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Neuromonitoring-guided working memory
intervention in children with ADHD

Ali Rahimpour Jounghani,1,5 ElvedaGozdas,1,5 LaurenDacorro,1 Bárbara Avelar-Pereira,1,3 Samantha Reitmaier,1

Hannah Fingerhut,1 David S. Hong,1 Glen Elliott,1 Antonio Y. Hardan,1 Stephen P. Hinshaw,2,4

and S.M. Hadi Hosseini1,6,*
SUMMARY

We proposed a personalized intervention that integrates computerized working memory (WM) training
with real-time functional neuromonitoring and neurofeedback (NFB) to enhance frontoparietal activity
and improve cognitive and clinical outcomes in children with attention-deficit/hyperactivity disorder
(ADHD). The study involved 77 children with ADHD aged 7–11 years, who were assigned to either 12 ses-
sions of NFB or treatment-as-usual (i.e., received standard clinical care) groups. Real-time neuromonitor-
ing with functional near-infrared spectroscopy (fNIRS) and fMRI measured frontoparietal activity during
n-back task at baseline and post-intervention. Thirty-six participants (21 NFB, 15 treatment-as-usual)
completed the study. Significant improvements in NFB groupwere observed in frontoparietal brain activ-
ity and WM performance (primary outcomes). NFB group also showed improvements in Behavior Rating
Inventory of Executive Function (BRIEF-2)WM t-scores and Conners 3 ADHD index scores (secondary out-
comes) compared to treatment-as-usual group. These findings suggest that neuromonitoring-guided NFB
effectively enhances cognitive and clinical outcomes in childrenwithADHDby targeting brainmechanisms
underlying WM deficits.

INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental condition that affects approximately 5%–7% of children globally.1

ADHD encompasses a broader spectrum of cognitive, behavioral, and emotional challenges. These include difficulties with working memory

(WM), attention regulation, impulse control, emotional regulation, and executive functioning, which collectively impact learning, social inter-

actions, and daily functioning.2,3 Particularly, WM deficits are a core underlying feature of ADHD, significantly relating to brain function.4 WM

relies primarily on sustained active maintenance within the prefrontal cortex (PFC), which interacts with parietal regions in a task-dependent

manner. Neuroimaging studies have shown reduced brain engagement, particularly in the PFC and parietal regions, during tasks involving

WM in children with ADHD.5,6 WM deficits directly affect children’s abilities in learning, language, math, and social interactions and can have

profound implications for behavioral, educational, social, and occupational performance1,5; highlighting the need for early interventions tar-

geting WM to improve patient outcomes and enhance academic and occupational success.

The neural correlates of ADHD have been extensively studied using functional near-infrared spectroscopy (fNIRS) and fMRI.5,7,8 fNIRS of-

fers child-friendly, non-invasive neuroimaging with high temporal resolution, ideal for studying children’s brain activity during cognitive tasks

in ecologically valid settings.9 The unique characteristics of fNIRS, including its cost-effectiveness and ecological validity, position it as the

preferred method for neuromonitoring and neurofeedback (NFB) interventions that often require measuring brain response across multiple

sessions.10–12 fMRI is also a non-invasive neuroimaging method with high spatial resolution that is widely used to investigate functional brain

activity and connectivity in a confined setting.13–15 Combining fNIRS and fMRI yields complementary insights, mitigates limitations inherent to

each technique, and contributes to a more profound understanding of ADHD.

The dorsolateral prefrontal cortex (dlPFC) and the anterior cingulate cortex (ACC), along with the frontoparietal network (which includes

prefrontal and parietal regions), are central for working memory (WM) function.7,16–20 Children with ADHD often display reduced activation in

these brain regions during WM tasks.21–23 WM deficits are common in neurodevelopmental and psychiatric conditions, including ADHD,

affecting learning, focus, and task completion.2,20,24 Early interventions targetingWMdeficits appear vital for academic and occupational suc-

cess.25,26 However, there is a notable gap in developing effective interventions that target the neural mechanisms associated with WM
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Figure 1. HbO Beta value changes of targeted brain regions

(I) Left-vlPFC (p = 0.02); (II) left-dlPFC (p= 0.0001); (III) right-dlPFC (p= 0.0001); (IV) right-dmPFC (p = 0.003) between averages of the first two sessions and the last

two sessions.

One participant (out of a total of 21) was excluded due to low data quality of intervention in targeted brain regions.
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deficits.3 Here, we developed a personalized intervention that integrates computerized WM training with real-time fNIRS neuromonitoring

and neurofeedback, focusing on enhancing the frontoparietal circuitry underlying WM deficits in children with ADHD. This intervention

aims to enhance individualized neural systems by reinforcing strategies that maximize frontoparietal network engagement during WM per-

formance; through use of real-time fNIRS imaging and computational techniques, this study examined how precise monitoring of frontopar-

ietal network engagement impacts cognitive abilities in children with ADHD.

