with the Greenhouse—Geisser correction), with a
significant interaction (F, 53 61,60 = 4.50, p = 0.030, partial r]2 =
0.083, with the Greenhouse—Geisser correction) observed
between time (functional recovery pattern) and intervention
(neurofeedback status). Within-group post hoc analysis
revealed significant improvement of TUG only in the real
feedback group at postl and post2 compared with pre-
intervention (p < 0.001 in both groups, respectively), with
Bonferroni correction for multiple comparison (figure 3, B
and C).

Secondary Outcome Measures

Longitudinal changes in the secondary outcome measures are
shown in tables 2 and 3. Although RM-ANCOVA revealed a
nonsignificant effect over time (F ¢s8235 = 2.04, p = 0.145,
partial n” = 0.039 with Greenhouse-Geisser correction), there
was a significant interaction between time and neurofeedback
intervention (Fy ¢5 82,35 = 11.22, p < 0.001, partial * = 0.183
with Greenhouse-Geisser correction), with greater im-
provement in BBS in the real group (table 2 and figure 3, D
and E). Within-group post hoc analysis revealed a significant

Neurology.org/N
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Table 2 Immediate and 2-Week Changes in Timed Up and Go (TUG) Test and Berg Balance Scale (BBS) in Both Groups

Group difference at post2

Pre Post1 Post2 Post1 vs pre (95% CI)d Post2 vs pre (95% CI)"I (95% CI)
3-m TUG,
S
Real 3874 + 29.47 + 25.90 + 9.85+11.095%(5.06-14.655)  12.84 +15.07 5% (7.29-18.59  7.32s"(0.73-13.93 5)
33.14 23.27° 18.89% d s)d (7.89%" [0.29%-15.48%])°
(24.0 + 12.48% (27.02 +13.31%
9113.24%-24.03%]) 9120.48%-33.02%])
Sham 2793+ 2367 + 2242 + 4.81+7.315(1.49-8.14 5) 5.42 +7.64's(0.46-11.30 s)
17.28 13.84 12.74 (17.19 + 12.54% (19.14 + 14.52%
[11.49%-22.90%])° [12.91%-25.95%])°
BBS
Real 36.71+9.48 38.64+ 39.89 + 2.13+1.29 (1.57-2.69) 3.18 + 1.63 (2.45-3.90) 1.68° (0.85-2.50)
9.37% 9.43% (6.08 + 3.80% (9.27 +5.25% (4.89%° [2.30%-7.49%])"
[4.44%-7.72%])° [6.91%-11.43%])°
Sham 40.77+7.78 41.88+ 4227 + 1.05 + 1.02 (0.58-1.51) 1.50 + 1.36 (0.75-2.25)
7.412 7312 (2.93 +3.05% (449 £4.11%
[1.54%-4.32%])" [2.15%-6.84%])"
Speed
(m/s)
Real 0.53+0.36  0.63+0.387 0.68+0.387 0.10 +0.08 (0.07-0.14) 0.15+0.11 (0.10-0.19) 0.023 (-0.03-0.08)
(27.35 + 25.03% (38.26 + 32.78% (10.26% [-5.07%-25.60%])"
[16.53%-38.17%])° [24.63%-50.76%])°
Sham 0.61 +0.41 0.68+0.42% 0.73+0.44* 0.07 +0.06 (0.05-0.10) 0.13 +0.08 (0.09-0.17)
(16.60 + 12.08% (28.0 +21.85%
[11.10%-22.10%])° [15.05%-42.18%])°
FIM total
Real 103.04 + 108.00 + 108.19 + 4.65 + 3.63 (3.08-6.22) 5.11 + 4.36 (3.79-7.99) 0.69 (-1.54-2.92)
11.42 9.66 10.79
Sham 102.88 + 106.29 + 107.30 + 3.38+3.10 (1.97-4.79) 4.42 +3.68 (3.06-7.46)
1217 12.08 11.10
F-M
upper
Real 33,56 + 3430 + 3515+ 0.91 + 1.20 (0.39-1.43) 1.67 + 2.46 (0.20-2.96) 0.79 (-0.91-2.50)
18.12 18.14 18.38
Sham 3038 + 3162+ 3127 + 1.42 +2.98 (1.97-4.79) 0.88 + 3.69 (-0.44-2.42)
16.75 17.64 17.70
F-M
lower
Real 2174+7.82 2230+7.74 22.48+7.47 0.74+1.10(0.27-1.21) 0.82 + 1.09 (-0.06-1.60) 0.40 (-0.65-1.44)
Sham 2138+597 22.04+626 21.81+6.63 0.90 +1.26 (0.33-1.48) 0.42 + 2.51 (-0.88-1.34)

Abbreviations: Cl = confidence interval; F-M = Fugl-Meyer motor assessment scale; FIM = Functional Independence Measure; pre = before neurofeedback
intervention; post1 =immediately after intervention; post2 = 2 weeks after intervention; post1 vs pre = improvement at immediately after intervention; post2
Vs pre = improvement at 2 weeks after intervention; interaction = time x intervention.
Data are presented as mean + SD.
2 p < 0.05 compared with pre in post hoc analysis with Bonferroni correction.

