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Abstract

While a growing body of neurocognitive research has explored the neural substrates 
associated with attention deficit hyperactive disorder (ADHD), an objective biomarker 
for diagnosis has not been established. The advent of functional near-infrared spectros-
copy (fNIRS), which is a noninvasive and unrestrictive method of functional neuroimag-
ing, raised the possibility of introducing functional neuroimaging diagnosis for young 
ADHD children. In search of a stable and clinically applicable biological marker, here in 
this chapter, we first discuss a plausible solution to enable the objective monitoring of the 
acute effects of ADHD medications at the group level. Subsequently, we discuss our suc-
cessful visualization of differential neural substrates between ADHD and healthy control 
children for inhibitory control at the individual level, which reached an optimized clas-
sification parameter with a value of 85% and a sensitivity of 90%. These findings led us 
to postulate that fNIRS-based examination would allow the identification of an objective 
neuro-functional biomarker to diagnose and determine the appropriate treatment for 
ADHD children. We believe that such a novel technical application would evoke wide 
interest from neuroimaging researchers.

Keywords: developmental syndromes, optical topography, response inhibition, autism, 
discrimination analysis

1. Introduction

Noninvasive functional neuroimaging has been introduced as a promising approach, in com-

bination with psychological tests, to clinical diagnosis. Functional near-infrared spectroscopy 
(fNIRS) is an increasingly popular neuroimaging technique which noninvasively monitors 
human brain activation patterns, utilizing the tight coupling between neural activity and 
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regional cerebral hemodynamic responses, which has a high affinity with the study of devel-
oping brains (reviewed in, for example, [1–5]).

fNIRS has distinct advantages in its compactness, tolerance to body motion, affordable price, 
and accessibility [2, 6–11]. These advantages allow fNIRS to be contrasted with conventional 
imaging modalities such as functional magnetic resonance imaging (fMRI), single photon 
emission computed tomography (SPECT), positron emission tomography (PET), and mag-
netoencephalography (MEG), which are susceptible to motion artifacts and are performed 
using large apparatuses. Conversely, we expect fNIRS to occupy a unique position among 
neuroimaging methods: to provide complementary usage in clinical settings, such as bedside 
situations, for the purposes of diagnosis and treatment [8].

Indeed, fNIRS has been applied in various clinical studies including assessment of the out-
come of neurologic rehabilitation for pathological gait [12], monitoring of ischemia [13], 
monitoring of language dominance before neurosurgery [14], identification of epileptic 
focus [15, 16], making a diagnosis of various neurological and psychiatric diseases [8, 17], 
and so on. Furthermore, in Japan, the first clinical applications of fNIRS in neurosurgery, 
assessment of hemispheric dominance for language function [14], detection of epileptic focus 
[15], and aid for differential diagnosis of depressive symptoms, have been included under 
National Health Insurance coverage. There are, indeed, great expectations for the applica-
tion of fNIRS in various clinical situations, such as the exploration of objective diagnoses 
for developmental disorders and dementia as well as treatment assessment of medication 
intervention and rehabilitation. Among these, one of the most promising clinical applica-
tions of fNIRS, for which its convenience and robustness would be highly appreciated, is the 
functional monitoring of ADHD children, who have difficulty performing active cognitive 
tasks in the enclosed environments of other imaging modalities such as fMRI, PECT, PET, 
and MEG. A growing body of fNIRS studies has started to investigate the cortical hemody-
namics of ADHD patients [18–23].

Attention deficit hyperactivity disorder (ADHD) is one of the most common psychiatric dis-
orders in children. It affects between 3 and 7% of early elementary school children with typi-
cal behavioral symptoms of inattention, impulsivity, and hyperactivity [24, 25]. While ADHD 
is often diagnosed between the ages of 4 and 6 [26], ADHD symptoms are not specific to 
childhood, and 75–85% of patients are estimated to continue experiencing symptoms through 
adolescence and adulthood [27]. Consequently, 4–5% of adults have recently been reported 
to have ADHD [28]. Therefore, early identification and appropriate treatment are considered 
important in order to increase the quality of life of ADHD patients [29]. Today, the diagnosis 
of ADHD depends mainly on interview-based evaluation of the degrees of the phenotypes 
according to diagnostic criteria listed in the DSM-5 as observed by a patient’s parents or 
teachers (http://www.dsm5.org). However, interview-based assessments often entail subjec-
tive evaluations by parents and teachers, which present the risk of under or overestimations 
of ADHD symptoms [30, 31].