We hypothesize that targeting the brainmechanisms underlyingWMdeficits through the proposed neuromonitoring-guidedWM training

will lead to significant enhancement of frontoparietal function and further lead to improvement of cognitive and clinical outcomes. The pro-

posed brain-focused intervention takes into account individual differences in brain networks and thus paves the way for developingmethods

for precisionmental health and precision psychiatry. This study aims to establish a framework for creating customized, pathology-specific, and

cross-diagnostic interventions that can contribute to a better understanding of the underlying pathophysiology of ADHD and ultimately

improve patient outcomes.

RESULTS
Demographics and clinical characteristics

Table 1 summarizes the descriptive statistics and neuropsychological outcomes at baseline. No differences on any demographic character-

istics and key outcome measures were observed between the groups at baseline.

Neuromonitoring cognitive intervention outcomes

We observed an increase in target modulation in 10 participants (50%) in the left-vlPFC, 17 participants (85%) in the left-dlPFC, 17 participants

(85%) in the right-dlPFC, and 15 participants (75%) in the right-dmPFC out of a total of 20 participants. Therefore, the majority of children with

ADHD who participated in neurofeedback were able to control the protocol (Figure 1).

To assess the correlation between intervention performance and behavioral outcomes, we conducted Pearson correlation analyses. As

shown in Figure 2, the results indicated a significant positive correlation between the degree of control over the neurofeedback protocol

(NFB behavioral accuracy) and improvements in WM 2-back performance (r = 0.48, p < 0.03) and the average of WM 1-back and 2-back

(r = 0.49, p < 0.03). In addition, the HbO findings in NFB interventions also revealed a significant positive correlation between the degree

of control over the neurofeedback protocol (NFB fNIRS data) and improvements in WM 2-back performance (r = 0.65, p < 0.003) and the
2 iScience 27, 111087, November 15, 2024



Figure 2. Significant association between average behavioral accuracy across 12 intervention sessions and WM 2-back accuracy in post-session (left)

and also the average of WM 1-back and 2-back accuracy (right)
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average of WM 1-back and 2-back (r = 0.48, p < 0.04) (See Figure 3). These findings suggest that participants who were better able to control

the neurofeedback protocol (i.e., those who performed better along with higher HbO activation in ROI target during the intervention) also

showed greater improvements in cognitive outcomes.
The effect of NFB intervention on fNIRS brain activation in children with ADHD

We examined changes in HbO during the 1-back+2-back versus 0-back conditions to evaluate the impact of NFB intervention on fNIRS he-

modynamic activity in the NFB group compared to treatment-as-usual. LME model revealed significant group by session interaction effects

primarily in four frontal cortical ROIs: right dorsolateral prefrontal cortex (right-dlPFC) (tch30 = 2:67;pFDR < 0:05; Cohen0s dch30 = 1:33), right

dorsomedial prefrontal cortex (right-dmPFC) (tch32 = 2:5;pFDR < 0:05; Cohen0s dch32 = 0:3Þ, left dorsolateral prefrontal cortex (left-dlPFC)
(tch5 = 2:7;pFDR < 0:05; Cohen0s dch5 = 0:16), and left ventrolateral prefrontal cortex (left-vlPFC) (tch4 = 3:04;pFDR < 0:01;Cohen0s d = 0:09)

(Figure 4). Overall, the NFB group demonstrated substantial improvements in cortical activity during the n-back working memory task, indi-

cating the effectiveness of NFB cognitive training in enhancing frontal brain function in children with ADHD. More extended results are pro-

vided in the STAR*METHODS section (also see Table S2; Figures S6 and S7).
The effect of NFB intervention on fMRI brain activation in children with ADHD

Children with ADHD who underwent NFB cognitive training demonstrated significant improvements in brain activation during the n-back

fMRI working memory task under the 2-back+1-back versus 0-back condition, particularly in the frontal regions depicted in Figure 5A.

Analyzing the fMRI task data using LME analysis revealed a significant interaction effect between the group and session in the left-dlPFC

(dorsal and lateral combined) (Cohen0s d = 0:35, peakMNI = �46, 24, 36) and in the left anterior prefrontal cortex (Cohen0s d = 0:14 ,

peakMNI = �30, 50, 14), when comparing the 2-back + 1-back condition to the 0-back condition at an uncorrected p value threshold of

less than 0.001 (Figure 5B).
Figure 3. Significant association between HbO Beta value of left-vlPFC during NFB intervention andWM 2-back accuracy (left) and also the average of

WM 1-back and 2-back accuracy between post-intervention and pre-intervention (right)

iScience 27, 111087, November 15, 2024 3



Figure 4. Channel map of brain regions that showed significant group by session interaction effect in cortical HbO activation

The graphs show corresponding changes in group-average HbO Beta values for each group and session. d indicates Cohen’s d effect size.
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Working memory performance and neuropsychological outcomes

Weaimed to explore the potential of NFB cognitive training in improving n-back workingmemory performance and neuropsychological func-

tioning.Our results showed a significant group by session interaction effect for fNIRS n-back performance during the 2-back condition (pFDR <

0:05; 95% confidence interval ½CI�; � 2:08 to 27:7; Cohen0s d = 0:52) (Figure 6). The NFB group showed an average increase in accuracy by

around 8%, whereas the treatment-as-usual group experienced a decrease in accuracy by 3.33%. However, the group by session interaction

effect was not significant for n-back performance during the fMRI session.

