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A primary goal of this study was to examine the impact of an Integrated Brain, Body, and Social (IBBS) inter-
vention (multi-faceted treatment consisting of computerized cognitive training, physical exercise, and behavior
management) on ERPs of attentional control (P3 & N2) in children with ADHD. The secondary goal was to test
the differences between children with and without ADHD on ERP and Go/No-Go behavioral measures. A total of
twenty-nine participants (M age = 7.14 years; 52% male; 41.4% white) recruited from the IBBS efficacy study
comparing IBBS to Treatment-As-Usual (TAU) completed a Go/No-Go task before and after treatment as brain
activity was recorded using EEG. Thirty-four matched healthy controls (HC) completed the same EEG procedures
at a single time point. Following treatment, the Go P3 latency was significantly earlier for the IBBS group relative
to the TAU group. No treatment effects were found on any behavioral measures. Prior to treatment, there was a
significant difference between the ADHD group and HC group for the N2 difference wave. Children with ADHD
also showed slower reaction times on behavioral measures. Although this pilot study did not reveal robust
treatment effects, it suggests that IBBS may prevent the worsening of attentional systems in the brain and larger
studies are needed for replication purposes.

1. Introduction deficit model of ADHD is supported by findings of poorer performance

on neuropsychological tests where children with ADHD show more

Attention-deficit/hyperactivity disorder (ADHD) is a common neu-
rodevelopmental disorder characterized by age-inappropriate levels of
inattention, hyperactivity, and impulsivity that causes impaired func-
tioning. These symptoms often persist into adulthood and are asso-
ciated with poor developmental outcomes including occupational pro-
blems, other psychiatric disorders, substance abuse, criminal activity,
and higher mortality rates (Cherkasova et al., 2013; Dalsgaard et al.,
2015; Knecht et al., 2015). ADHD symptoms are thought to reflect an
underlying executive function (EF) deficit, primarily in the domains of
attention, response inhibition, and working memory (Castellanos and
Tannock, 2002; Hervey et al., 2004). EFs are higher-order cognitive
processes underlying goal-directed behavior that have a profound in-
fluence on a child's ability to learn, problem-solve, plan, and perform
everyday tasks and activities (Kornell and Metcalfe, 2006). An EF

errors and have slower, more variable responses than healthy control
(HC) children (Willcutt et al., 2005). However, these group differences
are usually medium-sized effects (Cohen's d = 0.4-0.7), with not all
children with ADHD showing EF deficits (Willcutt et al., 2005).

A lack of consistency in finding EF impairments among children
with ADHD may be explained in several ways. First, the methods used
to measure EFs are widely variable (e.g., multiple versions of the same
test, multiple scores extracted from these tests with varying levels of
sensitivity; see Seidman, 2006). Second, EFs are extremely difficult to
operationalize or capture, as each EF consists of several non-shared
components (Kelly et al., 2006; Miyake et al., 2000). Third, it has been
suggested that there may be multiple EF profiles subsumed under the
broader ADHD diagnostic category (Nigg et al., 2005), where some
children show the greatest difficulties with impulsivity related to
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response inhibition, others struggle with cognitive flexibility in shifting
attention between tasks, and still others cannot be differentiated from
their typically developing peers based on their neuropsychological
profile (Castellanos et al., 2006; Fair et al., 2012; Nigg et al., 2005);
subtypes that have been recently supported by emerging evidence from
a study employing cluster analyses (Roberts et al., 2017). Fourth,
neuropsychological tests may not be sensitive enough to detect the EF
deficits of all children diagnosed with ADHD, as they tend to reflect the
end product of underlying cognitive processes in the form of a beha-
vioral response. The majority of EF measures have adequate predictive
validity for ADHD (i.e., true positives); however, an average perfor-
mance on a neuropsychological test cannot rule out an ADHD diagnosis
(i.e., false negatives; Doyle et al., 2000; Hinshaw et al., 2002; Lovejoy
et al., 1999). Thus, such tests are not recommended as the only method
to establish an ADHD diagnosis, but are useful in providing cognitive
profiles of strengths and weaknesses for treatment purposes and as-
sessing changes in functioning over time (Seidman and Bruder, 2003;
Seidman and Toomey, 1999).

To better elucidate the neurocognitive processes that increase the
risk for ADHD, electrophysiological measures, such as event-related
potentials (ERPs), have been paired with neuropsychological tests to
detect the cascade of neural processes before, during, and after a be-
havioral response. Two ERP measures that are relevant to ADHD and
typically elicited during Cued Go/No-Go tasks include the P3b (positive
deflection occurring at around 300 ms after the stimulus at posterior
parietal locations) and N2 (negative deflection occurring at around
200 ms after the stimulus at fronto-central sites), as they index in-
formation processing with respect to stimulus discrimination/updating
for task-related improbable events (P3b) and conflict monitoring (N2),
respectively, and are both associated with attentional control (Barry
et al., 2003; Donkers and van Boxtel, 2004; Helenius et al., 2011;
Polich, 2007; Tye et al., 2014). Studies in children with ADHD are
consistent in showing attenuated P3 amplitudes during Go and No-Go
trials and attenuated N2 amplitudes during No-Go trials as compared to
HC children (Albrecht et al., 2008; Barry et al., 2003; Brandeis et al.,
2002; Wiersema et al., 2006). Moreover, increased N2 latencies have
been reported in young children and adolescents with ADHD (Lazzaro
et al.,, 2001; Satterfield et al., 1984). However, results for P3 latency has
been more mixed with some studies finding increased P3 latencies,
others finding decreased P3 latencies, and still others finding no dif-
ferences between ADHD and HC groups (Loiselle et al., 1980; Johnstone
et al., 2001; Winsberg et al., 1993). Finally, a reduced or non-existent
No-Go effect (No-Go amplitude > Go amplitude) for the P3 and N2 has
been revealed in participants with ADHD (Holcomb et al., 1986;
Satterfield et al., 1988). A larger No-Go amplitude than Go amplitude is
expected as more attentional allocation is required to detect changes
triggered by the less frequent No-Go stimuli.

