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Abstract
Research has linked executive function (EF) deficits to many of the behavioral symptoms of attention deficit hyperactivity 
disorder (ADHD). Evidence of the involvement of EF impairment in ADHD is corroborated by accumulating neuroimaging 
studies, specifically functional magnetic resonance imaging (fMRI) studies. However, in recent years, functional near-infrared 
spectroscopy (fNIRS) has become increasingly popular in ADHD research due to its portability, high ecological validity, 
resistance to motion artifacts, and cost-effectiveness. While numerous studies throughout the past decade have used fNIRS 
to examine alterations in neural correlates of EF in ADHD, a qualitative review of the reliability of these findings compared 
with those reported using gold-standard fMRI measurements does not yet exist. The current review aims to fill this gap in 
the literature by comparing the results generated from a qualitative review of fNIRS studies (children and adolescents ages 
6–16 years old) to a meta-analysis of comparable fMRI studies and examining the extent to which the results of these stud-
ies align in the context of EF impairment in ADHD. The qualitative analysis of fNIRS studies of ADHD shows a consistent 
hypoactivity in the right prefrontal cortex in multiple EF tasks. The meta-analysis of fMRI data corroborates altered activity 
in this region and surrounding areas during EF tasks in ADHD compared with typically developing controls. These find-
ings indicate that fNIRS is a promising functional brain imaging technology for examining alterations in cortical activity in 
ADHD. We also address the disadvantages of fNIRS, including limited spatial resolution compared with fMRI.
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Introduction

Identifying neural correlates of childhood disorders provides 
more accurate diagnostic markers and gives practitioners and 
researchers a mechanistic target for novel therapy methods. 
Over the past few decades, many neuroimaging studies have 
examined alterations in neural structure and function across 
children with various neurogenetic and neurodevelopmen-
tal disorders. These studies have significantly improved our 
understanding of the neural bases underlying these disorders 
[1].

However, the quantification of neural differences across 
heterogeneous pediatric clinical populations is confounded 
by the limitations of the currently-utilized neuroimaging 
methods. The contemporaneous gold-standard for iden-
tifying functional brain markers is functional magnetic 
resonance imaging (fMRI). fMRI uses magnetic fields to 
measure blood oxygen level dependent (BOLD) response, 
a proxy for brain activity, in cortical and subcortical brain 
regions. fMRI’s ability to image subcortical regions and its 
high spatial resolution (millimeter) has made it the neuro-
imaging method of choice in investigations of brain function 
in pediatric populations.

However, there are multiple drawbacks of fMRI, par-
ticularly in pediatric populations. These limitations include 
fMRI’s high sensitivity to movement artifacts, problems 
with acoustic noise, low ecological validity, a dearth of stud-
ies on the potentially adverse effect of ultra-high field MRI 
in children [2], high costs [3], and lack of portability. These 
limitations make fMRI less attractive for widespread use in 
lower-income settings and with active, pediatric populations.
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Functional near-infrared spectroscopy (fNIRS) is a rela-
tively novel, noninvasive optical neuroimaging technol-
ogy that has become increasingly popular in recent years 
for examining brain function in typically developing (TD) 
children and in clinical pediatric populations [4, 5]. fNIRS 
has several advantages over fMRI including portability, eco-
logical validity, lower sensitivity to movement, and cost-
effectiveness, that make fNIRS particularly useful with 
pediatric populations [6]. However, current fNIRS systems 
cannot examine brain activity below the cortical level and 
their signal to noise ratio and spatial resolution are lower 
than those of fMRI.

fNIRS systems emit near-infrared light of different wave-
lengths (650–1000 nm) into the brain and measure the extent 
to which the light is reflected using a set of optical emitters 
and detectors (optodes) placed over the head [7]. Hemo-
dynamic changes in oxygenated (HbO) and deoxygenated 
(HbR) hemoglobin, as measured by fNIRS, are linked to 
neuronal activity as explained by neurovascular coupling 
mechanism. Thus, fNIRS measurements can be used as a 
proxy for neural activity, similar to fMRI BOLD measure-
ments. Concurrent fMRI-fNIRS studies have been utilized to 
examine the congruence of fMRI and fNIRS results. These 
studies have demonstrated strong correlations between HbO 
(and HbR) signals measured by fNIRS and BOLD signals 
from fMRI in TD populations [6, 8]. These validation data 
further substantiate fNIRS as an attractive tool for neurode-
velopmental research.