The results revealed highly promising findings on clinical and neuropsychological scores. First, we observed a significant group by ses-

sion interaction effect in BRIEF-2 working memory T-scores (pFDR < 0.01; 95% confidence interval [CI], 3.75 to 11.75; Cohen0s d = 0:97). In

the NFB group, a large proportion of participants (85.7%) showed a decrease (i.e., improvement) in BRIEF-2 T-scores (mean = �8.4 [G6.1])

versus only 40% of participants in the treatment-as-usual group (mean = �0.85 [G7.94]). Moreover, our study also revealed a significant

group by session interaction effect in Conners 3 ADHD index scores (pFDR = 0.04; 95% CI, �0.05 to 10.17, Cohen0s d = 0:58). Within the

NFB group, 52.4% of individuals exhibited a significant decrease (improvement) in their Conners 3 ADHD index scores, with an average

reduction of �6.21 (G10.61), versus 13.3% of participants treatment-as-usual participants, whose mean reduction was �1 (G3.49)

(Table S3). No significant group by session interaction effect was found for Conners 3 Inattention T-scores and the WRAML-2 and

NEPSY-II composite scores.

DISCUSSION

The goal of this randomized clinical trial study was to investigate the impact of a personalized neuromonitoring-guided cognitive intervention

on enhancing brain activity underlying working memory performance and its impact on cognitive and clinical ADHD outcomes. The results

confirmed our hypothesis, demonstrating a significant upregulation of brain activity in various prefrontal regions, with large effect size in the

right dlPFC in the NFB group (Cohen’s d = 1.13). Notably, these areas were among the brain regions frequently exhibiting hypoactivity in

ADHD, as reported in previous fNIRS and fMRI studies,7,8 reinforcing the efficacy of the personalized intervention in normalizing brain activity

in these critical regions.

Compared with fMRI, fNIRS outcomes revealed broader target engagement in the bilateral PFC. The observed improvement in bilateral

prefrontal activity in theNFB group is supported by previousmeta-analyses that demonstrated the involvement of bilateral PFC in n-back task

performance in healthy controls27 and hypoactivation in bilateral PFC in children with ADHD across executive function tasks.7 Further, it un-

derscores the importance of measuring brain activity in amore naturalistic environment, such as when participants are sitting on a chair rather

than lying in a confined scanner. It also suggests that fNIRS can serve as a valuable and cost-effective neuroimaging tool for neuromonitoring

and neurofeedback interventions in the field of psychiatry.

We also conducted a comprehensive assessment of cognitive and clinical outcomes, focusing on workingmemory and ADHD clinical out-

comes. The premise of the proposed intervention was that engaging the brain networks underlying working memory performance would

result in improved WM and ADHD clinical outcomes. Notably, the NFB group exhibited an improvement in working memory performance,
4 iScience 27, 111087, November 15, 2024



Figure 5. Group by session interaction effect in (A) fMRI task activation and (B) fMRI signal changes in the left dlPFC (dorsal and lateral) and anterior PFC

for each group and session during the working memory task (measured by 2-back + 1-back versus 0-back)

The violin plots represent the distribution of the fMRI signal and changes across the groups and sessions.

ll
OPEN ACCESS

iScience
Article
whereas the treatment-as-usual group showed a decrease. Furthermore, the NFB group displayed significant improvements in real-world

measures ofWM (BRIEF-2WMT-score) and in ADHDoutcomes (Conners 3 ADHD index scores). These findings emphasize the potential ben-

efits of the proposed intervention in enhancing cognitive performance and reducing ADHD symptoms. Further research is needed to fully

explore the extent of these effects and their implications for individuals with neurodevelopmental disorders.

Previous studies have demonstrated improvements in ADHD symptoms and/or cognitive skills with passive fNIRS neurofeedback interven-

tion in children.28,29 Our results corroborate these findings and extend themby showing improvements in both brain activity and cognitive/clin-

ical outcomes. Particularly, our approach utilized a calibration period to localize the targetWMnetwork for each individual and thus accounting

for individual variability in neuropathology. Further, we uniquely integrated cognitive training with real-time neuromonitoring and neurofeed-

back for real-time tracking of target network engagement and for reinforcing a strategy that maximizes the engagement of the target network.

This personalized integrative approach represents a potentiallymore comprehensive and effective intervention than neurofeedback alone.We

viewthesefindingsasa significant step forward in thedevelopmentof comprehensive interventions forADHD,encompassingnotonly symptom

alleviation but also improvements in broader neural and cognitivedomains. Previous literature also indicates that participants in the neurofeed-

back condition showed improvements in learningand reading abilities, whereas the transfer effect of stimulantmedication in childrenwasnot as

clearly established.30,31 It is noteworthy that the latest generation ofNIRS systems ismore portable, wearable, and affordable, with the potential

for home-based and classroom-based use aligning with the future direction of personalized treatment approaches.32,33 These low-cost fNIRS

platforms will significantly enhance the scalability of neuromonitoring and neurofeedback-based interventions.