ERPs have also been increasingly used to evaluate treatment re-
sponse at the neurophysiological level. Stimulant medications (i.e.,
methylphenidate) have been shown to increase P3 and N2 amplitudes
in children with ADHD so they are comparable to HC children (Broyd
et al., 2005; Groom et al., 2010; Janssen et al., 2016; Ozdag et al.,
2004). Medication effects have also been shown for ERP latencies, with
P3 latencies reduced (earlier response to infrequent targets) and N2
latencies enhanced (later response to infrequent targets) following
treatment (Ozdag et al., 2004; Sunohara et al., 1999). Interestingly,
Broyd et al. (2005) found that for younger children with ADHD (aged
8-11 years), the Go N2 amplitude was significantly larger than the No-
Go N2 amplitude pre-medication and the expected No-Go N2 effect (No-
Go N2 > Go N2), as seen in HC children, was found post-medication.
Overall, these results suggest that N2 and P3 ERP measures may be
sensitive to the effects of ADHD interventions.

This study evaluated the impact of a non-pharmacological treatment
for ADHD, an Integrated Brain, Body, and Social (IBBS) intervention, on
ERP measures elicited by a Go/No-Go task. The development of new
interventions for ADHD is warranted as existing and well-established
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interventions (e.g., medication, behavior management) do not address
all executive function impairments associated with ADHD, which was
the primary intent behind developing cognitive working memory
training (CWMT) interventions. Although initial findings were quite
promising for CWMT as neuropsychological tests of working memory
showed improvement (e.g., Bigorra et al., 2016; Johnstone et al., 2012;
Klingberg et al., 2005, 2002), recent work suggests that the effects of
CWMT may not transfer to untrained domains (i.e., ADHD symptoma-
tology, other related cognitive processes) (Chacko et al., 2014; Gray
et al., 2012; Green et al., 2012; Johnstone et al., 2012; Mawjee et al.,
2015; Rapport et al., 2013; Smith et al., 2016; Sonuga-Barke et al.,
2013; van der Donk et al., 2015; van Dongen-Boomsma et al., 2014)
and issues concerning the dose and broadness of these training pro-
grams may have contributed to a lack of treatment effects. To address
these limitations, IBBS combined computerized cognitive training
(brain component) with physical exercise (body component) and an
evidence-based behavior management strategy (social component) and
built on previous CWMTs in three important ways. First, IBBS trains
eight executive functions (i.e., sustained attention, response inhibition,
speed of processing, cognitive flexibility, multiple simultaneous atten-
tion, working memory, category formation, pattern recognition) known
to be implicated in ADHD (Crippa et al., 2015; Huang-Pollock et al.,
2014; Willcutt et al.,, 2005) whereas standard CWMT only targets
working memory. Second, IBBS employs an additional method of
training by means of physical exercise, as previous research has shown
the benefits of exercise in improving performance on neuropsycholo-
gical tests of EFs (Grassmann et al., 2014; Kamp et al., 2014) and rat-
ings of ADHD symptoms (Abramovitch et al., 2013; Verret et al., 2012).
Third, IBBS includes a behavior management technique (social com-
ponent of IBBS) to encourage the engagement of children as they
completed cognitive training and physical exercises (Chacko et al.,
2014). Importantly, previous research has suggested that CWMT and
acute physical exercise improve ERPs of attentional control among
children with ADHD (Johnstone et al., 2010; Ludyga et al., 2017;
Pontifex et al., 2013). Specifically, CWMT has resulted in increased N2
amplitudes, particularly for No-Go trials, following 5-weeks of cognitive
training, and a one-time session of acute exercise has led to larger P3
amplitudes post-treatment.

The results of a randomized controlled trial comparing IBBS versus
Treatment-As-Usual (TAU) and its impact on ADHD symptomatology
and neurocognitive functioning are presented elsewhere (Smith et al.,
2016) and this paper reports novel ERP and behavioral data from an
add-on pilot study of this larger clinical trial. Although the results of the
Smith et al. (2016) study did not reveal robust behavioral changes (i.e.,
performance on neuropsychological tests, ADHD symptomatology), as
only one measure of working memory suggested a potential training
effect, it is still possible that observable changes may be discerned via
ERP measures since changes in the brain may come before changes in
behavior and testing this possibility is important to more thoroughly
evaluate this novel intervention. The goals of this study were two-fold.
First, we aimed to evaluate the impact of IBBS on ERPs of attentional
control (P3 & N2) in young children with ADHD considering IBBS was
designed to specifically target these executive functions and treatment
components of IBBS (i.e., CWMT & physical exercise) have been found
to improve these ERP measures (Johnstone et al., 2010; Ludyga et al.,
2017; Pontifex et al., 2013). Specifically, we predicted that children
randomized to IBBS would show increases in the P3 and N2 amplitudes
for Go and No-Go trials following treatment as compared to TAU. We
also evaluated whether the No-Go N2 effect (No-Go N2 > Go N2)
emerged following treatment with IBBS since this outcome has been
found in the extant literature for children with ADHD treated with
stimulant medication (Broyd et al., 2005). On an exploratory basis,
changes in P3 and N2 latencies were examined, as discrepant findings
have been reported within and across medication studies, especially for
the N2 (Liu et al., 2017; Ozdag et al., 2004; Sunohara et al., 1999).
Second, we aimed to test group differences between children with and
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without ADHD on ERP and behavioral performance measures (No-Go
accuracy, Go reaction time, Go reaction time variability) obtained
during a Go/No-Go task. It was of interest to determine if the same
brain abnormalities found when comparing ADHD children to HC
children would also be improved by IBBS.