ADHD clinical guidelines provide recommended medication treatment, behavioral therapy, 
and community therapy for ADHD children [32–34]. Furthermore, an American Academy 
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of Pediatrics (AAP) and MTA study revealed that medication treatment was superior to 
behavioral therapy for school-aged children over 6 years old [35]. According to copious 
evidence accumulated over several decades, one of the most commonly recommended 
treatments has been the administration of psychostimulants and non-psychostimulants, 
such as methylphenidate (MPH) and atomoxetine (ATX) to improve ADHD symptoms [36]. 

An objective biomarker of the pharmacological effects is urgently required because cur-

rent treatment evaluation of ADHD depends on evaluation of the degrees of the symptoms 
listed in the diagnostic criteria. Interview-based measurements need to be rated by parents 
or teachers of the children, and thus often tend to entail subjective evaluation. Because of the 
technical limitations of relying on interview-based clinical observation of ADHD patients, 
the identification of a biological marker is needed to help facilitate objective assessments of 
pharmacological responses [37–39].

This led us to postulate that fNIRS would be effective in monitoring the effects of the ADHD 
medications MPH and ATX, especially in younger children who are difficult to assess using 
other neuroimaging modalities. The lack of evidence associating a neuropharmacological 
mechanism to therapeutic improvement is tantamount to a missed opportunity for appreci-
ating how MPH and ATX work in the central nervous system, and such understanding is a 
vital step toward developing an objective, evidence-based neuropharmacological treatment 
for ADHD children. Thus, we performed an fNIRS study in order to assess acute neurophar-

macological effects of MPH and ATX on the inhibitory functions of ADHD children.

We selected a go/no-go task as the experimental task. Go/no-go task has emerged as a princi-
pal paradigm for involving the multidimensional construct of response inhibition that refers 
to the ability to suddenly and completely stop a planned course of action. It is an essential 
executive function required in daily life, and impaired response inhibition is a strong candi-
date for a biomarker for ADHD [40] Former fMRI studies successfully visualized decreased 
hemodynamic responses with ADHD using motor response inhibition tasks including go/
no-go, stop signal, and Stroop tasks [41–45]. Among these tasks, go/no-go task performance 
matures at approximately 12 years [46], followed by stop signal task at 13–17 years, and lastly, 
Stroop task at around 17–19 years of age [47, 48]. Therefore, a go/no-go task would be the 
primary choice for a study of school-aged children. fNIRS studies that presented right VLPFC 
activation during go/no-go tasks have been replicated [9]. Furthermore, structural neuroim-

aging studies of ADHD have fairly consistently indicated gray matter density reductions in 
the striatum and right IFG [49].

Therefore, in two consecutive studies making the most of fNIRS’s merits, we have explored 
the neural substrate of inhibitory controls in school-aged ADHD children for the detection of 
a clinically-oriented biomarker for ADHD diagnosis and evaluation for ADHD medications. 
In Study 1, we explored differential neural substrates for ADHD and healthy control children 
during go/no-go task in group analyses using fNIRS measurement. In Study 2, we explored a 
method of individual differentiation between ADHD and healthy control children using mul-
tichannel fNIRS, emphasizing how the spatial distribution and amplitude of hemodynamic 
response associated with go/no-go task execution can be utilized.

fNIRS-Based Clinical Assessment of ADHD Children
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2. Study1: differential neural substrates for ADHD and healthy control children 
during  go/no-go task in group analyses, using fNIRS measurement

Our initial effort [50] examined whether fNIRS-based monitoring for neuropharmacologi-
cal effects could be visualized in actual clinical situations. To do so, we demonstrated that 
fNIRS could detect the cortical hemodynamic responses of ADHD children (7–14 years 
old) performing a go/no-go task before and 1.5 h after MPH administration, allowing the 
observation of the acute effect of MPH as a significant increase of hemodynamic (oxy-Hb) 
response in the right prefrontal cortex. As the monitoring takes about 6 minutes, we further 
demonstrated that the entire protocol can be implemented within a single-day hospital 
visit.