Although previous research has demonstrated improvements in ADHD symptoms with neurofeedback interventions,34 these findings,

alongside our current study, underscore the need to delve deeper into the factors influencing treatment outcomes. It is essential to explore

whether NFB interventions can extend their efficacy to broader functional domains, especially given the mixed evidence from prior EEG neu-

rofeedback studies in ADHD. Notably, a previous meta-analysis has raised questions about the effectiveness of EEG neurofeedback in ad-

dressing ADHD.35 The proposed intervention addresses the gap in previous passive neurofeedback intervention research by integrating
Figure 6. Changes in n-backWM performance accuracy during fNIRS and in BRIEF-2 WM T-scores and Conners 3 ADHD index scores baseline and post-

intervention for each group

iScience 27, 111087, November 15, 2024 5



Table 1. Baseline characteristics of the NFB and treatment-as-usual children with ADHD

NFB (N = 21) Treatment-as-usual (N = 15) Statistics

Age, mean (SD) 9.92 (1.32) 9.52 (1.46) p = 0:4

Sex, female 9 7 p = 0:99

ADHD subtype, combined, inattentive, impulsive 16,4,1 11,4,0 p = 0:6

Medication, stimulant 7 5 p = 0:99

Race, Hispanic/Latino, 3 2 p = 0:99

BRIEF-2 WM scores (SD) 75.28 (6.64) 73.0 (6.26) p = 0:3

Conners 3-ADHD index scores (SD) 83.85 (10.51) 84.93 (12.48) p = 0:78

Conners 3 Inattention scores (SD) 78.85 (10.96) 78.46 (10.96) p = 0:91

WRAML-2 96.87 (15.5) 91.38 (8.66) p = 0:24

NEPSY-II 9.26 (2.54) 7.65 (2.75) p = 0:09
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cognitive training with fNIRS neuromonitoring and neurofeedback. This innovation has added benefits, as it specifically targets brain regions

affected in ADHD, seeking to enhance the underlying mechanisms and alleviate ADHD symptoms.

The intervention findings suggest that participants who were better able to control the neurofeedback protocol also showed greater im-

provements in both cognitive outcomes (Figure 1). Moreover, the correlations highlight the potential efficacy of the neurofeedback interven-

tion in enhancing cognitive and behavioral functions in children with ADHD (Figures 2 and 3). However, further research with larger sample

sizes is needed to confirm these findings and establish the robustness of the correlations observed.

In conclusion, we found significant improvements in WM and ADHD outcomes among children who received personalized fNIRS

NFB intervention. The targeted neural engagements mediated by the intervention, particularly in prefrontal regions, align with

existing literature and support the efficacy of personalized NFB in modulating frontal neural activity. Most importantly, the

proposed personalized integrative approach provides a foundation for developing effective interventions that focus on brain mechanisms

responsible for cognitive deficits while taking into account individual differences in neuropathology. Overall, these findings support the ef-

ficacy of personalized neuromonitoring-guided cognitive intervention in improvingbrain activity and clinical outcomes in childrenwith ADHD.

Limitations of the study

It is important to interpret these findings with caution due to the small sample size. Although the results are promising, the limited number of

participants reduces the generalizability of the findings and increases the potential for type I and type II errors. Additionally, the small sample

sizes within eachADHD sub-type—27 combined, 8 inattentive, and only 1 hyperactive-impulsive—further limit our ability to conductmeaning-

ful statistical analyses across these groups. This prevents us from examiningpotential variations in howdifferent sub-typesmay respond to the

intervention, which could be crucial for tailoring treatment more effectively.

Future studies with larger, more balanced sample sizes are needed to validate these results and establish the efficacy and effectiveness of

the intervention in broader populations, including a more detailed analysis by ADHD sub-type. This study provides a foundation for devel-

oping effective cognitive interventions that target system-level mechanisms responsible for symptoms. The results require replication in

larger samples to validate efficacy and assess the potential for broader implementation in clinical practice, ensuring interventions are appro-

priately customized for diverse patient needs based on detailed sub-type analyses.

Further limitations are also noteworthy. An active or sham control group would improve the statistical power and strength of the conclu-

sions regarding the efficacy of the proposed intervention. However, we have previously shown the efficacy of fNIRS neurofeedback interven-

tion compared with sham in improvingWM in a group of young adults,36 providing some contextual support for our findings. Future research

should consider incorporating a healthy control group to establish a baseline for comparison. Further, the study procedures were halted due

to COVID-19 pandemic, which resulted in significant loss of subjects available for follow-up. Additionally, both the NFB and treatment-as-

usual groups underwent similar in-lab assessments throughout the study. However, the NFB group had additional in-lab visits (totaling 12

sessions) to receive the neurofeedback intervention. This increased frequency of visits for the NFB group represents a variance in participant

experience that may influence study outcomes. We recognize this as a potential limitation in our study design, as it may have affected partic-

ipant engagement and response to the intervention.