2. Methods
2.1. Participants

This study included 2 groups of participants; children with ADHD
who participated in the large-scale clinical trial of IBBS (Title:
Integrated Brain, Body, and Social (IBBS) intervention for Attention-
Deficit/Hyperactivity —Disorder; http://clinicaltrials.gov/ct2/show/
NCT01542528) and a matched sample of typically developing chil-
dren without any psychological disorders. The first group of partici-
pants recruited from the IBBS efficacy study met the following inclusion
criteria: 1) age between 5 and 9 years, 2) confirmed DSM-IV-TR diag-
nosis of ADHD or subthreshold diagnosis of ADHD (one symptom below
diagnostic criteria), 3) IQ of 80 or above, and 4) stable dose of ADHD
medication for one month (if applicable). Exclusion criteria included: 1)
history of a neurological disorder, concussion, or head injury, 2) severe
or impairing comorbid psychological diagnosis requiring immediate
therapeutic attention (e.g., psychosis, acute behavior problems, bipolar
disorder), 3) psychotropic medication other than that prescribed for
ADHD, and 4) motor or visual impairment that would prevent partici-
pation in the IBBS intervention.

A total of thirty-seven participants agreed to participate in the add-
on EEG study, representing 40% of the original IBBS clinical trial
sample. Prior to randomization, one participant dropped out of the IBBS
study. Of the remaining participants, 20 were randomized to IBBS and
16 were randomized to TAU. Thirty-two subjects completed endpoint
assessments, resulting in a sample of 32 subjects with post-randomi-
zation EEG data. Of these, data from 3 participants were excluded from
analyses due to a high level of motion resulting in an insufficient
number of artifact-free No-Go trials at one of the time points (baseline,
N =1 or endpoint, N = 2). A final sample of 13 IBBS participants and
16 TAU participants were analyzed to evaluate the effects of the IBBS
treatment on ERP measures of attentional control.

The second group of participants included thirty-seven healthy
control (HC) children matched on age and gender. Following a mass
mailing, the parents of these participants indicated an interest in par-
ticipating in future studies and were contacted via telephone if their
children matched the demographics (i.e., age, gender, residential lo-
cation) of those children with ADHD who were already enrolled in the
EEG study. Three of the HC participants were excluded; two for in-
sufficient artifact-free EEG data and one for not pressing down the
button hard enough so responses were consistently recorded during the
Go/No-Go task. For group comparisons at baseline, the final sample
comprised of 35 participants with ADHD and 34 HC participants. See
Fig. 1 for a CONSORT diagram depicting the flow of participants and
Table 1 for demographic and clinical characteristics of the sample
disaggregated by group (IBBS vs. TAU, ADHD vs. HC). Importantly, no
group differences were found between these comparison groups for any
of these measures, suggesting that randomization performed as ex-
pected for the IBBS and TAU groups and the ADHD and HC groups were
well-matched.

2.2. Procedure

The present study was approved by the Yale University Human
Investigation Committee and by the school district where the IBBS in-
tervention was implemented. Informed written consent and assent was
obtained from the parents and children participating in this study prior
to the commencement of any study procedures. Participants were in-
vited to take part in the add-on EEG study at their baseline assessment
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for the larger IBBS study. During this baseline assessment, eligibility
status was determined primarily by means of a medical history (past &
current medical conditions, treatments) and a semi-structured clinical
interview (Kiddie Schedule for Affective Disorders and Schizophrenia-
Present and Lifetime Version [K-SADS-PL]; Kaufman et al., 1997) ad-
ministered by a master or doctoral-level clinician. A neurocognitive
assessment battery, a measure of general intellectual ability (Kaufman
Brief Intelligence Test, Second Edition [KBIT-2]; Kaufman and
Kaufman, 2004), and parent-rated and clinician-rated ADHD symptom
checklists (Swanson, Nolan, and Pelham Rating Scale [SNAPI];
Swanson, 1992) were also completed at this assessment visit. Rando-
mization to IBBS or TAU (stratified by medication status) occurred after
the baseline assessment and within the context of the larger IBBS
clinical trial. For those randomized to IBBS, the intervention lasted for
15 weeks, 3 days per week for 2 h in an after-school setting and was
implemented by school personnel (i.e., teachers, school counselors)
during the first half of the school year. They were also expected to
maintain their current ADHD treatment regimen (e.g., medication,
psychotherapy, school accommodations) that was initiated prior to
their enrollment into the study. The training of school personnel in-
volved two didactic workshops each lasting 3 h followed by the re-
search team modeling the treatment components until school personnel
were able to independently implement the program. This training was
supplemented by weekly meetings with the research team to answer
any questions or address any difficulties with program implementation
that arose during the study period.

The TAU group were instructed to continue with the same inter-
ventions already in place for their ADHD, but refrain from modifying or
adding anything new to their treatment regimen for the duration of the
study. Their compliance to this request was verified by a re-evaluation
of their treatment regimen after the 15 week wait-list period. The TAU
group had the option of participating in the IBBS intervention during
the second half of the school year after their endpoint assessments. The
same study measures were then repeated within 4 weeks after the
completion of the IBBS intervention program.

Baseline and endpoint EEG visits either occurred during the IBBS
assessment visits following at least a 15-minute break or at another visit
that was most convenient for families within the established time frame
of the IBBS baseline and endpoint assessment visits. For those partici-
pants who were taking ADHD medication, they were asked to remain on
their medication for all study visits. The visit for the add-on EEG study
lasted approximately 1 h and included three computerized tasks (i.e.,
Go/No-Go task, resting state task, reward-feedback task) administered
during electroencephalography (EEG) recordings. Participants were
closely monitored by highly trained research assistants (RAs) who
oversaw stimulus presentation and data acquisition to ensure the
quality of EEG data. Participants were also given stickers to promote
motivation in between tasks or at pre-determined breaks programmed
into the tasks, which were always administered in the same order as
listed above. Participants received $40 for completing EEG study pro-
cedures at each visit.

The HC participants were assessed for eligibility by trained master
or doctoral-level clinicians after expressing an interest in the EEG study
after initial phone contact. The absence of a neurological condition,
past head trauma, and past or current psychiatric diagnosis was con-
firmed by a clinical interview and parent-rated forms assessing ADHD
and related symptomatology during a one-time study visit. All HC
participants were medication naive. The EEG study procedures com-
pleted by the HCs were identical to the procedures completed by the
IBBS study participants. They also received $40 compensation for their
time and effort.

2.3. IBBS intervention

As mentioned previously, the IBBS intervention is comprised of
three treatment components. The brain component of IBBS includes


http://clinicaltrials.gov/ct2/show/NCT01542528
http://clinicaltrials.gov/ct2/show/NCT01542528

S.D. Smith, et al.

