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Abstract

Objective
The use of brain-computer interface in neurofeedback therapy for attention deficit hyperac-
tivity disorder (ADHD) is a relatively new approach. We conducted a randomized controlled
trial (RCT) to determine whether an 8-week brain computer interface (BCI)-based attention
training program improved inattentive symptoms in children with ADHD compared to a wait-
list-control group, and the effects of a subsequent 12-week lower-intensity training.

Study design
We randomized 172 children aged 6–12 attending an outpatient child psychiatry clinic diag-
nosed with inattentive or combined subtypes of ADHD and not receiving concurrent pharma-
cotherapy or behavioral intervention to either the intervention or waitlist-control group.
Intervention involved 3 sessions of BCI-based training for 8 weeks, followed by 3 training
sessions per month over the subsequent 12 weeks. The waitlist-control group received simi-
lar 20-week intervention after a wait-time of 8 weeks.

Results
The participants’ mean age was 8.6 years (SD = 1.51), with 147 males (85.5%) and 25
females (14.5%). Modified intention to treat analyzes conducted on 163 participants with at
least one follow-up rating showed that at 8 weeks, clinician-rated inattentive symptoms on
the ADHD-Rating Scale (ADHD-RS) was reduced by 3.5 (SD 3.97) in the intervention group
compared to 1.9 (SD 4.42) in the waitlist-control group (between-group difference of 1.6;
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95%CI 0.3 to 2.9 p = 0.0177). At the end of the full 20-week treatment, the mean reduction
(pre-post BCI) of the pooled group was 3.2 (95%CI 2.4 to 4.1).

Conclusion
The results suggest that the BCI-based attention training program can improve ADHD
symptoms after a minimum of 24 sessions andmaintenance trainingmay sustain this
improvement. This intervention may be an option for treating milder cases or as an adjunc-
tive treatment.

Introduction
Attention deficit hyperactivity disorder (ADHD) is a developmental disorder of childhood
onset which can persist into adulthood[1] with negative academic and socio-occupational out-
comes[2, 3]. Worldwide, including Singapore, ADHD is associated with significant burden[4,
5]. Current evidence-based treatment modalities include medication, psychosocial or behav-
ioral treatment, or both[6, 7]. Long term data from studies such as the Multimodal Treatment
of ADHD (MTA) study, however, did not provide a clear answer about which approach would
give the best outcome in the long term[8, 9]. Neurofeedback therapy is a promising approach
based on normalizing abnormal EEG patterns in children with ADHD, with trials demonstrat-
ing non-inferiority to medication and increased efficacy in combination with medication[10–
14].

More recently, electroencephalogram (EEG)-based brain-computer interface (BCI) tech-
nology has been studied as well[15–18].

The BCI can quantify one’s attention level as measured by EEG waves, which we have har-
nessed to drive a series of training games (Cogoland). Our BCI system breaks down EEG
waves into various frequency sub-bands covering the range from 4Hz to 36Hz (i.e. covering
theta, alpha, beta 1, and beta 2 waves), which are further analyzed. We applied the machine
learning method to derive a parametric model from the multi-band EEG signals, and then
used this model to classify incoming EEG into attention or non-attention states, with a corre-
sponding quantifiable score to indicate the subject’s attention level. Our first pilot trial
involved the use of 3-channel EEG signals from the frontal (Fp1, Fp2) and parietal (Pz) posi-
tions. We successfully reduced to 2 frontal leads using a headband with dry EEG leads in our
second pilot trial. Unlike traditional neurofeedback which teaches the child to suppress or
enhance specific EEG waves based on prior assessment, our BCI system creates the individual-
ized EEG pattern representing optimal attention based on the training activities (S1 File).
Cogoland trains the individual to produce and maintain an optimal attentive state to proceed
in the game, thereby motivating one to learn and sustain their attention to drive the game[19].
During the first 8 weeks of training, there will be a 10-minute academic task every alternate
session, to help the individual generalize the learnt ability to regulate their concentration to
everyday academic work.