Therefore, collecting brain activity data in real-life settings and home environments could improve ecological validity by providing insights

into daily challenges faced by individuals with ADHD. Our ongoing research explores wearable fNIRS headbands for at-home brain activity

measurement, suggesting potential benefits for delivery of personalized fNIRS neurofeedback interventions at home. Finally, further inves-

tigation is required to assess the long-term effects and generalizability of the proposed intervention to larger and more diverse populations.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Hadi Hosseini (hosseiny@stanford.edu).
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Materials availability

This study did not generate new unique reagents or materials.

Data and code availability

Data
The data supporting the findings of this study, including neuroimaging (fNIRS and fMRI) and behavioral performance data, will be available upon request from the
corresponding author, Hadi Hosseini (email: hosseiny@stanford.edu).

Code
All custom code used for data analysis, including the fNIRS and fMRI processing pipelines, is available upon request. The code will be provided by the lead con-
tact and can be shared via GitHub or other repository upon request.

Additional information
Any additional materials or resources required for reanalysis of the data reported in this study are available upon request from the lead contact.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB MathWorks R2022b

R Studio lmer Package R Version 4.3.0

SPM 12 toolbox https://www.fil.ion.ucl.ac.uk/spm/software/spm12/

FSL toolbox https://fsl.fmrib.ox.ac.uk/fsl/docs/#/

AFNI toolbox https://afni.nimh.nih.gov/

NIRS brain AnalyzIR toolbox https://github.com/huppertt/nirs-toolbox Santosa et al.32

Other

NIH Clinical Trial (Clinical trial register number: NCT04002167) https://clinicaltrials.gov/study/NCT04002167?tab=table NCT04002167
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants were children with ADHD recruited from various sources, including local clinics, schools, and community providers. Seventy-

seven children with ADHD (aged 7–11 years, meanG SD = 9.81G 1.29) were consented to participate in the study. The cohort included 56%

males and 44% females, with diverse racial backgrounds: 77%White, 13%Hispanic/Latino, 5%AfricanAmerican, and 5%Asian (see Table 1 for

more detailed information). Forty-one participants were excluded or lost to follow-up primarily because of not meeting inclusion criteria

(n = 20), non-compliance with MRI (n = 10) or a COVID-19-related halt (n = 11) in data collection. Ultimately, 36 participants (21 NFB and

15 treatment-as-usual) successfully completed the trial (Figure S1). Study was pre-registered on ClinicalTrials.gov under the following iden-

tifier: NCT04002167. The Stanford University Institutional Review Board approved this study, and written parental informed consent was ob-

tained for every child. Every patient who began the intervention completed all the scheduled intervention visits, except for those whose

involvement was interrupted due to COVID-19 pandemic halt in the study procedures.

Inclusion criteria included: (1) age between 7 and 11 years; (2) diagnosis of ADHDor presence of ADHD symptoms as determinedby parent

reports from the Kiddie Schedule for Affective Disorders and Schizophrenia (KSADS). The KSADS was administered to both parents and chil-

dren. The version used was the KSADS-PL (Present and Lifetime Version), which is a comprehensive, semi-structured interview designed to

assess current and past episodes of psychopathology in children and adolescents according to DSM-5 criteria. In addition to the KSADS, a

comprehensive clinical evaluation was conducted prior to patient participation to ensure accurate diagnosis and eligibility. This evaluation

included clinical interviews with the child and parents, review of medical and psychiatric history, and administration of standardized rating

scales and questionnaires; (3) stability of permitted medications (Table 1) for at least three months; (4) an IQ R 80 as determined by the

Wechsler Abbreviated Scale of Intelligence (WASI); and (5) a Behavior Rating Inventory of Executive Function (BRIEF) WorkingMemory score

>60. Comorbidities of Conduct Disorder (CD) and Oppositional Defiance Disorder (ODD) were allowed. Approximately 79% of children who

meet the diagnostic criteria for ADHD would have a BRIEF WM score >60, thereby qualifying for study participation.

Exclusion criteria included IQ< 80 (n= 4), BRIEFWorkingMemory score <60 (n= 9), the presence of suicidality (n= 0), current regular use of

psychiatric medications other than those permitted (e.g., opiates or thyroid medications) (n = 1), substance abuse (n = 1), severe neurological

or psychiatric disorders (n = 3), history of significant head trauma (n = 0), history of alcohol abuse or dependence within the past two years

(n = 0), any significant systemic or unstable medical condition (n = 0), or sensory deficits that could lead to difficulty complying with the study

protocol (n = 2). Consequently, forty-one participants were deemed ineligible primarily due to not meeting the inclusion criteria (n = 20), non-

compliance with MRI requirements (n = 10), and a COVID-19-related halt in data collection (n = 11). Of the participants who were excluded,

60%weremale and 40%were female. The excluded psychiatric comorbidities includedmajor depressive disorder (n = 1), generalized anxiety

disorder (n = 1), and autism spectrum disorder (n = 1).

Clinical, neuropsychological, and neuroimaging outcomes were comprehensively assessed at both baseline and post-intervention. The

clinical outcomes included the BRIEF-2, which measures executive functions such as working memory, and the Conners Rating Scales (3rd

Edition), which assesses ADHD symptoms. The neuropsychological outcomes included theWide RangeAssessment ofMemory and Learning

2 (WRAML-2) for working memory and general memory t-scores, as well as the Developmental NEuroPSYchological Assessment II (NEPSY-II)

inhibition and word generation scales.