Psychiatry Research 278 (2019) 248-257

[ Enroliment

IBBS
Agreed to participate (n=37)

Randomized (n=36)

Healthy Control
Agreed to participate (n=41)

Excluded (n=4)

- ineligible due to ADHD/ODD
symptoms (n=2)

- withdrew consent (n=1)

[ Allocation

] - software malfunction (n=1)

A

Allocated to and
received IBBS
intervention (n=20)

Allocated to and
received Treatment
As Usual (n=16)

Allocated to HC (n=37)

Follow-Up }

A4

Lost to follow-up (n=4)

- negative experience in
program (n=1)
unresponsive to follow-up
contact (n=2)

enrolled in another program
(n=1)

[ Analysis ]

h 4

y

Analyzed (n=13) Analyzed (n=16)

Excluded from analysis
(n=3)
- EEG artifacts/movement

Analyzed (n=34)

Excluded from analysis (n=3)
- EEG artifacts/movement (n=2)
- unregistered response (n=1)

Fig. 1. CONSORT flow diagram.

three to five child-friendly computer games that at their most basic
level resemble common neuropsychological tests (e.g., Continuous
Performance Task, Wisconsin Card Sorting Task). Each game consists of
hundreds of levels with each level building upon itself, thereby placing
greater cognitive demand on the participant. The body component is a
set of physical exercises designed to train the same cognitive abilities in
the context of whole body activity and social activation as the brain
component. The physical exercises (e.g., balance training, relay races,
ball skills, aerobic dance, team sports) progress gradually from simple
to more complicated movements, thereby training additional cognitive
abilities as they increase in complexity. Lastly, the social component
(Good Behavior Game; GBG) is the only component of treatment not
specifically designed for IBBS. When playing the GBG, children worked
as a team to follow the rules of the program (e.g., “We will try our best”,
“We will follow instructions”) and were rewarded for their efforts (e.g.,
trip to the prize box, game of “follow the leader”). The overall aim of
the GBG was to reduce disruptive behaviors that might interfere with
the other components of IBBS and promote generalization to other
settings (school, home, community).

The IBBS intervention program lasted 15 weeks and was im-
plemented in an after-school setting 3 days a week for 2 h. The social
component was simultaneously carried out while the participants
completed the other treatment components (45 min of computer
games/brain component and 45 min of physical exercises/body com-
ponent). School personnel were always present during the brain and

body training in order to implement the social component of treatment,
answer any questions the children might have, or suggest alternative
strategies to improve their performance. A more detailed description of
the IBBS intervention and training of school personnel is presented in
our previous report focusing on the treatment effects of IBBS versus
TAU on neuropsychological tests and ADHD symptoms (Smith et al.,
2016).

2.4. Measures

2.4.1. Go/No-Go task

This 15-minute Go/No-Go task has been well-piloted in neuroima-
ging and electrophysiological studies with children in the age range and
diagnostic classification of the present study. In this version of the task,
participants were presented with every day, neutral objects (e.g., fur-
niture, clothing) enclosed in red or green frames. Participants were
directed to press a button if the frame was green (Go condition) and
withhold this response if the frame was red (No-Go condition). Stimuli
had a minimum presentation time of 800 ms and a maximum pre-
sentation time of 1150 ms with an inter-trial interval ranging from
500-1500 ms. Go and No-Go stimuli were presented pseudo-randomly
with at least 3 Go trials proceeding a No-Go trial to build up a strong
pre-potent response. Following a short practice, two blocks of 150 trials
were completed consisting of 240 Go trials (75%) intermixed with 60
No-Go trials (25%). An earned points display was presented after every
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Table 1
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Demographic and clinical characteristics of IBBS vs. TAU groups and ADHD vs. HC groups.

IBBS M(SD) N =13 TAUM(SD)N = 16 Group differences Test

statistic

ADHD M(SD)N =35 HC M(SD) N = 34 Group differences Test

statistic

Age (years) 7.23(1.42) 7.06(1.06) F(1,27) = 0.13,p = 0.72 7.03(1.32) 7.18(1.22) F(1,67) = 0.23, p = 0.63
Sex, N(%)

Male 7(53.8) 8(50.0) x*(1) = 0.04, p = 0.84 20(57.1) 21(61.8) x*(1) = 0.15, p = 0.70

Female 6(46.2) 8(50.0) 15(42.9) 13(38.2)
Race, N(%)

White 5(38.5) 7(43.8) 15(42.9) 17(50.0)

African American 6(46.2) 6(37.5) %*(3) = 0.36, p = 0.95 15(42.9) 9(26.5) %*(3) =1.91, p = 0.59

Hispanic 1(7.7) 1(6.3) 2(5.7) 3(8.8)

Other 1(7.7) 2(12.5) 3(8.6) 4(11.8)
KBIT 107.46(14.66) 99.63(11.52) F(1,27) = 2.60, p = 0.12 103.69(12.67) 107.82(13.67) F(1,67) = 1.70, p = 0.20
Parental Education (years) 15.46(2.29) 14.80(2.78) F(1,26) = 0.46, p = 0.50 15.24(2.55) 15.31(2.53) F(1,64) = 0.02, p = 0.90
ADHD Subtype, N(%)

Inattentive 5(38.5) 5(31.3) - - -

Hyperactive-Impulsive 2(15.4) 2(12.5) XZ(S) = 0.51,p =0.92 - - -

Combined 4(30.8) 7(43.8) - - -

Subthreshold for ADHD 2(15.4) 2(12.5) - - -
ADHD Medication, N(%)

Stimulants 2(15.4) 3(18.8) p = 0.60" - - -

Non-stimulants 1(7.7) 1(6.3) p=0.70" - -
Comorbidity, N (%)

Anxiety Disorder 1(7.7) 5(31.3) p = 0.14" - — -

Oppositional Defiant 2(15.4) 4(25.0) p = 0.44" - — -

Disorder
Autism Spectrum Disorder 1(7.7) 1(6.3) p=0.70" - — -

Abbreviations: HC = healthy control; IBBS = Integrated Brain, Body & Social Intervention, TAU = Treatment-As-Usual; M (SD) = mean (standard deviation);

N = number of participants; KBIT = Kaufman Brief Intelligence Test.
@ Fisher's Exact Test.
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25 trials and was calculated based on participant performance when
correctly responding to Go (worth 1 point) and No-Go (worth 2 points)
stimuli. The task resumed by pressing the spacebar on a keyboard
controlled by the RA overseeing administration. E-prime 2.0 software
(Psychology Software Tools, Inc.) was used to control stimulus pre-
sentation and record the accuracy and reaction time of responses. The
behavioral measures of interest for this task were No-Go accuracy, Go
reaction time, and Go reaction time variability.