We will provide a brief review of the current state of 
fNIRS research in child and adolescent psychiatry and psy-
chology. Particularly, we will focus on ADHD as a lens to 
the broader use of fNIRS in child and adolescent psychiatry 
considering that (a) ADHD is the most prevalent neurodevel-
opmental disorder, and (b) there is an abundance of fNIRS 
studies examining alterations in brain activity during execu-
tive function (EF) tasks in children with ADHD. The latter 
can be explained by the idea that the core system affected 
in ADHD is the frontoparietal cortical network that can be 
readily probed using fNIRS. We will compare the aggre-
gated fNIRS findings in children with ADHD with those 
reported in meta-analysis of comparable fMRI studies.

fNIRS research in child and adolescent psychiatry/
psychology

Lloyd-Fox and colleagues’ review of the first decade 
(1998–2010) of fNIRS research in infants depicts the ris-
ing popularity of fNIRS in clinical pediatric research [4]. 
The review reported a fivefold increase of fNIRS studies 
in infants in the decade after the initial fNIRS study in this 
population. Other studies have suggested that with rapidly 
advancing fNIRS methodology, experiments have become 
increasingly complex and have shifted focus from research 

with TD populations to research with clinical populations [4, 
5]. Indeed, recent fNIRS studies cover a wide spectrum of 
research in child psychology and psychiatry, including early-
onset Schizophrenia, childhood major depressive disorder, 
and neurodevelopmental disorders such as autism spectrum 
disorders (ASD) and ADHD [9–15].

Pediatric psychology and psychiatry research have readily 
taken advantage of the benefits of fNIRS, namely its port-
ability, high ecological validity, tolerance to motion artifacts, 
and cost-effectiveness. Because fNIRS is portable and easy 
to set-up, it may be used in tandem with other neuroimaging 
methods such as EEG or transcranial magnetic stimulation 
(TMS). For example, researchers have used this benefit to 
investigate the effect of TMS treatment in girls with Bulimia 
Nervosa on brain activity, as measured by fNIRS [16].

fNIRS also allows for studies with high ecological valid-
ity, which is particularly important when investigating the 
neurocognitive development of pediatric populations. For 
example, fNIRS has been utilized for the examination of the 
neural correlates of social interactions in naturalistic settings 
in infants and children at risk of developing ASD [17].

Furthermore, fNIRS is a great alternative for more active 
pediatric populations or for populations that cannot read-
ily undergo MRI measurements, including infants and other 
groups with health conditions (e.g. children with Cerebral 
Palsy or low-functioning ASD). Many childhood-onset neu-
ropsychiatric disorders affect impulse control or social inter-
actions and may make it difficult for participants with these 
disorders to comply with experimental task instructions, 
e.g., requirements to sit still for a long time. The frequent 
talking, interruptions, and movements that are often seen in 
individuals with these disorders make MRI a less appealing 
neuroimaging tool for these populations.

Finally, fNIRS is also relatively inexpensive, as com-
pared to fMRI, and may be utilized in low-resource settings 
to assess a large number of individuals in a short amount 
of time and under conditions with ecological validity. For 
example, researchers have used fNIRS in rural Gambia for 
longitudinal investigation of the effects of nutrition on neu-
rocognitive functions in Gambian children [18, 19].

These many benefits make fNIRS an attractive neuro-
imaging tool for the diagnosis and treatment of pediatric 
psychiatric disorders.

fNIRS research in children with ADHD

fNIRS is particularly useful in working with children with 
ADHD. This disorder is therefore one of the neuropsychi-
atric disorders that has been most thoroughly investigated 
with fNIRS. The large number of studies in this area is due, 
in part, to the high prevalence of ADHD in children—11% 
of U.S. school-aged children were diagnosed with the disor-
der in 2011 [20]. Additionally, the involuntary movements 
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of this population make fNIRS more feasible than fMRI. 
Furthermore, while the etiology of ADHD is still elusive, it 
is well understood that cortical structures, particularly the 
fronto-parietal networks, play an important role in this dis-
order [21]. These cortical structures can be readily probed 
by fNIRS. Thus, there has been increasing interest in using 
fNIRS as a cost-effective neuroimaging technique for exam-
ining cortical correlates of ADHD and their changes in 
response to treatments.

Given these attributes and the prevalence of fNIRS stud-
ies in children with ADHD, this study will investigate the 
clinical utility of fNIRS for children with ADHD, specifi-
cally its ability to reliably detect neural correlates of this 
disorder in comparison with gold-standard fMRI. Given the 
abundance of both fNIRS and fMRI research on executive 
dysfunction in ADHD, this paper focuses on neural corre-
lates of executive dysfunction in ADHD in children ages 
six to sixteen.