Neuroimaging outcomes were evaluated using fNIRS and fMRI to measure frontoparietal brain activity during an n-back working memory

task. These neuroimaging techniques provided detailed data on the activation of prefrontal and parietal brain regions, which are critical for

working memory function.

Primary outcomes included measurements of changes in the target frontoparietal activity and working memory performance using fMRI

and fNIRS during an n-back working memory task. Secondary outcomes encompassed evaluations of real-world working memory behavior
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using the Behavior Rating Inventory of Executive Function (BRIEF-2)37 and theWide RangeAssessment of Memory and Learning 2 (WRAML-2,

working memory t-score, general memory t-score).38 ADHD and inattention symptoms were assessed with the Conners 3rd Edition ADHD

scale as well as the composite score from the Developmental NEuroPSYchological Assessment II (NEPSY-II) inhibition and word generation

scales.

Our study cohort included a diverse range of ADHD sub-types, enhancing the generalizability of our findings. Specifically, we had 27 par-

ticipants with the combined sub-type, 8 with the inattentive sub-type, and 1 with the hyperactive-impulsive sub-type. The distribution within

our intervention groups was as follows: In the NFB group, there were 16 combined, 4 inattentive, and 1 hyperactive-impulsive. The treatment-

as-usual group included 11 combined and 4 inattentive participants (See Table 1).
METHOD DETAILS

Neuromonitoring cognitive intervention procedure

The NFB cognitive training involved a computerized workingmemory gamewith a neuromonitoring and neurofeedback program developed

in-house.36 This program aimed to enhance working memory skills while monitoring brain activity using fNIRS technology. The cognitive

training was based on a modified version of the Sternberg task, which is a delayed matching-to-sample task (Figure S5). In each trial, partic-

ipants viewed a set of letters for 2 s during the encoding phase, followed by a variable delay (6–8 s) representing the retention phase. After the

delay, a single inquiry letter was displayed for 2 s during the inquiry phase, and participants had to determine whether the inquiry letter was

part of the original set. The probe phase was followed by a variable fixation period (6–8 s). Each training session consisted of 80 trials and

lasted approximately 25 min. Participants underwent two training sessions per week, each lasting 20–25 min, for a total of six weeks (four

weeks in some cases).

The training program commenced with a calibration period to identify the individualized target network associated with working memory

load. During this phase, which included 12 trials and lasted about 4 min, regions within the dorsolateral prefrontal cortex (dlPFC) were iden-

tified using general linear modeling based on a t-value criterion (1 standard deviation above the mean) to pinpoint the target regions. These

regions varied among participants due to individual differences in task performance but generally overlapped across subjects, ensuring con-

sistency in targeting regions critical for working memory.

Once the target regions were identified, participants received feedback on both brain activity and task performance. The neurofeedback

provided represented brain activity in the targeted channels during the encoding (2 s) and retention phases (7 s, accounting for hemodynamic

delay). Hemodynamic signals (HbO) were band-pass filtered and averaged over a 9-s window, and the relative change from the calibration

periodwas displayed to participants. Behavioral feedback, based on accuracy in the task, was also calculated relative to the calibration period.

Feedback was presented visually in the formof gold and cross coins, illustrating changes in neural activity and behavioral performance over

the previous ten trials (Figure S5). A change in slope indicated corresponding changes in the average activity in the targeted channels. This

feedback was delivered intermittently, updating 2 s after each inquiry phase during the inter-trial interval to minimize interference with task

performance. Participants were encouraged to prioritize task performance during each trial and use the feedback during the inter-trial interval

to adjust their cognitive strategies.

The program was designed to promote the development of personalized metacognitive strategies, where participants would reflect on

and adjust their cognitive processes to better control neural activity without compromising task performance. These strategies involved self-

monitoring, self-evaluation, and attention adjustment based on the feedback provided.

The fNIRS setup and probe layout used during the cognitive training sessions were consistent with the layout used during the n-back task.

This ensured direct comparability of data collected across different cognitive tasks. Both tasks focused on measuring activity in the prefrontal

cortex, particularly the frontoparietal regions crucial for working memory. This consistent layout across tasks allowed us to accurately monitor

and compare brain activity changes attributable to the interventions rather than differences in the measurement setup.
Treatment-as-usual group

The treatment-as-usual group received standard clinical care, which included a medication management, or no therapy as deemed appro-

priate by their healthcare providers and their parents. Medication management included the use of stimulant and non-stimulant medications

commonly prescribed for ADHD, such asmethylphenidate or atomoxetine, with doses adjusted based on clinical response and side effects at

least three months prior to participation in the study. To ensure the integrity of the intervention’s impact, participants in both the NFB and

treatment-as-usual groups were required tomaintain a stable regimen of ADHDmedication, with no adjustments allowed threemonths prior

to and during the study period. This protocol was enforced to ensure consistency in pharmacological influences across all participants.