Our earlier trials showed that we could detect improvement after 8 weeks of training, and
that dropout rates became significant when the treatment period was longer. To compensate
for sudden cessation of training, we included ‘maintenance’ training sessions (one session per
month for 3 months) to examine if this was of any benefit. The entire BCI-based attention
training program therefore would last 20 weeks. This randomized controlled trial (RCT)
aimed to investigate the efficacy of this 20-week BCI-based attention training program. We
expect most of the improvement to take place after the initial 8-week treatment, and
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hypothesize that the inattentive symptoms in the treatment group will be significantly reduced
compared to untreated controls. Our secondary aim is to examine the effect of subsequent
low-intensity maintenance training.

We had originally planned to used a sham-control design, which would greatly improve the
quality of the study, but decided against it for several reasons. Most importantly, our experi-
ence with the local population is that most parents would decline to participate in clinical trials
if there is a risk of receiving ‘placebo’ treatment. A sham-controlled trial will likely severely
hamper recruitment or significantly increase drop-out rate. It is also dififcult to develop an
adequate sham that the participants could not decipher. Additionally, it is arguable if it is ethi-
cal for participants to put in significant time and resource and yet only receive ‘sham’ treat-
ment. If the ‘sham’ group were to then subsequently receive BCI intervention, the long
duration of involvement would likely further increase drop-out. A sham-controlled trial design
is therefore unlikely to succeed. As such, we decided on a waitlist-control design and ensured
all participants would receive intervention at some point.

Materials andmethods
This study was supported by a grant from National Medical Research Council of Singapore
[Grant Number CIRG11nov087 (to TSL)] and was approved by the ethics review board of the
National Healthcare Group, Singapore (S1 Study Protocol). Written informed consent from
parents and assent from children were obtained prior to study entry.

Clinical trial registration: https://www.clinicaltrials.gov; NCT01344044

Trial design
We conducted a single-center, gender- and age-stratified (6 to 9 years and 10 to 12 years of
age), outcome-assessor-blinded, waitlist-controlled, parallel-group study at the Child Guid-
ance Clinic of the Institute of Mental Health in Singapore from January 2013 to June 2016.
The intervention group received BCI-based attention training for 20 weeks and were followed
up for a further 4 weeks. The control group served as untreated waitlist-controls for the first 8
weeks, after which they received BCI-based attention training for 20 weeks, and were similarly
followed up for a further 4 weeks.

Participants
We recruited children aged 6 to 12 years attending our outpatient psychiatric clinic who were
diagnosed with ADHD based on the Diagnostic and Statistical Manual of Mental Disorders-
Fourth Edition, text revised (DSM-IV TR). Those who had previously received pharmacother-
apy or at least one month of fish oil supplementation had to undergo a washout period of at
least 4 weeks. We excluded children with intellectual disability, epilepsy and severe sensori-
neural deficits or co-existing psychiatric disorder which would interfere with their ability to
complete the computer-based training activities. Parents completed the Computerized Diag-
nostic Interview Schedule for Children Version IV (CDISC-IV) and only those with significant
inattentive symptoms (i.e. positive for a diagnosis of either inattentive or combined type of
ADHD) were enrolled in the study[20]. Fig 1 (CONSORT flowchart) provides details about
the participant flow throughout the course of the study.

Intervention program
The BCI-based attention training game system consisted of a head-band with dry EEG elec-
trode sensors that transmitted EEG readings to the computer through Bluetooth-enabled
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Fig 1. Participant flowchart (CONSORT flowchart).

https://doi.org/10.1371/journal.pone.0216225.g001
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protocol (S1 File). We adopted the same 20-week training program as our second pilot study.
The first 8 weeks (intensive phase) consisted of thrice-weekly sessions (24 sessions in total),
following this, the next 12 weeks (maintenance phase) consisted of 4-weekly sessions (3 ses-
sions in total).

Gantt schedule (S1 Fig) illustrates the study timeline and respective intervention period for
both groups.

During the intensive phase, at the end of every alternate training session starting from the
second session, each participant would complete twenty English and Mathematics questions
and would be instructed to concentrate just like during their training. This task aims to help
the child generalize the skill learnt to real life. The academic tasks would be administered dur-
ing each session of the maintenance training.

Each participants would undergo the following tasks during the training sessions.