EF and ADHD

Deficits in EFs contribute to behavioral symptoms observed 
in ADHD, which can be grouped into three categories—
inattention, hyperactivity, and impulsivity [22]. EFs are a 
collection of complex sub-processes of higher-order cogni-
tive functions that rely on self-regulation as well as on goal-
oriented behavior [23, 24]. They include working memory 
(WM), cognitive flexibility, response inhibition, planning, 
and selective and divided attention. While these subproc-
esses can be delineated separately to a certain extent, it must 
be noted that they are tightly linked with each other [25]. EF 
deficits have substantial impact on behavioral, educational, 
and social performance and, in ADHD, have been linked to 
poor academic functioning [26] in children and to unem-
ployment and substance abuse in adults [27].

fMRI research on neural correlates of EF deficits in 
ADHD has been assessed in several reviews and meta-
analyses [28, 30–32]. These studies implicate the frontal, 
parietal, and striatal brain regions in EF deficits observed 
in individuals with ADHD. Specifically, individuals with 
ADHD showed both hyper- and hypo-activity in the frontal 
regions (as compared with typically developing controls) 
in a range of EF tasks, including Stop-Signal, Go/NoGo, 
Stroop, and Oddball paradigms.

fNIRS studies have been used primarily for the investi-
gation of the neural correlates of EF deficits in ADHD [23, 
24]. Here, we qualitatively reviewed fNIRS studies of EF in 
children with ADHD and compared the results with those 
of a meta-analysis of comparable fMRI studies [28] to draw 
conclusions about the reliability of fNIRS findings in the 
context of EF in ADHD. We focused on fNIRS studies of 
EF in children with ADHD for multiple reasons. Primarily, 
this review aims to fill a gap in the literature, as there is 

currently no comprehensive review of fNIRS studies in EF 
in children with ADHD. Additionally, EF is a logical start-
ing point because it is implicated in a variety of neurode-
velopmental disorders and significantly impacts children’s 
socioemotional behavior [29].

Methods

The following databases were searched using the key-
words < NIRS > and < ADHD > : Pubmed (n = 37 studies 
identified initially), PsychInfo (n = 36 studies identified ini-
tially), Cochrane (n = 27 studies identified initially), Web 
of Science (n = 25 studies identified initially). Studies were 
included if they met the following criteria: (a) utilized fNIRS 
for functional brain imaging, (b) subjects included children 
with ADHD (age < 18 years) and typically developing con-
trols, (c) reported the location of fNIRS optodes based on the 
international 10/20 system to facilitate comparison across 
studies, and (d) utilized executive function tasks (response 
inhibition, attention, cognitive flexibility, working memory, 
etc.) to elicit brain activation. Figure 1 illustrates how arti-
cles were identified.

In total, 26 studies were included in the review (Table 1; 
Fig. 1). The age ranges of participants varied across the dif-
ferent studies, but across all studies the subjects included 
were between the ages of six and sixteen. Thirteen studies 
investigated response inhibition [11, 33–43], seven studies 
examined sustained/selective attention [44–50], three stud-
ies investigated working memory [51–53], and three stud-
ies investigated cognitive interference control and cognitive 
flexibility [54–56]. While the studies all utilized the interna-
tional 10/20 system, they used diverse fNIRS devices. NIRS 
systems differ substantially in terms of optode configuration/
headgear design as well as source-detector separation. Also, 
different NIRS systems use different NIR wavelengths to 
probe changes in HbO and HbR [57] resulting in different 
signal-to-noise ratio. Thus, we also aggregated the findings 
for each NIRS system separately. We hope that this categori-
zation will allow researchers to readily compare their results 
to those included in this review. Scholkmann et al. [57] pro-
vide a comprehensive review of most commercially used 
NIRS systems and their properties.

The fNIRS devices included Hitachi ETG 4000 and ETG 
100 Hitachi, OEG-16, NIRO 300, Cognoscope and JH-
NIRS BR05. We also aggregated the findings across stud-
ies by grouping them based on the examined EF domain 
when there were enough studies available. These included 
response inhibition, working memory, and attention. Table 1 
provides a complete summary of the included studies and 
a detailed list of tasks and probe sets used for fNIRS meas-
urements. This table also shows the optode placement and 
the cortex areas covered by the fNIRS array.
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The results of these fNIRS studies were then compared to 
Cortese et al.’s fMRI meta-analysis to examine the extent to 
which the outputs of these neuroimaging devices in studies 
with children with ADHD were in agreement.