However, since that study was optimized for assessing the feasibility of fNIRS monitoring as 
an actual clinical tool that allows the pre- and post-medication comparison to be performed 
in a single-day hospital visit, a neuro-pharmacological assessment of the effects of ADHD 
medications has yet to be performed. Experimental designs should be optimized in a neuro-

pharmacological assessment, including a randomized, double-blind design with comparison 
to healthy control subjects.

Thus, for the present study, to explore the neuropharmacological assessment of ADHD medi-
cations, we enrolled ADHD children and age- and sex-matched healthy control subjects, and 
examined the neuropharmacological effects of ADHD medications on inhibition control, uti-
lizing a within-subject, double-blind, placebo-controlled design. Additionally, we desire to 
validate the feasibility of introducing fNIRS-based diagnosis of the effects of ADHD medica-

tions, MPH and ATX, for use with ADHD children as young as 6 years old, the earliest age at 
which the FDA recommends starting MPH and ATX administration. Figure 1 describes the 

experimental protocol. We examined the effects of MPH (OROS-methylphenidate commer-

cially available as Concerta) and ATX (Strattera, Eli Lilly and Co., Indianapolis, IN, USA) in 
a randomized, double-blind, placebo-controlled, crossover study during a go/no-go task. All 
ADHD patients were pre-medicated with MPH (n = 16) or ATX (n = 16) as part of their regu-

lar medication regimen. We performed fNIRS measurements of ADHD subjects twice (the 
times of day for both measurements were scheduled to be as close as possible), at least 2 days 
apart, but within 30 days. Control subjects underwent a single, non-medicated session. On 
each examination procedure day, ADHD subjects underwent two sessions, one before drug 
(MPH/ATX or placebo) administration, and the other 1.5 h after drug administration. Before 
each pre-administration session, a washout period of 2–3 days was undertaken by all ADHD 
subjects. Each session involved 6 each of go (baseline) and go/no-go (target) blocks, which 
were alternated. Each block lasted 24 s and was preceded by trial instructions displayed on 
a PC monitor for 3 s, giving an overall block-set time of 54 s and a total session time of about 
5.5–6.0 min. In the go blocks, we presented subjects with random sequences of two animal 
pictures and asked them to press a button for both pictures as quickly as possible. In the go/
no-go blocks, we presented subjects with a no-go picture 50% of the time, thus requiring 
subjects to respond to half the trials (go trials) and inhibit their response to the other half 
(no-go trials). After ADHD subjects performed the first session, either MPH/ATX or a placebo 
was administered orally. We generated stimuli and collected responses using E-Prime 2.0 
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(Psychology Software Tools). Stimuli were presented to the subject on a 17″ desktop computer 
screen. The distance between the subject’s eyes and the screen was about 50 cm.

We used the multichannel fNIRS system ETG-4000 (Hitachi Medical Corporation, Kashiwa, 
Japan), which utilizes two wavelengths of near-infrared light (695 and 830 nm). We analyzed 
the optical data based on the modified Beer-Lambert Law [51] as previously described [52]. 