Calibration
Prior to playing the game (Cogoland) at pre-BCI and upon completion of the program at post-
BCI intervention, each participant underwent individual calibration using a colour Stroop task
on the BCI-based game system. Critical EEG parameters during the correct attempts were ana-
lyzed and compared to the participants’ resting state, deriving an individualized EEG pattern
representing the participant’s most attentive state.

Cogoland
The BCI-based intervention is a 3-D computerized graphic game developed with the intention
to train attention (Fig 2). Participants will wear a BCI headset that detects their brainwaves
using dry EEG electrodes during the training sessions. EEG data is transmitted to the com-
puter via Bluetooth technology andanalyzed by an algorithm which drives the game interface,
allowing participants to control the speed of their avatar with their attention level. The ‘higher’
the concentration level of the participant, the higher the speed of the avatar’s movement.

Assessments
The following questionnaires were chosen to assess the treatment outcomes at various time-
points. With reference to the Gantt schedule (S1 Fig), the ‘intensive phase’ refers to the 8
weeks of intervention for both groups, ‘maintenance phase’ is represented by the subsequent

Fig 2. Cogoland game interface. There are three difficulty levels in Cogoland. The main goal of the basic level (left) is to drive the avatar around the island to
complete as many laps as possible in ten minutes. The intermediate level (middle), participants are to drive the avatar around the island and collect fruits item
presented at the bottom of the screen. At the advanced level (right), participants are to collect the fruits in order as presented on screen. Participants will use a
specific key on the keyboard provided to make the avatar jump to collect the fruits. During each training session, participants will complete two 10-minute
games, and a short break will be provided between the games.

https://doi.org/10.1371/journal.pone.0216225.g002
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12 weeks of intervenition (Week 8 to 20 for intervention group andWeek 16 to 28 for waitlist-
control), and ‘long-term effect’ refers to the outcome at 4 weeks post-intervention (at Week 24
for intervention group, and Week 32 for wait-list control).

ADHD rating scale (ADHD-RS)
The ADHD-RS is an 18-item rating scale used to rate the frequency of ADHD symptoms
based on the DSM-IV TR[21]. The scores for the inattentive and hyperactive-impulsive symp-
toms add up to a maximum of 27: the higher the scores, the more severe the symptoms. One
parent and one of two blinded clinicians on the study team completed the ADHD-RS at these
time points:

• Weeks 0 and 8 for both groups

• Weeks 20 (end of maintenance phase) and 24 for the intervention group

• Weeks 16 (end of treatment phase), 28 (end of maintenance phase) and week 32 for the wait-
list-control group.

The rating clinicians were blind to the treatment allocation and participants’ progress. They
interviewed parents and obtained information from teachers when completing the scale.

Child behavior checklist (CBCL)
The CBCL is a parent-rated questionnaire which yields information on a child’s behavioral/
emotional problems. Scores are summarized for eight syndromes (Aggressive Behavior; Anx-
ious/Depressed; Attention Problem; Rule Breaking Behavior; Social Problems; Somatic Com-
plaints; Thought Problems; and Withdrawn/Depressed) and Internalizing, Externalizing, and
Total Problems, as well as six DSM-oriented diagnoses scores including Affective Problems,
Anxiety Problems, Attention Deficit/ Hyperactivity Problems, Oppositional Defiant Problems,
Conduct Problems and Somatic Problems. T scores are also used to indicate whether the
behavior falls within a clinical range[22].

Pediatrics adverse events rating scale (PAERS)
The therapist checked with all participants before, during and at the end of each intervention
if they had experienced any discomfort. Any adverse event identified was recorded and mea-
sured using the PAERS[23].

Outcomes
The primary outcome was the short-term effect in the clinician-rated inattention symptoms as
assessed by the Inattention score of the ADHD-RS. Additionally, 3 aspects of efficacy were
evaluated as indicated in S1 Fig. The short-term efficacy compared change scores fromWeek 0
to Week 8 between both groups. The maintanence effect examined pooled change scores from
Week 0 toWeek 20 in the BCI-intervention group and Week 8 to Week 28 in the waitlist-con-
trol group, while the long-term effect examined pooled change scores fromWeek 0 to Week
24 in the BCI-intervention group andWeek 8 toWeek 32 in the waitlist-control group.