Results

Results by NIRS device type

Studies were first grouped based on the type of NIRS devices 
used for measuring cortical activity to aggregate results 
across studies qualitatively. This categorization was made 
because NIRS devices are different with respect to headset 
form factors, configuration of probe sets, and the number of 
channels and spatial coverage. We hope that this categoriza-
tion will allow researchers to readily compare their results 
to those included in this review.

ETG Hitachi 4000 (10 studies)

Results of EF tasks using the ETG-4000—placed over 
the frontal and/or parietal regions based on the 10–20 

system—coincide reasonably well. Monden et  al. [37] 
reported hypoactivity in the right inferior and middle frontal 
gyrus in children with ADHD during a Go/NoGo task (prob-
ing response inhibition) as compared to typically developing 
controls. They replicated these findings in a larger sample 
and found hypoactivity in the previously reported regions 
as well as in the rostral prefrontal cortex in children with 
ADHD. In a series of fNIRS studies on attention and work-
ing memory, Nagashima and colleagues [40, 46, 47] also 
reported hypoactivity in the right inferior and middle frontal 
gyrus in children with ADHD compared with controls. In 
an additional study, these researchers also identified hypo-
activity in the right inferior parietal lobule. A recent study 
by Miao and colleagues [36] also reported hypo-activity 
in the frontal regions in children with ADHD during the 
Go/NoGo task (although hypo-activity was primarily in 
the left frontopolar cortex). Schecklmann et al. [53] com-
pared prefrontal activity during various working memory 
tasks between children with ADHD and controls but did 
not find any significant difference in brain activity between 
groups. This negative finding could be explained by the 
fact that more than half of children in their ADHD sample 
were medicated. Nakashima et al. [55] examined children’s 

Fig. 1  Selection of studies to 
include in the review. *Studies 
were excluded based on the fol-
lowing criteria: a utilized fNIRS 
for functional brain imaging, b 
subjects included children with 
ADHD (age < 18 years) and 
typically developing controls, c 
reported the location of fNIRS 
optodes based on the interna-
tional 10/20 system to facilitate 
comparison across studies, and 
d utilized executive function 
tasks (response inhibition, atten-
tion, cognitive flexibility, work-
ing memory, etc.) to elicit brain 
activation. Figure flowchart 
adapted from Page MJ, McKen-
zie JE, Bossuyt PM, Boutron 
I, Hoffmann TC, Mulrow CD, 
et al. The PRISMA 2020 state-
ment: an updated guideline for 
reporting systematic reviews. 
BMJ 2021;372:n71. https:// doi. 
org/ 10. 1136/ bmj. n71 and http:// 
www. prisma- state ment. org/

Records identified from: 

Pubmed (n = 37), PsychInfo (n = 
36), Cochrane (n = 27), Web of 
Science (n = 25) 

Using key words: <(f)NIRS> and 
<ADHD> in the abstract 

Records screened  
(n = 125) 

Records excluded due to 
duplicates and/or being empirical 
work and/or not being on ADHD 
(total n = 79) 

Studies assessed for eligibility 
(n = 46) 

Studies excluded: 
- Adult participants (n = 7) 
- No typically developing 

controls (n = 5) 
- No EF task (n = 8)   

Studies included in review 
(n = 26) 

Identification of studies via databases  
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brain activity in response to increased task difficulty during 
a multi-source interference task (cognitive flexibility) and 
found hyperactivity in the left dorsolateral prefrontal cortex 
in response to task load in children with ADHD. A recently 
published study by Bell et al. [49] also found hyperactivity 
in frontal regions, as well as parietal regions in children 
with ADHD as compared to typically developing controls. 
Additionally, this study found hypoactivation in the right 
inferior prefrontal gyrus. In sum, these studies demonstrated 
substantial agreement in their identification of hypoactivity 
in various prefrontal regions—particularly in the right infe-
rior and middle frontal gyrus—during a variety of EF tasks 
in children with ADHD.