2.4.2. EEG data acquisition and preprocessing

EEG channels were recorded during the Go/No-Go task using a high
density array of 128 Ag/AgCl electrodes arranged into a net (Geodesic
Sensor Net, EGI Inc., Eugene, Oregon) with a sampling rate of 250 Hz by

-
-

|

Fig. 2. ERP grand average waveforms for IBBS
and TAU groups post-treatment. Standard er-
rors for mean ERP curves are indicated using
shaded colors. Scalp topography of mean ERP
values during established time window for N2
and P3 is presented to right of waveforms.
Electrode plot indicates the location of the
electrodes for these ERP time courses. Graphed
waveforms reveal the Go P3 latency is sig-
nificantly earlier for the IBBS group as com-
pared to the TAU group.

IBBS No-Go

means of high impedance amplifiers (0.01 Hz high-pass, 100 Hz low-
pass). Impedances were kept at or below 40kohms and all electrodes
were referenced to Cz during recording. Netstation 4.4 software
package (EGI, Inc.) was used to record and preprocess all EEG data.
Following data acquisition, data were filtered with a 30-Hz low-pass
filter and segmented to epochs of 100 ms before and 1100 ms after
stimulus onset. Segments with extreme voltage fluctuations defined as
exceeding a threshold of 200 pV were marked as bad segments.
Channels with greater than 40% bad segments were marked as bad
channels. Bad channels and segments were replaced by spline inter-
polation. Eye blinks and eye movements were detected when vertical or
horizontal eye channels, respectively, exceeded a threshold of 150 pV.
Ocular artifact removal (OAR) was implemented to correct eye
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movements/blinks for all participants (Gratton et al., 1983). Trials were
then re-referenced from Cz to an average reference, baseline corrected
to a 100 ms pre-stimulus interval, and averaged within each condition
for each participant. Trials with more than 10 bad channels were re-
jected. A minimum of 10 usable ERP No-Go trials were required for
analyses, which is a threshold that has been used in other ERP studies
evaluating the impact of CWMT interventions (e.g., Liu et al., 2017). An
average of 29.47 segments (SD = 10.99, Range = 12-53) were retained
for the ADHD group and an average of 29.88 segments (SD = 10.88,
Range = 12-55) were retained for the HC group.

Automatic detection identified peak amplitude and latency for the
stimulus-locked component of N2 at frontocentral sites (average signal
recorded at Fz and surrounding 10 electrodes; Fig. 2) between 100 and
300 ms after stimulus onset for correct Go and No-Go trials. Average
amplitude and peak latency was used for the P3 at posterior parietal
sites (average signal recorded at Pz and surrounding 6 electrodes;
Fig. 2) between 300 and 900 ms after the stimulus for correct Go and
No-Go trials. Decisions of where and when to look for these ERP
components were based on prior research with ADHD children and
their typically developing peers using similar Go/No-Go tasks during
EEG recordings (e.g., Groom et al., 2010; Wiersema et al., 2006) in-
cluding the larger time window for the P3, which best captured this
ERP component for the full sample.

2.5. Statistical analyses

Prior to conducting analyses, the assumption of normality was
evaluated for the ERP and behavioral measures by graphically re-
viewing their distributions via Boxplots and calculating skewness and
kurtosis values. Two measures at time 1 and three measures at time 2
violated the assumption of normality and were also found to have
outliers. Once these outliers were handled by means of winsorization
(Wilcox, 2012), the values for skewness and kurtosis fell within ac-
ceptable limits.

A series of ANCOVAs were used to test the difference between IBBS
versus TAU at time 2 for all ERP measures of attentional control. For
each ERP measure, the model included its measurement at time 2 (post-
treatment) as the dependent variable, group (IBBS vs. TAU) as the in-
dependent variable, and its measurement at time 1 (pre-treatment) as a
covariate. The ANCOVA method was selected, as this approach has
been shown to have more power than Repeated Measures ANOVAs for
the analysis of small sample randomized controlled trials with two as-
sessment time points (Rausch et al., 2003; van Breukelen, 2013). Fur-
ther, ANCOVA methods have been used for similar study designs in-
vestigating the treatment effects of CWMT interventions for ADHD
(e.g., Solanto et al., 2010; van Dongen-Boomsma et al., 2014). Separate
ANCOVAs were run for Go and No-Go trials for each outcome measure.
The same ANCOVA models were then conducted to test changes in the
Go/No-Go behavior measures following treatment. Potential covariates
were identified by correlating demographic (e.g., SES, IQ) and clinical
characteristic variables (e.g., medication status, ADHD subtype, co-
morbidities) with study outcome variables. Based on the results of these
correlations, IQ, medication status, and ADHD subtype were entered as
covariates in the ANCOVA models; however, their effects were not
significant so our results are presented without their inclusion.