®p < 0.05 in group comparison.
€p <0.001 in group comparison.
9 Control with age and duration from onset.

longitudinal improvement although the effect was stronger in

the real group.

There was a significant effect of time on gait speed (F; 577544
=7.97, p <0.001, partial r]2 =0.137), but interaction between

Neurology.org/N

time and intervention was not significant (F, 577544 = 0.91, p
= 0.39, partial n* = 0.018, table 3). Within-group post hoc
analysis revealed a significant longitudinal improvement.
Neither an over-time effect nor a group by time effect was
observed (RM-ANCOVA) for FIM and F-M (table 3).
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Table 3 Adverse Events in the Real and Sham Feedback

Groups
Real feedback Sham feedback
(n=29) (n=28)
Any pain 13 patients 13 patients
Falls 5 times/5 9 times/8
patients patients
Infections 4 patients 6 patients
Upper respiratory tract 4 3
infection
Paronychia 0 2
Cellulitis 0 1
Skin reactions 3 patients 3 patients
Vascular events 2 patients 2 patients
Other adverse events Hypoglycemia Epilepsy
(1 patient) (1 patient)

In post hoc analysis for investigating the clinically robust
improvement after intervention using the previously pro-
posed minimal detectable change in TUG, 15 of 28 patients
(53.6%) in the real group improved more than 8 seconds in
TUG, but only S of 26 patients (19.2%) in the sham group
achieved more than 8 seconds improvement (X2 =6.82,df=1,
p < 0.01). Absolute risk reduction for nonsignificant im-
provement after neurofeedback intervention was 34.4% and
number needed to treat was 2.91.

Motor Imagery-Related Cortical Activation in
fNIRS Recording

One patient from the real feedback group was excluded be-
cause of unavailability for the 6th (last) neurofeedback ses-
sion. On comparing the first and 6th (last) neurofeedback
sessions, cortical activation during walking imagery showed a
significant increase in the unaffected SMA in the real feedback
group (channels 21 and 22, t5, = 2.98 and 3.15, respectively),
whereas cortical activation changes during rising-up imagery
did not reach statistical significance in either group. Group
comparisons showed a significant difference in neurofeedback
intervention-mediated change in walking imagery-related
cortical activation in both unaffected and affected SMA (figure
4A, channels 21 and 28, t5, = 3.23 and 3.30, respectively). A
significant correlation was observed between BBS improve-
ment and SMA activation change in the unaffected hemi-
sphere (channel 21, r = 0.28, p < 0.0S, figure 4B). Other
clinical measures including TUG and gait speed were not
significantly correlated with any cortical activation changes.

Resting-State Functional Connectivity Change
rsfMRI analysis was conducted on 29 participants (14 in the
real group and 1S in the sham feedback group). The real
feedback group showed increased connectivity from the bi-
lateral SMA to the affected cingulate gyrus (90 voxels, t = 5.93,
gEDR-corr. = 0.041) and the unaffected inferior frontal gyrus
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(IFG) (93 voxels, t = 4.94, geprocorr. = 0.041, figure 4C).
Regression analysis revealed that changes in resting-state
connectivity between the bilateral SMA and the unaffected
IFG correlated with an improvement of BBS scores (139
voxels, t = 4.14, grpRr-corr. = 0.002, Pearson r = 0.609, figure
4D). No significant clusters were observed between resting-
state connectivity and changes in other clinical measures.

Safety Measures

None of the participants reported adverse effects related to
the device or neurofeedback intervention. Thirteen patients in
each group reported subjective pain including shoulder pain,
headache, and lumbago, but all symptoms were present prior
to participating in this study; none reported worsening of the
symptoms after intervention. Five patients reported S falls in
the real feedback group, while 8 reported 9 falls in the sham
feedback group, with no severe secondary complications such
as fractures or traumatic brain injury. Other reported adverse
events included infections, skin reactions, and vascular events,
but none was thought to be related to the intervention, and
there were no significant differences between the groups

(table 3).