This method enabled us to calculate signals reflecting oxygenated hemoglobin (oxy-Hb), 
deoxygenated hemoglobin (deoxy-Hb), and total hemoglobin (total-Hb) signal changes, 
obtained in units of millimolar·millimeter (mM·mm) [52]. In order to perform statistical 
analyses, we treated the oxy-Hb signal as the primary outcome of hemodynamic responses 
because of its higher sensitivity to changes in cerebral blood flow compared with deoxy-Hb 
and total-Hb signals [53–55], its higher signal-to-noise ratio [53], and its higher retest reliabil-
ity [56]. We used two sets of 3x5 multichannel probe holders, which resulted in 22 channels 
(CH) per set. Each probe holder consisted of eight illuminating and seven detecting probes 
arranged alternately at an inter-probe distance of 3 cm to cover the lateral prefrontal cor-

tices and inferior parietal lobe, referring to previous studies [9, 57–60]. The midpoint of a 
pair of illuminating and detecting probes was defined as a channel location. The bilateral 
probe holders were attached in the following manner: (1) their upper anterior corners, where 
we connected the right and left probe holders by a belt, were symmetrically placed across 
the sagittal midline, (2) the lower anterior corners of the probe holder were placed over the 
supraorbital prominence, and (3) the lower edges of the probe holders were attached at the 

Figure 1. Experimental procedure to detect the differential neural activation pattern for ADHD and healthy control 
children during go/no-go task in group analyses, using fNIRS measurement. (a) A schematic showing the flow of pre- 
and post-medication administration sessions for ADHD subjects. (b and c) fNIRS measurements. Brain activity was 
measured using fNIRS, while ADHD and healthy control subjects performed the go/no-go task.

fNIRS-Based Clinical Assessment of ADHD Children
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upper part of the auricles. Virtual registration was adopted for spatial profiling of fNIRS data 
[61, 62] to register fNIRS data to MNI standard brain space [63]. This method enables us to 
place a virtual probe holder on the scalp based on a simulation of the holder’s deformation 
and the registration of probes and channels onto reference brains in an MRI database [64, 65]. 

Specifically, the positions of channels and reference points, consisting of the Nz (nasion), Cz 
(midline central), and left and right preauricular points, were measured with a 3D-digitizer in 
real-world (RW) space. The RW reference points were affine-transformed to the correspond-

ing reference points in each entry in reference to the MRI database in MNI space. We adopted 
the same transformation parameters to obtain the MNI coordinates for the fNIRS channels 
and the most likely estimates of the locations of given channels for the group of subjects 
together with the spatial variability associated with the estimation [66]. Finally, macroana-

tomical labels were estimated using a Matlab function that reads labeling information coded 
in macroanatomical brain atlases, LBPA40 [67] and Brodmann’s atlas [68].

Individual timeline data for the oxy-Hb and deoxy-Hb signals of each channel were prepro-

cessed with a first-degree polynomial fitting and high-pass filter using cut-off frequencies of 
0.01 Hz in order to remove baseline drift, and a 0.8 Hz low-pass filter to remove heartbeat pul-
sations. In fNIRS measurements, note that the Hb signals analyzed do not directly represent 
cortical Hb concentration changes, but contain an unknown optical path length that cannot be 
measured. Direct comparison of Hb signals among different channels and regions should be 
avoided as optical path length is known to vary among cortical regions [69]. Hence, statistical 
analyses were performed in a channel-wise manner. We computed channel-wise and subject-
wise contrasts by calculating the inter-trial mean of differences in Hb signals between peak 
(4–24 s after go/no-go block onset) and baseline (14–24 s after go block onset) periods from 
the preprocessed time series data. We visually inspected the movements of the subjects and 
removed the blocks with sudden, obvious, discontinuous noise for the six go/no-go blocks. 
We subjected the resulting contrasts to second-level, random-effects group analyses.

Figure 2 describes the experimental results. The oxy-Hb signals were statistically analyzed 
in a channel-wise manner. Specifically, for healthy control subjects, who were examined only 
once, a target (no-go block session) vs. baseline (go block session) contrast was generated 
(Figure 2(a)). For ADHD subjects, we generated the following contrasts: (1) pre-medication 
contrasts: target vs. baseline contrasts for pre-medication conditions (either placebo or MPH/
ATX administration) for the first day exclusively (Figure 2(b)), (2) post-medication contrasts: 
the respective target vs. baseline contrasts for post-placebo and post-MPH/ATX conditions 
(Figure 2(c, d)), and (3) inter-medication contrasts: differences between MPH/ATXpost−pre and 

placebopost−pre contrasts (Figure 2(c, d)). Cortical activation patterns of healthy control sub-

jects (a) and of ADHD subjects (b–d) are shown as t-maps of oxy-Hb signal, with significant 
t-values (one-sample t-test, p < 0.05) being shown according to the color bar.