The secondary efficacy outcomes consisted of short-term changes in the parent-rated
ADHD-RS Inattention Score, the CBCL ADHD Problems (one of six DSM diagnoses), Inter-
nalizing and Externalizing t-scores. We compared change scores from group-specific set of ini-
tial and endpoint values to assess for the outcome at the end of the 20-week intervention and
at 4 weeks post-intervention (end of trial).

RCT of BCI treatment for ADHD
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Safety outcomes consisted of the number and proportion of patients reporting treatment-
emergent adverse events as recorded in the PAERS as well as the type, (worst) severity and fre-
quency of each adverse event.

Sample size
To detect a moderate effect size of 0.5 on the clinician-rated ADHD-RS Inattention score (i.e.
the difference in mean change fromWeek 0 to 8 between BCI-intervention and waitlist-con-
trol groups), with a two-sided 5% significance level and a power of 80%, a sample size of 80
subjects per group was necessary, allowing for up to 20% losses to follow-up[24, 25].

Randomization
The randomization sequence was created using Statistical Analysis Software (SAS) 9.3 (New
Cary, North Carolina, USA) by the Singapore Clinical Research Institute (SCRI), a third party
research organization without clinical involvement in the trial. The randomization sequence
was stratified by gender and age (6 to 9 years and 10–12 years) with a 1:1 allocation using ran-
dom permuted block sizes of 4 and 6. Upon the patients’ signing of informed consent and
assent, authorized study personnel used a password-protected web-based system that imple-
mented the randomization sequence. The system automatically assigns the eligible patients to
the treatment groups upon entering patient’s initials and details of stratification factors.

Blinding
Whereas patients, their parents and study investigators were aware of the treatment allocation,
clinicians who conducted outcome assessments and the teachers who provided feedback were
kept blinded to the treatment allocation. Patients and their parents were regularly advised not
to inform the clinicians and teachers of the group the patients were allocated.

Data analysis
To address the primary hypothesis of evaluating a short-term BCI treatment effect, we used
the two-sample t-test to compare the mean change in the clinician-rated ADHD-RS Inatten-
tion Score fromWeek 0 to Week 8 between the BCI-intervention and waitlist-control groups
(S1 Dataset). The difference in means between the two groups and its 95% confidence interval
are reported. We used the same procedure to analyze secondary efficacy endpoints, namely
parent-rated ADHD-RS Inattention score and t-scores in the CBCL Inattention, Internalizing
and Externalizing domains. Analyzes were performed on a modified intent-to-treat popula-
tion, that is all randomized patients who had non-missing Week 8 assessments, irrespective of
eligibility status or compliance with protocol, and analyzing them under the group they were
randomized to.

We did not impute missing Week 8 assessments, but conducted sensitivity analyzes using a
mixed model repeated measures (MMRM) approach using all available data to verify robust-
ness of the results[26]. In the model specification, we included the fixed categorical effects of
gender (M or F), age stratum (6–9 years or 10–12 years), treatment allocation (BCI-interven-
tion or waitlist-control), time (Week 0, 8, 20, 24 for BCI-intervention and 0, 8, 16, 28 and 32
for waitlist-control) and the treatment-by-visit interaction as well as the fixed continuous
covariate of Week 0 score. We specified a group-specific Toeplitz covariance structure to
model the within-patient effects and the Kenward-Roger approximation to estimate denomi-
nator degrees of freedom. The primary treatment comparison was the contrast in least squares
means between the two groups at the Week 8 visit.

RCT of BCI treatment for ADHD
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To assess the effect of the 20-week intervention program, we pooled paired data from both
groups. The paired data consisted of change in efficacy endpoints as rated by clinicians and
parents at week 20 from week 0 in the BCI-intervention group and changes at week 28 from
week 8 in the waitlist-control group. We subtracted post-BCI from pre-BCI scores, and a posi-
tive change score indicated an improvement. We then summarized the change scores using
means and standard deviations and tested for significance using the paired t-test. We quanti-
fied uncertainty by reporting 95% confidence intervals.