Group comparisons between the ADHD and HC groups on demo-
graphic characteristics, ERP measures, and behavior measures at time 1
were made using one-way ANOVAs for continuous variables and chi-
square tests for categorical variables. Cohen's d (i.e., the difference
between the change scores of each group divided by the pooled stan-
dard deviations at baseline) was calculated as a measure of effect size
(Morris, 2008). Given this was a pilot study with a relatively small
sample, the results of this study are reported without controlling for
multiple comparisons.
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3. Results
3.1. IBBS treatment effects on study measures

There were no significant treatment effects found for the N2 and P3
amplitudes for Go or No-Go trials. However, a significant treatment
group difference was found for Go P3 latency, F(1,26)=5.35, p = 0.03,
d = 1.12, such that the IBBS group had a significantly earlier P3 re-
sponse (M = 336.09, SD=32.42) relative to the TAU group
(M = 437.04, SD=155.95) following treatment. The N2 and P3 dif-
ference waves, serving as direct tests of the No-Go N2 effect (No-Go N2
> Go N2) and No-Go P3 effect (No-Go P3 > Go P3), also did not reveal
any significant group differences post-treatment (N2 difference wave: F
(1,26)=0.73, p = 0.40, d = 0.54; P3 difference wave: F(1,26)=1.45,
p =0.24, d = 0.17). On an exploratory basis, the same analytic ap-
proach used by Broyd et al. (2005) to evaluate the No-Go N2 effect and
No-Go P3 effect was employed where the Go and No-Go amplitudes for
each ERP at time 2 were compared for the IBBS and TAU groups se-
parately. A comparison of Go and No-Go N2 amplitudes at time 2 did
not reveal any significant differences for either group (IBBS group: t(12)
=1.61, p=0.27, d=0.21, TAU group: t(15)=0.19, p = 0.85,
d = 0.03); however, the No-Go P3 amplitude was found to be sig-
nificantly larger than the Go P3 amplitude for the IBBS group following
treatment, (12)=2.10, p = 0.05, d = 0.41, but no significant differ-
ence between Go and No-Go P3 amplitudes was found for the TAU
group, t(15)=0.65, p = 0.53, d = 0.16. There were no significant
treatment effects for any of the behavioral measures (i.e., Go accuracy,
No-Go accuracy, Go RT, and Go RT variability), F(1,26)=0.09-1.33,
p = 0.26-0.77, d= —0.02-0.49. Detailed descriptive and ANCOVA test
statistics are presented in Table 2. The ERP waveforms for the IBBS and
TAU groups after treatment are presented in Fig. 2 whereas the ERP
waveforms for these groups before treatment are shown in Figure S1.

3.2. Group comparisons of ADHD versus HC groups

As presented in Table 3, no significant group differences (ADHD vs.
HC) were found for the N2 and P3 amplitudes or latencies for Go and
No-Go trials. However, the N2 difference wave was significantly larger
for the ADHD group as compared to the HC group, F(1, 67)=6.82,
p = 0.01, d = 0.63. To further examine this finding, the Go and No-Go
N2 amplitudes at time 1 were compared for the ADHD and HC groups
separately. For the ADHD group, the Go N2 amplitude was significantly
larger than the No-Go N2 amplitude, t(34)=—2.63, p = 0.01,
d= —0.28, whereas there was no significant difference between Go and
No-Go N2 amplitudes for the HC group, t(33)=0.98, p = 0.34,
d = 0.09. Thus, neither the ADHD group nor the HC group evidenced a
No-Go N2 effect (No-Go N2 > Go N2), but this effect was in the op-
posite direction for the ADHD group (Go N2 > No-Go N2). Although
the P3 difference wave was not significantly different across groups
(ADHD vs. HC), F(1, 67)=2.69, p = 0.11, d = 0.40, the No-Go P3
amplitude was found to be significantly larger than the Go P3 ampli-
tude for the HC group, t(33)=3.41, p = 0.002, d = 0.58; however, no
significant difference was revealed for the ADHD group, t(34)=1.23,
p = 0.23, d = 0.14. Fig. S2 provides a graphical depiction of ERP wa-
veforms for the ADHD and HC groups at baseline.

With respect to the behavioral measures, a significant group dif-
ference was found for Go reaction time (RT), F(1, 67)=11.07,
p = 0.001, d = 0.80, where the ADHD group (M = 512.84, SD=70.06)
had a slower RT than the HC group (M = 462.16, SD=55.41). There
were no significant group differences for the remaining Go/No-Go be-
havioral measures (Go accuracy, No-Go accuracy, RT variability).

4. Discussion

The primary goal of this study was to examine whether changes in
ERP measures of attentional control (P3 and N2) were achieved
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Table 2
Test of group wise (IBBS vs. TAU) treatment differences for ERP and behavioral measures.
Measures IBBS N IBBS-baseline M(SD) IBBS-endpoint M(SD) TAU N TAU-baselineM(SD) TAU-endpoint M(SD) Test statistic Effect size® p-value
ERP Measures
Go N2 Amplitude 13 —8.61(3.24) —7.44(2.29) 16 —9.30(3.83) —8.52(3.79) F(1,26) = 0.54 —0.108 0.468
No-Go N2 Amplitude 13 —7.40(2.86) —8.10(3.32) 16 —8.42(3.89) —8.70(5.92) F(1,26) = 0.06  0.120 0.814
N2 Difference Wave 13 1.21(2.80) —0.66(2.05) 16 0.87(1.72) 0.24(3.44) F(1,26) = 0.73  0.542 0.402
Go N2 Latency 13 223.38(75.40) 194.69(72.70) 16 240.32(63.88) 236.55(67.02) F(1,26) = 2.23  0.499 0.147
No-Go N2 Latency 13 201.31(51.84) 185.20(64.44) 16 212.50(59.07) 187.98(75.80) F(1,26) = 0.02 —0.149 0.883
Go P3 Amplitude 13 7.01(5.79) 3.65(2.90) 16 5.85(4.67) 4.24(3.62) F(1,26) = 1.24 —0.333 0.276
No-Go P3 Amplitude 13 8.24(6.64) 5.84(5.41) 16 6.25(6.24) 4.91(4.82) F(1,26) = 0.06 —0.163 0.812
P3 Difference Wave 13 1.22(4.42) 2.19(3.77) 16 0.40(3.61) 0.67(4.12) F(1,26) = 1.45 0.174 0.240
Go P3 Latency 13 374.59(120.77) 336.09(32.42) 16 366.68(71.10) 437.04(155.95) F(1,26) = 5.35 1.118 0.029
No-Go P3 Latency 13 428.35(117.76) 409.05(76.50) 16 454.25(155.64) 434.07(112.23) F(1,26) = 0.37 0.006 0.548
Behavioral Measures
Go Accuracy 13 0.90(0.09) 0.91(0.08) 16 0.90(0.06) 0.88(0.10) F(1,26) = 1.33  0.397 0.260
No-Go Accuracy 13 0.79(0.14) 0.78(0.17) 16 0.82(0.08) 0.77(0.11) F(1,26) = 0.34 0.357 0.564
Go RT 13 510.54(59.22) 458.62(66.38) 16 524.37(76.75) 470.91(58.05) F(1,26) = 0.09 —0.022 0.766
Go RT Variability 13 138.69(27.45) 123.30(17.92) 16 132.78(30.35) 131.78(28.56) F(1,26) = 1.24  0.490 0.275