Firstly, to screen the channels involved in go/no-go tasks in healthy control subjects, paired t-tests 
(two-tails) were performed on target vs. baseline contrasts. The statistical threshold was set at 
0.05 with Bonferroni correction for family-wise errors. We found significant oxy-Hb increase 
in the right CH 10 (mean 0.075, SD 0.074, p < 0.05, Bonferroni-corrected, Cohen’s d = 1.009; 
(Figure 2(a)). CH 10 was located in the border region between the right MFG and IFG (MNI 
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coordinates x, y, z (SD): 46, 43, 30 (14), MFG 78%, IFG 22% with reference to macroanatomical 
brain atlases [67, 68]). Therefore, we set the right CH 10 as a region-of-interest (ROI) for the rest 
of the study. In ADHD conditions, we found that no channels were activated in the pre-medi-
cation and post-placebo conditions (Figure 2(b)). On the other hand, the right CH 10 exhibited 
significant oxy-Hb increase in the post-MPH (mean 0.077, SD 0.060, p < 0.05, Cohen’s d = 1.283; 
(Figure 2(c)) and post-ATX (mean 0.074, SD 0.063, p < 0.05, Cohen’s d = 1.165; (Figure 2(d)) condi-
tions. Finally, the effects of medications were investigated in the inter-medication contrast: we 
found the right CH 10 to be significantly different between medication and placebo conditions, 
MPH (paired t-test, p < 0.05, Cohen’s d = 0.952) and ATX (paired t-test, p < 0.05, Cohen’s d = 0.663). 
These results demonstrate that MPH and ATX, but not the placebo, induced an oxy-Hb signal 
increase during the go/no-go task.

3. Study 1: Discussion

Previous fMRI measurements for healthy control subjects have provided preliminary evi-
dence for the neural correlates of go/no-go tasks [70], including the bilateral IFG, MFG and 
SFG (superior frontal gyrus), supplementary motor area, anterior cingulate gyrus, inferior 
parietal and temporal lobes, caudate nucleus, and cerebellum [60]. In addition, recent fMRI 
[41–45] and fNIRS [71, 72] studies on acute medication effects on ADHD have also shown that 
bilateral IFG and MFG were robustly normalized after ADHD medications. Taken together, 
the specificity of the implicated brain regions, such as MFG and IFG, in healthy subjects, as 
well as functional and structural changes to those regions in ADHD patients, suggests that 
response inhibition is a good neuro-functional biomarker candidate for ADHD [73].

Our current study found activation in the right MFG and IFG (BA9, 46, 45) during the go/
no-go task period in the healthy control subjects, but not in the pre-medicated ADHD sub-

jects. These results suggest that ADHD produces impairment of right prefrontal function 

Figure 2. Differences of neuroactivation patterns between ADHD and healthy control during go/no-go task. The channel 
location of oxy-Hb signals for the right CH 10. (a) Healthy control (b) pre-medicated ADHD (c) post-MPH administration 
and (d) post-ATX administration.
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associated with go/no-go task performance. The administration of MPH and ATX led to a 
degree of right prefrontal activation in ADHD children comparable to that of the healthy con-
trol subjects, but the placebo did not. These results suggest that as observed using fNIRS, nor-
malized right IFG/MFG activation associated with inhibition control would serve as a robust 
neurobiological marker for evaluating both MPH and ATX effects. In summary, we explored 
the feasibility of introducing fNIRS-based neuropharmacological assessment of the effects 
of MPH/ATX administration to ADHD children, and concluded that the right IFG and MFG 
activation could serve as robust objective neurobiological markers to visualize the effects of 
MPH/ATX on ADHD children based on the following observations.