Classification of Evidence

This exploratory double-blind randomized control study
sought to evaluate the clinical efficacy of neurofeedback fa-
cilitation of gait-related motor imagery—associated SMA ac-
tivation for augmenting recovery of poststroke gait and
balance impairment, as assessed by TUG. Our data provide
Class III evidence revealing the possible effect of novel neu-
romodulation for patients with first-time subcortical stroke
with mild to moderate gait and balance disturbance.

Discussion

Although both groups carried out similar mental practice, our
study revealed greater improvement of the TUG test in the
intervention group, even after adjusting for covariates. In
addition, only the real intervention group showed significantly
increased imagery-related SMA activation and enhancement
of resting-state connectivity between SMA and ventrolateral
premotor area including IFG.

Neurofeedback is a technique enabling participants to regu-
late their own neural activity by presenting them with their
real-time neural activity. This technique has been proposed as
a therapeutic neuromodulation guiding or promoting bene-
ficial physiologic processes in both healthy and neurologically
impaired patients.21 We performed a randomized, double-
blinded, placebo-controlled, parallel-group, 2-center trial de-
sign, where we aimed to investigate fNIRS neurofeedback
facilitation of gait imagery—related SMA activation and its role
in augmenting gait and balance recovery in patients with
stroke receiving ordinary physical training. On average, pa-
tients with neurofeedback intervention showed a significant
TUG improvement of 12.8 seconds and 27.0% (5.4 seconds

Neurology.org/N
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Figure 4 Changes in Gait Imagery-Related Cortical Activation and Resting-State Connectivity From the Supplementary
Motor Area (SMA) After Neurofeedback
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(A) There was a significant group difference in cortical activation changes after neurofeedback intervention. Functional near infrared spectroscopy neuro-
feedback intervention facilitated gait imagery-related SMA activation. (B) Clinical improvement of balance ability correlated significantly with the individual
gait-related cortical activation changes, suggesting an effect of SMA facilitation on balance ability. (C) Resting-state fMRI analysis revealed that SMA facilitation
by neurofeedback enhances functional connectivity between the SMA and several motor-related cortical areas, including the affected anterior cingulate gyrus
and the unaffected inferior frontal gyrus (IFG). (D) Resting-state functional connectivity changes between the SMA and the unaffected IFG significantly
correlated with individual balance improvement. BA = Brodmann area; BBS = Berg Balance Scale; Ch = channels in functional near infrared spectroscopy
recording; FDR = false discovery rate; MNI = Montreal Neurologic Institute.

and 19.1% improvement in the sham group) and BBS im-  reach significance in our sample. In addition, we found no
provement of 3.18 points and 9.27% (1.5 points and 4.5%  group differences in the changes of F-M in the upper and
improvement in the sham group). Although the MICD forthe  lower limbs, highlighting the specific behavioral effect of SMA
TUG were not established, our findings showed that only the = neurofeedback. Importantly, no severe adverse effects were
real group showed greater improvement than the previously  found in either of the groups, and there was no group dif-
proposed minimal detectable changes (8.0 seconds in TUG  ference observed in any specific adverse effect. This suggests
and 2.7 points in BBS, respectively).”” These findings suggest  the safety and feasibility of fNIRS neurofeedback for patients
that neurofeedback facilitation of the SMA may have a clini-  with stroke as a viable treatment option for poststroke gait and
cally relevant effect on poststroke gait and balance recovery.  balance impairment in the future.

We also found that walking speed increased in both the in-

tervention and placebo groups at a level exceeding the pro-  Neurofeedback techniques have been introduced in stroke
posed minimal detectable changes, although this effect did not ~ rehabilitation to facilitate functional recovery of upper limb
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pa.resis,8 unilateral neglect,23 and cognitive deficit** A few
preliminary studies suggesting the possible efficacy of neu-
rofeedback in improving dual-task gait after stroke®>® have
emerged over the years. Because functional reorganization of
the hierarchical neural network for regulating human bipedal
gait and balance is essential to gait and balance recovery after
stroke,">*’ previous neuromodulation studies have targeted
several areas within this network, including the primary leg
motor area,”*° SMA,>' and cerebellum.**>* Of these areas,
we selected the SMA as a target cortical area because previous
neuroimaging studies have specifically revealed involvement
of the SMA and its descending pathway in poststroke gait and
balance recovery.>'"'® In addition, our preliminary proof-of-
concept study showed a positive effect of SMA facilitation by
fNIRS neurofeedback on individual balance ability."”