We followed up on all subjects 4 weeks after treatment completion and analyzed these
results using change in efficacy endpoints at Week 24 from week 0 in the BCI-intervention
group and changes at Week 32 fromWeek 8 in the waitlist-control group. We used the same
MMRMmodel described earlier to visualize the longitudinal changes in clinician-rated
ADHD-RS Inattention scores in both groups.

To assess safety, we included all participants who received at least one BCI session, pooling
data from both groups. We obtained the number and proportion of participants reporting
treatment-emergent adverse events with an onset date on or after date of first use of the BCI
device. We also obtained the type, (worst) severity and frequency of treatment-emergent
adverse effects. We used counts and proportions to assess safety of the BCI device.

Where applicable, all tests of hypotheses were two-tailed and performed at a 5% level of sig-
nificance. Statistical analyzes were implemented using SAS 9.4 (SAS Institute, Cary North
Carolina, USA).

Results
Study participation
A total of 172 participants were recruited in the study, including 147 males (85.5%) and 25
females (14.5%). The trial commenced in January 2013, and ended in June 2016 after recruit-
ment target of 172 participants were met. Table 1 provides a summary of their demographic

Table 1. Baseline socio-demographic and clinical characteristics.

BCI-Intervention
(n = 81)

Waitlist control
(n = 82)

Total
(n = 163)

Age, Mean (SD) 8.7 (1.37) 8.6 (1.69) 8.6 (1.54)
Gender

Male 69 (85.2) 69 (84.1) 138 (84.7)
Female 12 (14.8) 13 (15.9) 25 (15.3)

Ethnicity
Chinese 72 (88.9) 74 (90.2) 146 (89.6)
Malay 3 (3.7) 3 (3.7) 6 (3.7)
Indian 4 (4.9) 2 (2.4) 6 (3.7)
Others 2 (2.5) 3 (3.7) 5 (3.1)

Children Global Assessment Scale
n 66 60 126

Mean (SD) 63.2 (7.39) 61.3 (10.57) 62.3 (9.06)
Median (IQR) 64.0 (10.0) 61.5 (9.5) 62.0 (10.0)

CDISC-type of ADHD
Combined 41 (50.6) 54 (65.9) 95 (58.3)
Inattention 40 (49.4) 28 (34.1) 68 (41.7)

ADHD-RS Inattention score, Mean (SD) 18.9 (4.25) 18.6 (4.38) 18.7 (4.31)

https://doi.org/10.1371/journal.pone.0216225.t001
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and clinical characteristics. Their mean age was 8.6 (SD = 1.51). The groups appear compara-
ble in most of their baseline characteristics. With respect to CDISC-type of ADHD, there were
15% more participants of the combined subtype in the waitlist-control group than the BCI-
intervention group.

Primary outcome
The description and analysis of clinican-rated ADHD-RS scores are presented in Table 2.
There was a mean change (improvement) of 3.5 (SD 3.87) points on the inattentive symptom
score at week 8 for the BCI-intervention group on the clinician-rated ADHD-RS, compared to
a corresponding mean change of 1.9 (SD 4.42) points for the untreated controls. The mean dif-
ference (MD) was 1.6 (95% CI 0.3 to 2.9, p = 0.0177).

Secondary efficacy outcome analyzes
The assessment of changes at the end of the 20-week intervention and at 4 weeks post-inter-
vention refers to the mean of paired differences (pre-post BCI scores) in the pooled BCI-inter-
vention and waitlist-control groups. Based on the clinician-rated ADHD-RS Inattention
scores (see Table 2), the maintenance phase was associated with a mean change (improvement)
of 2.4 points (95% CI 1.6 to 3.2) after completing the 20-week intervention program. The
improvement was maintained 4 weeks post-intervention, as indicated by mean change from
start of intervention to the end of trial (i.e., 4 weeks after completing intervention), 3.3 points
(95% CI 2.5 to 4.2). Other secondary outcomes which were collected, the clinician-rated Chil-
dren’s Global Assessment Scale (CGAS), Clinical Global Impression Scale (CGI-S) and Clini-
cal Global Improvement Scale (CGI-I) have been summarized in S2 File and in S1 Table.

Table 2. Primary efficacy (m-ITT) analysis: Clinician-rated ADHD-RS, Inattention score.