Abbreviations: IBBS = Integrated Brain, Body, and Social Intervention; TAU = Treatment-As-Usual; N = number of participants; M = mean; SD = standard devia-

tion; ERP = event-related potentials; RT = reaction time.
2 Cohen's d.

following treatment with a novel, multi-faceted cognitive training in-
tervention (IBBS) designed to target underlying EF deficits associated
with ADHD. A significant change in ERP measures was expected given
that the intervention was carried out via two training modalities (brain
and body) and the IBBS exercises made use of several higher-order
cognitive processes (e.g., sustained attention, response inhibition) that
are theorized to comprise EFs and have been found to be less developed
in children with ADHD (Crippa et al., 2015; Willcutt et al., 2005). It was
also of interest to evaluate whether our pattern of results from a sample
of young children (aged 5 to 9 years) approximated the ADHD and HC
significant group differences found for ERP and behavioral measures in
prior studies with older participants (Albrecht et al., 2008; Brandeis
et al., 2002; Wiersema et al., 2006; Wilcutt et al., 2005). Such an ob-
jective is worthwhile if the same brain abnormalities identified when
comparing our sample of ADHD participants to HC participants are
normalized following treatment with IBBS, as this outcome would offer
compelling evidence that IBBS is able to affect underlying neural cor-
relates of EF deficits in ADHD.

4.1. IBBS impact on ERP measures

Most notably, we found a significant treatment group difference for

Go P3 latency such that the P3 response for Go trials was earlier for the
IBBS group as compared to the TAU group (336.09 vs. 437.04).
Inspection of the means revealed that the Go P3 latency slightly de-
creased (became earlier) for the IBBS group (374.59 to 336.09) whereas
the Go P3 latency sharply increased (became later) for the TAU group
(366.68 to 437.04). Assuming shorter latency represents more efficient
processing, such a pattern of results suggests that IBBS may prevent the
worsening of discrimination processing abilities, which requires both
attentional and effortful control (Barry et al., 2003; Johnstone et al.,
2001), in children with ADHD. Indeed, studies have suggested that EF
deficits are associated with the continuity of ADHD over time (e.g.,
Brocki et al., 2007) and prevention efforts may need to target early
phenotypes of ADHD to alter the developmental trajectory of this dis-
order. Our finding of the effect of IBBS versus TAU on the change in Go
P3 latency offers a potential biomarker of attentional control that may
become less efficient across development without interventions for
ADHD. However, given the small sample size and large number of
analyses necessitated by the ten ERP measures generated by the Go/No-
Go task, this result requires replication in an independent sample.
The N2 and P3 difference waves were used to evaluate if a No-Go N2
effect (No-Go N2 > Go N2) or No-Go P3 effect (No-Go P3 > Go P3)
would emerge following treatment with IBBS, as their absence is

Table 3
Group differences between ADHD and HC groups for ERP and behavioral measures.
Measures ADHD M(SD) N = 35 HC M(SD) N = 34 Test statistic Effect size® p-value
ERP Measures
Go N2 Amplitude —9.18(3.35) —8.91(3.29) F(1,67) = 0.12 -0.271 0.744
No-Go N2 Amplitude —8.24(3.36) —9.21(3.43) F(1,67) = 1.44 0.286 0.235
N2 Difference Wave 0.94(2.11) —0.31(1.83) F(1,67) = 6.82 0.634 0.011
Go N2 Latency 231.02(68.74) 208.75(74.73) F(1,67) = 1.66 0.310 0.202
No-Go N2 Latency 205.88(58.03) 193.07(68.68) FQ1,67) = 0.70 0.202 0.405
Go P3 Amplitude 6.00(5.01) 4.11(2.55) F(1,67) = 3.85 —-0.473 0.055
No-Go P3 Amplitude 6.78(5.95) 6.41(4.57) F(1,67) = 0.08 —-0.070 0.773
P3 Difference Wave 0.78(3.76) 2.30(3.92) F(1,67) = 2.69 0.396 0.106
Go P3 Latency 383.36(115.22) 355.53(52.38) F(1,67) = 1.65 0.309 0.203
No-Go P3 Latency 438.38(129.31) 392.07(95.75) F(1,67) = 2.85 0.406 0.096
Behavioral Measures
Go Accuracy 0.90(0.08) 0.92(0.08) F(1,67) = 0.44 0.250 0.511
No-Go Accuracy 0.79(0.11) 0.76(0.12) F(1,67) = 1.55 —0.261 0.217
Go RT 512.84(70.06) 462.16(55.41) F(1,67) = 11.07 0.801 0.001
Go RT Variability 133.88(28.58) 124.56(21.96) F(1,67) = 2.30 0.381 0.134

Abbreviations: M = mean; SD = standard deviation; N = number of participants; ERP = event-related potentials;.

RT = reaction time.
2 Cohen's d.
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believed to reflect an abnormality in attentional control (Barry et al.,
2003; Holcomb et al., 1986). Although a significant group difference
was not found for the N2 and P3 difference waves, exploratory analyses
revealed that the No-Go P3 amplitude was significantly larger than the
Go P3 amplitude for the IBBS group, but not the TAU group post-
treatment. This finding is of importance since the ADHD group did not
show a significant difference between the No-Go P3 amplitude and Go
P3 amplitude at baseline whereas the HC group did in the expected
direction (No-Go P3 > Go P3). It is quite possible that our study was
underpowered to detect a significant treatment group difference for the
P3 difference wave, but the results of our exploratory analyses suggest
that re-examining the impact of IBBS on the No-Go P3 effect (No-Go P3
> Go P3) in a larger sample is warranted.