ETG‑100 (3 studies)

Three studies used an older Hitachi fNIRS system, ETG-
100. One study by Araki et al. reported hypoactivity in the 
left ventrolateral prefrontal cortex during a continuous per-
formance task, which probed response inhibition in chil-
dren with ADHD [44]. An additional study by Negoro and 
colleagues [39] found hypoactivity in the inferior lateral 
prefrontal cortex (bilaterally) during a Stroop task (prob-
ing set shifting and response inhibition) in children with 
ADHD, similar to the studies utilizing the ETG-4000. The 
third study used a rock-paper-scissor game to investigate 
response inhibition in ADHD and reported hypoactivity 
in the left inferior lateral prefrontal and left medial fron-
tal (frontal pole) in young children with ADHD compared 
with controls [34]. This study also examined older children 
with ADHD in the same task and found similar patterns of 
hypoactivity among both age groups, extending bilaterally. 
In conclusion, these studies consistently indicated hypoac-
tivity in the left ventrolateral prefrontal cortex in children 
with ADHD across EF tasks that in some cases extended 
bilaterally.

OEG‑16 (7 studies)

Seven studies used the Spectratech OEG-16 NIRS system 
for measuring changes in the frontal activity in ADHD. 
Yasumura et al. [41, 42] and Kaga et al. [43] observed hypo-
activation in the right lateral prefrontal cortex during an 
inhibition task (Stroop for Yamasura et al. and Go-no-Go for 
Kaga et al.) in children with ADHD. In a subsequent study, 
they reported hypoactivity in the right inferior frontal cortex 
during a cognitive shifting task associated with ADHD [56]. 
Another study examined alterations in superior frontal activ-
ity during a flanker task (probing response inhibition) and 
found hyperactivity in the left superior frontal cortex in chil-
dren with ADHD compared to controls [54]. A fourth study 
compared the developmental changes in frontal activity dur-
ing working memory performance in children with ADHD 

and controls [51]. In typically developing children, activ-
ity in the left frontal pole and bilateral prefrontal regions 
increased by age. No significant correlation was observed 
between age and frontal activity in children with ADHD. 
The slope of change in the left frontal pole (and superior 
frontal) activity over time was significantly lower in ADHD 
than in controls. Finally, a fifth study by Tsujimoto et al. [52] 
examined prefrontal activity during working memory tasks 
with different levels of difficulty (with and without distrac-
tions). Children with ADHD showed hyperactivation across 
widespread prefrontal areas only in the more difficult task. 
While these studies point to atypical prefrontal activity in 
ADHD, the results are mixed and implicate left and right 
prefrontal involvement irrespective of the type of task.

NIRO 300 (2 studies)

Weber et al. [45] performed one of the earliest NIRS stud-
ies in ADHD, using a fNIRS system with only two optodes. 
They reported hyperactivity in boys with ADHD in the right 
prefrontal cortex during an attention task. These results 
match, to some extent, with the findings of a second study 
utilizing NIRO 300 that identified hyperactivity in the right 
dorsolateral prefrontal cortex following increased task dif-
ficulty in patients with ADHD [35]. In sum, these findings 
identified hyperactivity in the right prefrontal cortex.

Studies using other fNIRS systems showed hypoactivity 
primarily in the prefrontal cortex in ADHD. For example, 
Inoue et al. [58] used a 16-channel Cognoscope fNIRS dur-
ing a Go/NoGo task and reported decreased average signal 
over the prefrontal regions in children with ADHD com-
pared with controls. A similar study that utilized the Go/
NoGo task with the JH-NIRS-BR-05 fNIRS system reported 
hypoactivity in the right prefrontal cortex in children with 
ADHD and highlighted the involvement of this area in 
response inhibition [11]. These results are in line with Mauri 
et al. [48] study that used a 14-channel DYNOT Compact 
system from NIRx and found hypo-activity in the right lat-
eral prefrontal cortex while employing the same task. Lastly, 
Güven et al. [50] did not state which NIRS system was used, 
but also noted right frontal cortex hyperactivity in ADHD 
compared to control during an auditory oddball paradigm.

Results by study task

Studies were also grouped by study tasks to aggregate results 
qualitatively across different domains of EF.

Response inhibition tasks (11 studies)

Many studies included in this review utilized either the Go/
NoGo or the Stroop task, both of which test response inhi-
bition. In the Go/NoGo task paradigm, the most common 
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results observed were hypoactivity in the right PFC, right 
IFG, and right MFG [11, 37, 38, 40, 58]. Other results from 
studies utilizing Go/NoGo showed hypoactivity across both 
the left and right PFC [49, 58], in the left frontopolar cortex 
[36], or in the right lateral PFC [43]. Studies that utilized 
other response inhibition tasks also observed hypoactivity 
in the frontal lobe, with more results showing hypoactivity 
on the right side [33, 34, 56].