Time BCI-Intervention
(n = 81)

Waitlist
control
(n = 82)

Effect size
T-test MMRM

Mean SD Mean SD MD (95% CI) MD (95% CI)
Short-term efficacy (post 8-week training)

Week 0 18.9 4.25 18.6 4.38 1.6
(0.3 to 2.9)
p = 0.0177a

1.5b

(0.2 to 2.3)
p = 0.0218

Week 8 15.5 4.48 16.7 5.14
Change� 3.5 3.87 1.9 4.42

Post-intervention (20-week training)
Week 0/8c 18.9 4.25 16.7 5.14 2.4e

(1.6 to 3.2)
p<0.0001f

2.4
(1.6 to 3.1)
p<0.0001

Week 20/28c 15.6d 5.26d 15.6d 5.12d

Change� 3.3 5.55 1.4 3.94
4-week post-intervention

Week 0/8c 18.9 4.25 16.7 5.14 3.3e

(2.5 to 4.2)
p<0.0001f

3.2
(2.5 to 3.9)
p<0.0001

Week 24/32c 14.3d 5.68d 14.8d 5.09d

Change� 4.7 5.94 2.0 4.26

� Positive change scores indicate improvement from initial time-point
a two-sample independent t-test, n = 158 (size of modified intent-to-treat population)
b difference between least squares (LS) means estimated from mixed model repeated measures (MMRM) approach, n = 163
c Change calculated fromWeek 0 in BCI-Intervention and Week 8 in Waitlist control
d BCI sample sizes at Week 8, 20 and 24 are 78, 74 and 73 respectively; Waitlist control sample sizes at Week 8, 28 and 32 are 80, 72 and 72 respectively.
e Mean change score from pooled BCI-Intervention and Waitlist control groups
f One-sample t-test to test null hypothesis that mean is equal to zero

https://doi.org/10.1371/journal.pone.0216225.t002
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Parent-reported ADHD-RS inattentive symptom outcomes were consistent with the clini-
cian-rated results in all three efficacy aspects (Table 3). At Week 8, participants randomized to
the BCI intervention and waitlist-control groups both improved by 4.0 (SD 4.8) and 1.8 (4.21)
points respectively. The difference in mean improvement between groups was 2.2 (95% CI 0.8
to 3.6, p = 0.0024). Pooling both groups, the mean improvement from pre-BCI to post-BCI
training was 3.1 points (95% CI 2.2 to 3.9, p<0.0001) and the long-term efficacy from pre-BCI
to the end of the trial was 3.8 points (95% CI: 2.8 to 4.7, p<0.0001). The magnitude of benefit
due to, or associated with the BCI treatment effect are larger in the parent-reported compared
to clinician-rated ADHD-RS.

Parent-rated CBCL externalizing and and internalizing problem score found change
(reduction) in the internalizing problem score of 5.5 (SD 7.58) in the BCI-treatment group to
be significantly greater than the reduction of 2.1 (SD 7.19) seen in the waitlist-control group
(MD 3.4, 95% CI 1.0 to 5.7, p = 0.005) at week 8 compared to week 0. However, the change in
externalizing problem scores was not statistically significant between groups (MD 0.8, 95% CI
-1.2 to 2.9, p = 0.417) (see Table 3).

Table 3. Secondary efficacy analysis: Parent-rated ADHD-RS, and CBCL.

Outcome Treatment (n = 81) Control (n = 82) Effect size
Parent-rated ADHD-RS Mean SD Mean SD Mean Difference

(95% CI); p-value
Week 0 18.9 4.84 18.6 4.24
Δ� at Week 8 4.0 4.80 1.8 4.21 2.2 (0.8 to 3.6);

p = 0.0024a

Δ� at Week 20/28 4.1 5.59 2.1 4.49 3.1b (2.2 to 3.9);
p<0.0001c

Δ� at Week 24/32 5.3 6.17 2.2 4.66 3.8b (2.8 to 4.7);
p<0.0001c

Parent-rated CBCL: Internalizing Mean SD Mean SD Mean Difference
(95% CI); p-value