Contrary to our predictions and the results of intervention studies
employing medication and non-pharmacological treatments similar to
IBBS (Groom et al., 2010; Ozdag et al., 2004; Johnstone et al., 2010;
Ludyga et al., 2017), significant increases in P3 and N2 amplitudes were
not found for the IBBS group as compared to the TAU group post-
treatment. These results are consistent with a study that examined P3
and N2 amplitude changes following CWMT in a sample of adults
(Liu et al., 2017). In fact, the only significant group difference found by
Liu et al. (2017) for these ERP measures was an increase in the Go N2
amplitude for the waitlist control group relative to the two active
treatment conditions (standard length & shortened length CWMT).

4.2. ADHD and HC group differences for ERP measures

When comparing children with ADHD to HC children on ERP
measures, a significant group effect for the N2 difference wave (No-Go
minus Go) was found, indicating the magnitude of the difference be-
tween the Go N2 amplitude and No-Go N2 amplitude for the ADHD
group was significantly larger than the HC group. To further examine
these results, the Go N2 amplitude was found to be significantly larger
than the No-Go N2 amplitude for the ADHD group, which is consistent
with the finding of Broyd et al. (2005) and suggestive of a potential
abnormality. Interestingly, our study found no significant differences
between the Go N2 amplitude and No-Go N2 amplitude for the HC
group implying less developed attentional control at this stage of de-
velopment since a No-Go N2 effect (No-Go N2 > Go N2) is usually
found in older samples of typically developing children (8 to 11 years;
Broyd et al., 2005). We also did not replicate findings of attenuated P3
and N2 amplitudes for children with ADHD as compared to HC chil-
dren, which may be attributable to the young age of our sample as well.

4.3. Group differences for behavioral measures

As expected, our findings on behavioral measures were consistent
with previous research (Wilcutt et al., 2005), as the ADHD group
showed significantly slower response times as compared to the HC
group. However, we did not find a treatment effect in favor of IBBS over
TAU on any of the behavioral measures, which mirrors the findings of
the larger RCT of IBBS since a full battery of neuropsychological tests
did not find significant differences across treatment groups that sur-
vived corrections for multiple comparisons (Smith et al., 2016). It is
relevant to note that behavioral measures in the present study were
limited to the Go/No-Go task done in the context of the EEG recordings,
with the relative absence of other distractions and in the presence of an
RA providing individual attention. Since behavioral manifestations of
ADHD are highly sensitive to context, neuropsychological tests that are
administered in settings approximating environments in which children
with ADHD struggle (e.g., more cognitive demands or extraneous sti-
muli) may be more sensitive to ADHD interventions such as IBBS.

4.4. Limitations and future directions

Considering IBBS is comprised of intervention components (i.e.,
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physical exercise, Good Behavior Game) known to improve ADHD
symptomatology and associated EF deficits (Blair and Diamond, 2008;
Grassmann et al., 2014; Leflot et al., 2010; Spilt et al., 2016; Verret
et al., 2012), it is important to discuss why additional changes on ERP
measures were not found. First, it is possible that the neurocognitive
component of IBBS did not make use of the same neural pathway en-
gaged by the Go/No-Go paradigm or that engagement without real-
world application is not enough to evidence significant change. Second,
the body component focused on skill acquisition rather than periods of
aerobic physical exercise and perhaps there is a certain threshold of
energy that must be exerted in order to produce treatment effects
(Ludyga et al., 2017; Ng et al., 2017). The social component of IBBS
(Good Behavior Game; GBG) was used to limit off-task and disruptive
behaviors during the brain and body components of treatment. How-
ever, the GBG is typically implemented for the entire school year with
participants’ classmates. These two implementation procedures for the
GBG were not adopted when IBBS was put into practice as an after-
school program. Finally, the timing and dosage of the intervention may
have been sub-optimal to result in improvements across multiple out-
come measures in favor of IBBS.

The main limitation of this study is its small sample size, thus in-
creasing the likelihood of a Type II error, which influenced our decision
to not correct for multiple comparisons. As a result, it is possible that
some of our findings may be due to chance and underscores the im-
portance of replication in a larger sample. However, pilot studies are
important to inform the development of larger investigations and this
study may be helpful in the planning of future studies of non-pharma-
cological interventions for children with ADHD and collecting EEG data
as outcome measures in these trials. The second limitation of the study
is the multicomponent nature of the IBBS intervention, which makes it
impossible to determine which element may have been sub-optimal to
improve performance on neuropsychological tasks of sustained atten-
tion and their underlying neural processes captured by N2 and P3 ERP
measures. This limitation may be addressed by studying the effects of
more homogenous behavioral and cognitive interventions on specific
executive functions and their neural underpinnings or adding control
remediations (e.g., cognitive training targeting one EF, one type of
physical exercise) to the research design. The third limitation of this
study is a lack of a control condition where participants receive some
sort of active intervention (e.g., non-adaptive version of CWMT). Thus,
we were unable to control for non-specific effects of the intervention
(e.g., expectation of improvement, rapport/alliance between partici-
pant and treatment provider). Future studies are encouraged to employ
active control conditions as a way to more rigorously evaluate IBBS and
similar types of ADHD interventions. Finally, although our criterion for
the number of usable ERP No-Go trials required for analysis was more
lenient than recommendations made in the extant adult literature (e.g.,
Duncan et al., 2009), it was dictated by the practical demands of con-
ducting a study with children as young as 5 years of age and is com-
parable to other ERP studies with pediatric populations (e.g.,
Rahman et al., 2017).

4.5. Conclusion

Although this pilot study did not reveal robust treatment effects, it
suggests that IBBS may prevent the worsening of attentional control
systems in the brain, as evidenced by the significant treatment group
difference for Go P3 latency. Larger studies would allow for a better
examination of change in ERP measures following IBBS treatment and if
changes in ERP measures translate into improved behavioral perfor-
mance.
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