4. Study 2 individual differentiation between ADHD and healthy control children 
using multichannel fNIRS, emphasizing how spatial distribution and amplitude of 
hemodynamic response associated with go/no-go task execution can be utilized

The purpose of Study 2 was to explore the possibility of fNIRS-based single-subject diagno-
sis with various technical approaches. The exploration of fNIRS-based individual classifica-
tion methodology has been attracting increasing research interest with extremely promising 
results pertaining to its use for the clinical diagnosis of psychiatric and neurodevelopmental 
disorders. Recently, a multi-site large-scale fNIRS study involving over 600 adult subjects suf-
fering from bipolar disorder, depressive disorder, and schizophrenia demonstrated high clas-
sification accuracy using disorder-specified hemodynamic response patterns: sensitivity of 
differentiation from healthy control subjects was 76.9% for bipolar disorder, 74.6% for major 
depressive disorder, and 90.0% for schizophrenia [74]. Furthermore, in a different study 
enrolling nine boys with medicated ADHD and eight boys with autism spectrum disorder 
(ASD), use of a support vector machine on hemodynamic response data during a task involv-
ing viewing the subject’s mother’s face allowed the discrimination of the two populations 
with an 84% accuracy of classification [75].

In our previous session, described above, we introduced fNIRS-based monitoring of the neu-
ropharmacological effects of ADHD medications. Furthermore, with group analyses, we suc-
cessfully visualized differential neural substrates for ADHD and healthy control children for 
inhibitory control. The inhibition task recruited the right IFG/MFG, and activation was sig-
nificantly high during the go/no-go task (Cohen’s d: 1.009). Those results led us to postulate 
that right IFG/MFG activations for a go/no-go task, as observed using fNIRS, might be used 
as an objective neuro-functional biomarker to differentiate school-aged ADHD children and 
healthy controls at the individual level. Consequently, our next challenge was to explore the 
inhibition-related dysfunction in ADHD children at an individual level.

We explored a method for individual classification between ADHD and healthy control sub-
jects using fNIRS, emphasizing how spatial distribution and amplitude of the hemodynamic 
response associated with go/no-go task execution can be utilized. To do this, we needed to 
identify the cut-off amplitude of cortical activation of each ROI mentioned above in order to 
differentiate ADHD children from healthy control children. We focused on individual oxy-Hb 
signal change during target (go/no-go) sessions at multichannel locations for the right MFG 
and IFG, where a go/no-go-task-related activation in control subjects was conspicuously large 
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at a single-channel location in group analyses from our previous studies [76–78]. In order 
to identify a robust classification parameter, we adopted the right MFG and IFG as ROIs 
(call optimized ROIs). Then, making the best use of multichannel analysis, we adapted well-
formed formulae to identify the constituent CHs of the optimized ROIs, and assessed whether 
a specific logic could improve the efficacy of classification.

First, we screened for any fNIRS channels involved in the go/no-go task for control and 
ADHD subjects at the group level (Figure 4). We found significant oxy-Hb increase in three 
CHs in the right (R) hemisphere, including R CH 5 (mean 0.057, SD 0.077, p < 0.05, Bonferroni-
corrected, Cohen’s d = 0.741), R CH 6 (mean 0.046, SD 0.060, p < 0.05, Bonferroni-corrected, 
Cohen’s d = 0.755), and R CH 10 (mean 0.068, SD 0.065, p < 0.05, Bonferroni-corrected, Cohen’s 
d = 1.046) in control subjects. Conversely, ADHD conditions showed no significant oxy-Hb 
increase in the measured cortical areas. Thus, we adopted CHs 5, 6, and 10 as statistically spe-

cific ROIs to represent the channels activated for go/no-go task execution in healthy control 
subjects. We performed independent two-sample t-tests (two-tails) on these contrasts with a 
statistical threshold of p < 0.05.