Week 0 61.2 10.1 60.9 10.59
Δ� at Week 8 5.5 7.58 2.1 7.19 3.4 (1.0 to 5.7);

p = 0.005 a

Δ� at Week 20/28 6.5 8.76 2.1 9.36 4.3b (2.8 to 5.9);
p<0.001 c

Δ� at Week 24/32 7.1 8.76 3.9 8.45 5.5b (4.1 to 6.9);
p<0.001 c

Parent-rated CBCL: Externalizing Mean SD Mean SD Mean Difference
(95% CI); p-value

Week 0 62.5 9.45 64.6 9.19
Δ� at Week 8 3.3 6.54 2.5 6.51 0.8 (-1.2 to 2.9);

p = 0.417 a

Δ� at Week 20/28 3.7 8.20 1.7 7.16 2.7b (1.4 to 4.0);
p<0.001 c

Δ� at Week 24/32 4.7 8.70 1.9 7.40 3.3b (1.9 to 4.6);
p<0.001 c

� Δ = change score; Δ> 0 indicates improvement, Δ = 0 no change and Δ < 0 deterioration; in Waitlist control group, Δ is calculated fromWeek 8 when the child starts
intervention, for changes at end of intervention (week 28) and end of trial (week 32).
a Mean difference, independent two-sample t-test
b Mean of change scores from pooled BCI-treatment and Waitlist control groups
c One-sample t-test result to test null hypothesis that mean score is zero

https://doi.org/10.1371/journal.pone.0216225.t003
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Sensitivity analyzes on clinician-rated ADHD-RS inattention score based
onMMRM
Key results of sensitivity analyzes based on MMRM approach, which is robust to data missing
at random, is shown in Fig 3. Details of difference estimates and their 95% CIs from the
MMRM are shown in the last column of Table 2. The data pattern is broadly consistent with
the main analysis presented above. At the short-term, improvement was significantly greater
in subjects randomized to the intervention group (3.4 points, 95% CI: 2.5 to 4.4) compared
with subjects in the waitlist-control (1.9 points, 95% CI: 0.4 to 3.3), or a mean difference of 1.5
points (95% CI: 0.2 to 2.3, p = 0.0218). At the end of maintenance training (Week 20/28), the
improvement from pre-BCI (week 0 in BCI-treatment and week 8 in waitlist-control) was sus-
tained in both groups. The paired pre-post BCI mean difference was 3.2 (95% CI: 1.9 to 4.6)
and 1.2 (95% CI: 0.2 to 2.4) points in theintervention and waitlist-control groups respectively.
The pooled mean change was 2.4 (95% CI 1.6 to 3.1) (see Table 2). At Week 4 after the end of
maintenance training (Week 24/32), the improvement from pre-BCI (week 0 in intervention
and week 8 in waitlist-control) persisted in both groups, that is, neither reversion nor deterio-
ration in inattentive scores were seen. The paired pre-post BCI mean difference was 4.5 (95%
CI: 3.1 to 5.6) and 1.8 (95% CI: 0.7 to 3.3) points in the BCI-intervention and waitlist-control
groups respectively, or a pooled mean change of 3.2 (95% CI 2.5 to 3.9). The inattentive symp-
tom profiles in both groups were consistent with the hypothesized trend.

Fig 3. Analysis and results of clinician-rated ADHD-RS inattention score.

https://doi.org/10.1371/journal.pone.0216225.g003
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Adverse events
A total of 11 (6.4%) children reported at least one adverse event and headache was the com-
monest complaint, followed by dizziness (S2 Table). Only 1 participant reported 2 different
adverse events–headache and trouble paying attention/concentrating–on one occasion. None
of these adverse events required medical treatment or was rated to be severe. In most cases, the
participants were able to carry on with the intervention session after they were given a short
break.

Discussion
There is a plethora of research exploring alternative treatment modalities such as supplementa-
tion, dietary restriction and complementary treatment, although none appear to have thera-
peutic efficacy matching medication[27]. In search for an alternative therapy for ADHD which
can be safer and yet effective, researchers have looked into other executive deficits commonly
identified in children with ADHD[28].