There was also a significant correlation between the imagery-
related SMA activation change and balance recovery in the real
feedback group (figure 4). This is in line with our previous pilot
study for poststroke upper limb paresis.'” Considering previous
findings that postural perturbation-related SMA activation
change in the unaffected hemisphere is significantly correlated
with balance recovery,'' our findings suggest that neuro-
modulation of the SMA may augment gait and balance recovery.
Our rstMRI findings suggest a fNIRS neurofeedback effect on
the SMA-related resting-state functional network. Specifically,
neurofeedback facilitation of the gait imagery—related SMA ac-
tivation enhanced functional connectivity of the SMA with
ventral premotor (PMv) and anterior cingulate cortex (ACC)
(figure 4C). Considering the dense anatomical connections
between the ACC and SMA,** and neuroimaging findings that
the ACC becomes activated during gait and balance task to-
gether with the SMA,*>*¢ the facilitation of the network in-
volving both SMA and ACC is likely to be associated with better
gait and balance ability. Our findings also suggest that connec-
tivity changes between the SMA and PMV significantly correlate
with balance recovery (figure 4D). Previous studies have
reported the presence of anatomical connections between the
PMv and the hindlimb area of the SMA, both of which were
activated in the imagery associated with stepping over an ob-
stacle or gait termination.”” In addition, the PMv is known to be
a part of the mirror neuron system and may be involved in
observational motor learning. A recent study revealed that SMA
involvement in balance imagery and additional action observa-
tion increases cortical involvement including the PMv, dorsal
premotor, primary motor, and basal ganglia.*® These findings
suggest that the enhanced functional network including the SMA
and PMy, by facilitation of the SMA activation during gait and
balance imagery, may partly explain the augmented gait and

balance recovery.

Unlike our previous proof-of-concept study,17 participants in
this study performed mental practice using gait and balance
motor imagery. Because there is ample evidence that motor
imagery involves a motor network similar to that of motor
execution, mental practice may work as a substitutional in-
tervention for patients with stroke.*® However, the results of a
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recent meta-analysis of mental practice-based intervention
were inconclusive.** Previous studies have revealed that in-
terindividual variability in motor imagery skill may affect
motor imagery-related cortical activation*' and efficacy of
mental practice.* It is possible that people who could effec-
tively recruit motor imagery-related cortical networks can
respond well to mental practice-based intervention. In this
study we applied only six 10-minute sessions of motor im-
agery training with NIRS-NFB, but facilitation of the motor
imagery-related neural network was evident and correlated
with clinical efficacy. These findings suggest fNIRS-NFB
might augment effectiveness of mental practice using motor

imagery.

This study has some limitations. First, several studies dem-
onstrated that fMRI- or EEG-neurofeedback learning effects
on brain activity last over a year.%‘45 Therefore, our relatively
short follow-up period precluded examination of long-term
effects of INIRS neurofeedback. It is also difficult to decide on
the appropriate amount and frequency of neurofeedback in-
tervention. To confirm the clinical efficacy of fNIRS-NFB,
further studies are needed with longer follow-up or additional
control, such as equivalent amount of rehabilitative in-
tervention. Second, because we only recruited patients who
could walk with minimal assistance, it is possible that fNIRS
neurofeedback is effective only for patients with moderate to
mild impairments. However, based on the theory of use-
dependent plasticity,*® neuromodulation may be more ben-
eficial for more severely affected patients. Third, because the
duration between onset and baseline clinical status varied
considerably, the results could differ for more homogeneous
samples. This, together with relatively small sample size in our
study, could result in false-positive results or associations,
suggesting the need for larger samples. Fourth, because MRI
scanners at the 2 facilities were different in magnet power,
manufacturer, and protocol, we used only the data from the
facility with the larger sample size (Morinomiya Hospital) for
further rstMRI analysis. Finally, because recent studies in-
vestigating EEG neurofeedback on psychological disorders
have failed to reveal superior efficacy compared to placebo
neurofeedback or conventional therapy,47’48 the importance
of double-blinded, placebo-controlled clinical trials has been
emphasized. However, it remains possible that participants in
the sham group could have recognized that the neurofeedback
they were presented with did not reflect their own signal. As
argued in a recent review, it is difficult to design a study that
completely excludes the possible confounding effects in
neurofeedback,” and further studies using multiple in-
tervention settings are warranted.

Our findings suggest that fNIRS-NFB augments poststroke
gait and balance recovery by modulating the SMA and re-
lated functional network. Although further studies are
needed to confirm our findings and clinical effect, the pre-
sent study suggests the feasibility and efficacy of fNIRS
neurofeedback for patients with stroke with gait and balance
impairments.
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