Second, we assessed the group difference in oxy-Hb signals among the ROIs (Figure 3). The 
comparison between ADHD and healthy control subjects revealed significant activation of 
oxy-Hb signal in the right CHs 6 and 10 in the control subjects than in ADHD subjects at the 
group level (independent two-sample t-test; R CH 6, p < 0.05 Bonferroni-corrected, Cohen’s 
d = 0.964; R CH 10, p < 0.05 Bonferroni-corrected, Cohen’s d = 0.699). The right CHs 6 and 10 
were located in the border region between the right MFG and IFG (R CH 6, MNI coordinates 
x, y, z (SD): 59, 28, 19 (25), MFG 18%, IFG 52%; R CH 10, MNI coordinates x, y, z (SD): 48, 37, 
34 (27), MFG 63%, IFG 31%) in reference to a macroanatomical brain atlas [68].

We applied CHs 6 and 10 as statistically robust ROIs to represent the most significant activation 
in healthy control compared with ADHD subjects during go/no-go task execution. In order to 

Figure 3. Cortical activation patterns for group-level comparison between the ADHD and healthy control groups during 
a go/no-go task. t-Maps of oxy-Hb signals are displayed, with significant t-values (paired t-test, Bonferroni-corrected) 
shown according to the color bar.
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classify ADHD and healthy control children with higher accuracy, we explored setting a cut-
off value for individual fNIRS-based oxy-Hb signal patterns. We set the initial cut-off value 
for the oxy-Hb signal at 0 mM·mm. From this start point, the cut-off value was incremented 
or diminished until specificity or sensitivity reached 0 or 1. For each cut-off value, we plotted 
sensitivity and 1-specificity to create a receiver operating characteristic (ROC). In addition, 
we calculated the area under the resultant ROC curve (AUC). Then the best cut-off value was 
identified as that with the highest sensitivity and specificity, which is the point nearest to the 
top left corner of the curve (Figure 4). In this and in the previous study, the PASW Statistics 
(version 18 for Windows) (SPSS Inc., Chicago, USA) software package was used for statistical 
analyses.

First, we examined each channel (CH 6 and 10) component. For CH 6, the AUC value was 
81.20%. At the optimal cut-off value of 0.0000 mM·mm, differentiation between ADHD 
and healthy control subjects was achieved with a sensitivity of 66.7% and a specificity of 

Figure 4. In order to predict ADHD diagnosis using channel-wised hemodynamic changes, we applied CHs 6 and 10 as 
statistically robust ROIs to represent the most significant activation in healthy control compared with ADHD subjects 
during go/no-go task execution. We explored setting a cut-off value for individual fNIRS-based oxy-Hb signal patterns: 
(a) CHs 6 and 10, respectively, (b) average oxy-Hb signal contrasts for the right CHs 6 and 10, (c) optimized values using 
well-formed formulae. For each cut-off value, sensitivity and 1-specificity to create a receiver operating characteristic 
(ROC) were plotted. Subsequently, the area under the resultant ROC curve (AUC) was calculated. Finally, the best 
cut-off value was identified as that with the highest sensitivity and specificity, which is the point nearest to the top left 
corner of the curve.
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83.3% (Figure 4(a)). For CH 10, the AUC value was 74.4%. At the optimal cut-off value of 
0.0320 mM·mm, differentiation between ADHD and healthy control subjects was achieved 
with a sensitivity of 63.3% and a specificity of 80.0% (Figure 4(a)). Second, the averages of the 
integral values for CHs 6 and 10 for 30 individual ADHD and healthy control subjects were 
calculated (Figure 4(b)). The resulting AUC value was 84.7%. At the optimal cut-off value of 
0.0374 mM·mm, differentiation between ADHD and healthy control subjects was achieved 
with a sensitivity of 83.3% and a specificity of 73.3% (Figure 4(a)).