The treatment-as-usual participants did not have scheduled study visits twice weekly as the neuromonitoring-guided NFB group did.

Instead, they attended regular appointments as needed for their behavioral therapy and medication management. The treatment-as-usual

group received mock MRI sessions and underwent the same baseline and post-intervention neuroimaging, clinical and neuropsychological

assessments as the NFB group. The temporal relationship between the last treatment session and the outcomemeasures was carefully main-

tained. Outcome measures, including clinical, neuropsychological, and neuroimaging assessments, were conducted within one week after

the final treatment session for both the NFB and treatment-as-usual groups. This ensured that the results reflected the immediate impact

of the interventions.
10 iScience 27, 111087, November 15, 2024
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Participants across both groups received standardized medical care according to best practices for ADHD management. No additional

psychological, educational, or behavioral treatments were administered during the study period to ensure that any observed effects could be

attributed primarily to the NFB intervention.
N-back working memory task

During the fMRI and fNIRS sessions, participants completed an n-back working memory task (Figure S2). The fMRI session was always con-

ducted before the fNIRS session. The task involved the sequential presentation of numbers from 0 to 9. In the 0-Back conditions, participants

identified and responded to the appearance of the number "0." For the 1-Back conditions, they determined if the current number matched

the one presented in the previous trial. Similarly, in 2-Back, participants assessed if the current number matched the number from two trials

earlier. Each n-back task block began with a 3-s initiation cue, followed by a number displayed at the center of the screen for 2 s, with 0.5-s

intervals between each number. The order of number presentations was pseudorandomized for each participant and session while maintain-

ing the same difficulty level. All participants completed runs lasting 476 s, approximately 8 min, consisting of four n-back blocks (totaling 12

sessions) interleaved with a rest block. Importantly, all participants had an identical number of trials across sessions, with ten trials for each

n-back condition. Participants were briefed on task initiation and the importance of timely responses before starting, and response recording

accuracy was verified.
Assessments

The psychological and cognitive measures included the following assessments.

Behavior Rating Inventory of Executive Function (BRIEF-2)

This parent-report questionnaire assesses executive functions in children, focusing on aspects such as working memory, inhibition, and plan-

ning/organization. The BRIEF-2 Working Memory scale was specifically used to determine inclusion criteria and to measure changes in work-

ing memory over the course of the intervention.

Conners Rating Scales (3rd Edition)

This is a comprehensive tool used to assess ADHD symptoms and behaviors in children. The Conners 3 ADHD Index score was used to eval-

uate changes in ADHD symptomatology pre- and post-intervention.

Wide Range Assessment of Memory and Learning 2 (WRAML-2)

This test measures various aspects of memory and learning, including workingmemory and general memory. TheWRAML-2 workingmemory

and general memory t-scores were used to assess cognitive changes resulting from the intervention.

Developmental NEuroPSYchological assessment II (NEPSY-II)

This assessment evaluates a range of neuropsychological functions in children, including executive function, language, memory, and atten-

tion. The inhibition and word generation scales were specifically used to assess executive function changes.

These measures were administered at baseline and post-intervention to both the NFB and treatment-as-usual groups to evaluate the

effectiveness of the interventions on cognitive and psychological outcomes.
Neuroimaging

fNIRS data acquisition and analysis

For the n-back task, we used a multichannel continuous-wave fNIRS system (NIRScout, NIRx Medical Technologies, LLC) to monitor cortical

hemodynamics. The system included a probe with 24 light source emitter positions emitting LED lights at 760 nm and 850 nm wavelengths,

along with 15 APD light detectors. Data were recorded at 5.2083 Hz, with an average distance of 3 cm between the optodes for long channels

and 0.8 cm for short channels. The source and detector layout, along with the channel configuration (55 long and 8 short channels), are shown

in Figure S6. Table S1 provides the MNI coordinates corresponding to the channel numbers and source-detector pairs, which were deter-

mined using AtlasViewer.39

We began by assessing and controlling the quality of the fNIRS data. We used the QT-NIRS40 toolbox (https://github.com/lpollonini/

qt-nirs) to identify and remove low-quality channels. Channels with a scalp coupling index (SCI) and peak spectral power (PSP) lower than

the set thresholds (SCI = 0.6, Q threshold = 0.7, PSP threshold = 0.1) were classified as low quality (Figure S3). Additionally, channels with

fewer than 50% data samples were excluded from further analysis, resulting in an average of 43 samples per selected channel (lowest =

33, highest = 58 out of 65 subjects). To improve signal quality, we applied principal component analysis (PCA)-based baseline correc-

tions on the raw intensity signals to eliminate DC shifts and the global signal. Motion artifacts were further addressed through wavelet

filtering using a sym8 basis function and an SD threshold of 5 to remove outliers and low-frequency characteristics. For computational

efficiency, we adjusted the sampling rate of the fNIRS data to 2.4 Hz.
iScience 27, 111087, November 15, 2024 11
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After this preprocessing step, we applied the AR-IRLS Regression41 Model using the BrainAnalyzIR toolbox42 to regress out the data from

the short channels, effectively reducing physiological and motion-related artifacts and enhancing the reliability of the fNIRS measurements43