The results showed that the BCI-based attention training program could improve the inat-
tentive symptoms of ADHD after 8 weeks of 20 to 24 intervention sessions, when compared to
untreated controls. The short-term efficacy effect size was small (about 0.4 SD) when rated by
blinded clinicians but moderate according to parents’ ratings. Among untreated controls,
there was a small overall improvement in the inattentive symptoms after an 8-week waitlist
period, based on both clinicians’ and parents’ ratings. This could be the result of being
involved in a trial (‘halo effect’) or parents could have implemented behavioral strategies to
manage their ADHD symptoms. Parents today are often well-read and may have received
behavioral management strategies from their previous treating psychiatrists. The subsequent
monthly maintenance training did not appear to further improve the inattentive symptoms,
but may have some value in sustaining the gains made.

During the trial, there were few adverse events and none of them required further medical
attention. The commonest adverse events were headache and giddiness. These were likely to
be related to the discomfort from the headset, having to sustain their attention for a period of
time and the effect of staring at the computer screen. Compared to our pilot trials which we
used an EEG cap and a different brand of headset respectively, the incidence of adverse events
were lower in this trial. This could in part be due to the relative comfort of the headset which
has an outer cushion lining. The headset can also be adjusted to fit the child’s head size
although it cannot be too loose as there needs to be close contact between the electrodes and
the skin for the EEG waves to be accurately picked up.

When we designed this novel intervention program, we drew inference from previous stud-
ies on cognitive training including neurofeedback therapy, on the number of training sessions
needed. Neurofeedback therapy is based on the hypothesis that correcting abnormalities on
the EEG related to cortical slowing, such as increased relative theta power and increased theta/
beta power ratios, would result in improvement of clinical symptoms[29]. The literature sug-
gested that the minimum number of sessions was 20, and could go up to 80 sessions to train
the individual to modify their EEG waves. We were limited to using the shortest training
schedule in our trial as most parents preferred to participate during their children’s school hol-
idays which spanned about 8 weeks. Our pilot trials showed that 24 sessions over an 8-week
period could be effective and the dropout rate was not excessive. With the available knowledge,
we therefore defined treatment completers as those who completed a minimum of 20 sessions.
There is a possibility that further increasing the number of training sessions can improve the
inattentive symptoms more and this is a possible area for future studies to explore.
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Studies across different populations have suggested that children and adolescents with
ADHD can experience significant anxiety and mood symptoms which can further add to their
impairment[30, 31]. Following treatment with the BCI-based attention training program, the
children in our study showed improvement in their internalizing symptoms. There was how-
ever no statistically significant improvement in the attention problem subscale although we
did not power our study to detect this. This improvement in internalizing symptoms could be
secondary to the reduction in their ADHD symptoms. As their ADHD symptoms improved,
they would become more likely to experience less impairment and negative experiences, which
would in turn reduce their anxiety and negative mood. However, as these were parent-
reported, it could also be possible that parents assessed their child to experience less internaliz-
ing problems upon noticing reduction in ADHD symptoms and negative behaviors. Alleviat-
ing these internalizing symptoms is important during treatment as co-existing anxiety
symptoms has been associated with poorer outcome in children with ADHD as compared to
their peers[32].

It would have been ideal if we could get information from the teachers who would have
been ideal blinded assessors, but our pilot trial experience showed that it was difficult to get an
adequate response rate from teachers. Hence we decided to utilize blinded clinician ratings
instead for our primary outcome. Consistent with other studies showing that the male to
female ratio tends to be more skewed in clinical than community samples, almost 90% of our
participants were males. This could limit the generalisability of the trial results to the popula-
tion. Also, parents who participated could be more likely to be motivated and there would be
possibility of response bias.

The advantage of our BCI-based attention training program over most other cognitive
training programs utilizing EEG information is that it is relatively simple to use. As the equip-
ment needed is only a headset and a computer, there is potential for this intervention to be
developed into a home-based treatment. This can make treatment more convenient and acces-
sible. Its relative safety is also likely to make it more acceptable to parents compared to phar-
macotherapy with the associated medication-related side effects.

Conclusions
This RCT demonstrated improvement in inattentive symptoms among children with ADHD
with our BCI-based attention training program. This intervention is also safe, engaging and
well-tolerated. It can potentially be used to treat milder ADHD symptoms or as an adjunctive
therapy. Future trials can investigate the effects of different intensities of training. This
approach can be developed into a home-based treatment option and offer increased conve-
nience and accessibility.
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