Third, for further optimization, we adapted well-formed formulae for CHs 6 and 10 in the most 
optimized ROI. With “AND” logic, a subject was classified as normal (not ADHD), when the 
subject’s oxy-Hb signals for CHs 6 “AND” 10 were above a given threshold. When “OR” logic 
was applied, a subject was classified as normal (not ADHD), when the subject’s oxy-Hb signal 
for CH 6 “OR” 10 was above a given threshold. For each classification using well-formed for-

mulae, ROC analysis was performed as described above. We adapted well-formed formulae 
for CHs 6 and 10 to better classify ADHD and healthy control subjects. When “OR” logic was 
adopted, the area under the AUC was 78.2%. At the optimal cut-off value of 0.0650 mM·mm, 
differentiation between ADHD and healthy control subjects was achieved with a sensitivity of 
76.7% and a specificity of 70.0% (Figure 4). Finally, when “AND” logic was adopted, the AUC 
value was 85.0%, which was the highest percentage among all classifications. At the optimal 
cut-off value of 0.0111 mM·mm, differentiation between ADHD and healthy control subjects 
was achieved with a sensitivity of 90.0% and a specificity of 70.0% (Figure 4).

5. Study 2: Discussion

Optimized ROIs in the right IFG and MFG to differentiate ADHD children from healthy 
control children were successfully identified through individual assessment of channel-wise 
oxy-Hb signal changes using fNIRS; adaptation of well-formed formulae to two CHs to form 
optimized ROIs achieved 90% sensitivity for diagnostic predictions at the individual level. 
Thus, we suggest the high possibility that this novel fNIRS-based measurement may serve as 
an efficient diagnostic method to enable differentiation between ADHD and healthy children 
at an individual level. Previous neuroimaging studies have reported on methods for diag-

nostic classification of ADHD and healthy control subjects at the individual level that adopt 
multifactorial methods (e.g., neuroanatomical pattern classification) to structural MRI data 
[43, 79] and to fMRI data [37, 80–84]. However, our protocol requires only a single variable (the 
simple “integral value” of fNIRS signals for only two ROIs) and produces high classification 
rates (sensitivity: 90%). Our classification rates were equivalent to those reported for previous 
MRI and fMRI studies using multivariate statistical methods, which ranged from 67 to 93% for 
ADHD groups compared with healthy control children.

Recently, a considerable number of studies have introduced neural correlates for go/no-go 
tasks, including the right IFG and MFG [60]. Furthermore, a recent activation likelihood esti-
mation (ALE) meta-analysis of go/no-go tasks [85] revealed a mainly right-lateralized net-
work associated with response inhibition, including the right MFG and IFG (BA46/44) [70]. 
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The right IFG and MFG have been implicated in processes of response selection, stimulus 
recognition, and maintenance and manipulation of stimulus-response associations, including 
selecting not to respond, all of which are critical in the performance of go/no-go tasks.

From a genetic perspective, the catechol-O-methyltransferase (COMT) gene [86], the dopa-
mine active transporter 1 gene (DAT1, also known as SLC6A3), and the dopamine receptor 
D4 (DRD4) gene [39] are deeply associated with the pathophysiology of ADHD. These genes 
are thought to be involved in the monoamine system, and their dysfunction in the prefrontal 
cortex, including the IFG and MFG, is considered to be the core pathomechanism of ADHD.

6. Limitations Study 1 & 2

As discussed above, the current study has demonstrated that our fNIRS-based experimental 
method of using inhibition-elicited cerebral functional to differentiate between ADHD and 
healthy control children allows the observation of a distinct biological marker in clinical situ-
ations. However, before establishing its utility in clinical practice, several issues need to be 
addressed.

First, the scope of the current study does not necessarily extend to screening for ADHD with 
comorbidity. Therefore, our next step is to explore the disorder-specificity of fNIRS-based 
individual classification relative to other developmental and psychiatric disorders, such as 
autism spectrum disorder, oppositional defiant disorder, conduct disorder, depression, and 
anxiety.

Second, although most ADHD subjects had temporally stopped medication (MPH or ATX) 
for more than 48 hours before fNIRS examination, the condition of the ADHD subjects in this 
study may not precisely reflect immune brain activation. Several other neuroimaging studies 
examining medication-naïve ADHD patients have been reported in a recent meta-analysis 
[87]. Brain function can be changed with long-term MPH and ATX administration; the recent 
meta-analysis of human studies using fMRI suggested that long-term MPH treatment is asso-
ciated with more normal activation in the right DLPFC. Therefore, we need to explore medi-
cation-naïve ADHD patients as our next step.
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