(Figure S4). Statistical analysis was performed using amixed regressionmodel to examine the effects of group (NFB and Treatment-as-usual),

session (pre and post), age, sex, and medication use on brain activation. The dependent variable, Beta (b), represented the estimated coef-

ficient of oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) for the contrast between theWM task (1-Back and 2-Back conditions combined)

and the control condition (0-Back). To account for multiple comparisons, we used the Benjamini-Hochberg False Discovery Rate (FDR) correc-

tion method, identifying statistically significant channels with pFDR < 0:05 .

fMRI data acquisition and analysis

The children in the NFB and treatment-as-usual groups, all diagnosed with ADHD, underwent baseline and follow-up MRI scans. MRI data

were collected using a 3T GE system with a 32-channel head coil at the RichardM. Lucas Center for Imaging at Stanford University. Task func-

tional MRI scans employed amulti-band acceleration factor of 6, with TR = 0.76 s, TE = 35 s, flip angle = 54�, 60 slices in ascending order, and a

resolution of 1 mm isotropic.

Participants performed the n-backworkingmemory (WM) task during 8-min runs, resulting in 630 functional brain volumes per run. The task

began after the first seven volumes to avoid partial saturation effects, and a short acquisition with six functional volumes was conducted

before the task to correct geometrical distortion due to field inhomogeneities.

Structural MRI data were acquired using an MPRAGE pulse sequence with a 45 ms inversion time (TI), flip angle = 12�, and 0.9 mm slice

thickness. The fMRI data from all sessions were preprocessed using Statistical Parametric Mapping Software (SPM12; Welcome Department

of Cognitive Neurology, University College London), FSL, and AFNI toolboxes in MATLAB R2022b (MathWorks Inc., Natick, MA). The prepro-

cessing pipeline included removing the noisy functional brain volumes acquired before the task, correcting for susceptibility distortion, co-

registration, realignment and unwarping, and identification of outlier frames (frame-wise displacement >0.5mm). Functional and structural

images were then normalized to standard Montreal Neurological Institute (MNI) space and segmented into gray matter, white matter,

and cerebrospinal fluid. The fMRI data were then smoothed using a spatial convolution with a 6 mm full width at half-maximum (FWHM)

Gaussian filter.

Due to high motion, eight participants had to repeat either their baseline or post-session scans. Additionally, we excluded one or two

N-back sessions from five participants for exceeding the motion threshold, but the number of sessions did not differ significantly between

groups or sessions (p > 0.05). The preprocessed fMRI data were analyzed using a linear mixed-effect model with 3dLME (AFNI’s toolbox),

incorporating age, sex, and medication use as covariates. Group and session were considered as main effects, and interaction effects

were generated by comparing the 1-Back and 2-Back conditions to the 0-Back condition.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis plan

All of the outcomes of this study were a pre-planned measures documented under our study record on ClinicalTrials.gov. The primary

outcomes included changes in frontoparietal brain activity as measured by fNIRS and fMRI and working memory performance. Secondary

outcome measures included the BRIEF-2 Working Memory t-scores, Conners 3 ADHD Index scores, WRAML-2 general memory

t-scores and the NEPSY-II inhibition and word generation scales. All these outcomes were pre-specified under the study record on

ClinicalTrials.gov prior to start of the study.

1 Primary Outcomes:
12
� Changes in frontoparietal brain activity were analyzed using fNIRS and fMRI data. Amixed regressionmodel was used to examine the

effects of group (NFB vs. treatment-as-usual) and session (baseline and post-intervention) on brain activation, with age, sex, and

medication use as covariates. The group by session interaction effect was of primary interest.
� Working memory performance was assessed using accuracy scores from the n-back task. A similar mixed regression model was

applied to these data.
2 Secondary Outcomes:

� BRIEF-2 Working Memory t-scores, Conners 3 ADHD Index scores, WRAML-2 general memory t-scores and NEPSY-II inhibition and

word generation scales were analyzed using paired t-tests and ANCOVA, controlling for baseline scores and other covariates. to

examine changes from baseline to post-intervention.
3 Multiple Comparisons Correction:

� To control for multiple comparisons, the Benjamini-Hochberg False Discovery Rate (FDR) correction method was applied to identify

statistically significant outcomes (pFDR < 0:05).
4 Software:
� All statistical analyses were conducted using MATLAB R2022b and RStudio (R version 4.3.0) with the lmer package for linear mixed-

effect models.
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Interventions

� NFB Group: The NFB cognitive training involved a computerized working memory game with neuromonitoring and neurofeedback

program developed in-house. The training program consisted of two clinic sessions per week, each lasting 20 min, for a total of six

weeks.
� Treatment-as-usual Group: This group received standard clinical care, including medication management or no therapy as deemed

appropriate by their healthcare providers and parents. Treatment-as-usual participants attended regular appointments as needed

for their medication management.
ADDITIONAL RESOURCES

This study is part of a clinical trial (Clinical trial register number: NCT04002167): https://clinicaltrials.gov/study/NCT04002167?tab=table.
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