Interference control and cognitive flexibility tasks (6 
studies)

The majority of these studies used the Stroop paradigm to 
test cognitive interference control and flexibility [39, 41, 
42]. The majority of these studies reported hypoactivity in 
the prefrontal cortex associated with ADHD. These included 
hypoactivity in the bilateral inferior lateral PFC [39], in 
the right lateral PFC [41] and in the lateral, medial, and 
right PFC [42]. One study showed hyperactivity in the right 
dlPFC but that was in response to increased task difficulty 
[35].

Further, the two studies that utilized flanker test and 
multi-source interference test reported hyperactivity in the 
left superior frontal and left dorsolateral prefrontal cortex in 
children with ADHD compared to controls [54, 55].

Working memory tasks (3 studies)

Studies that tested working memory showed a broader range 
of results, including hypoactivity in the lateral PFC and 
frontal pole [51], no significant differences across all brain 
regions [53], or hyperactivity in the PFC [52].

Attention tasks (7 studies)

Studies that tested attention showed hypoactivity in the left 
Ventrolateral PFC [44], or in the IFG, MFG, and IPL [46, 
47, 49] or in the right PFC [45, 48, 50]. Additionally, Bell 
et al. [49] found increased activity during attention tasks in 
the bilateral parietal regions.

In summary, fNIRS studies of EF indicate a pivotal role 
of the prefrontal cortex (particularly atypical right prefrontal 
activity) during EF tasks in children with ADHD. However, 
it is important to examine the extent to which these results 
coincide with the findings across gold-standard fMRI neuro-
imaging studies of EF task performance in ADHD.

fMRI studies of EF network in children with ADHD

We compared the fNIRS findings with the results of a com-
prehensive meta-analysis of 55 fMRI studies (39 on chil-
dren < 18 years of age) by Cortese et al. to determine qualita-
tively if fMRI and fNIRS results coincide [28]. Cortese and 
colleagues identified multiple regions in the right cortical 
hemisphere with different activation patterns in participants 
with ADHD as compared to controls [28]. Notably, frontal 
regions, particularly in the right hemisphere but occasion-
ally bilaterally, including the middle frontal gyrus, medial 
superior frontal gyrus and supplementary motor area were 
found to be hypoactive in ADHD. Hypoactivity was also 
observed in subcortical regions in participants with ADHD, 
including in the bilateral putamen. Conversely, hyperactivity 
was found in the occipital regions, including the right middle 
occipital gyrus and the right angular gyrus. Figure 2 summa-
rizes the findings across studies and shows overlapping and 
distinct brain regions reported by fMRI and fNIRS studies. 
As expected, regions in the right middle frontal and inferior 

Fig. 2  Overlap between fNIRS and fMRI studies across EF tasks. 
The spheres represent regions affected in ADHD during EF perfor-
mance. The spheres are color-coded to differentiate regions reported 
only in fNIRS studies (turquoise), only in fMRI studies (pink), or 
those common across fNIRS and fMRI studies (yellow). The radius 

of the sphere corresponds to the number of fNIRS studies that 
reported activity in a region. This does not apply to fMRI-only stud-
ies. This figure was created using BrainNet Viewer (http:// www. nitrc. 
org/ proje cts/ bnv/) (Xia et al. 2013)

http://www.nitrc.org/projects/bnv/
http://www.nitrc.org/projects/bnv/
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frontal gyri were reported most across fNIRS studies and 
were overlapping with fMRI findings.

Discussion

Our review of fNIRS studies suggests consistent hypoac-
tivity in the right lateral prefrontal cortex across EF tasks 
associated with ADHD. These findings are supported by pre-
vious fMRI data that examined brain activation patterns in 
children with ADHD during EF tasks. These results identify 
fNIRS as a promising, portable, ecologically valid, and cost-
effective functional brain imaging technology with low sen-
sitivity to motion artifacts, making it particularly well-suited 
for examining alterations in cortical activity in ADHD.

fNIRS–fMRI comparison

The fNIRS qualitative analysis and fMRI meta-analysis 
studies showed similar results, including the identification 
of similar regions of hypoactivity. fNIRS studies with chil-
dren with ADHD demonstrated hypoactivity in the right 
prefrontal cortex in ADHD compared with TD, similar to 
the findings across fMRI studies. Areas of hypoactivation 
overlapped between fNIRS and fMRI studies were mainly 
in the right inferior and middle frontal gyrus.

There were, however, some discrepancies between the 
fMRI meta-analysis and this fNIRS qualitative analysis. The 
fMRI meta-analysis showed widespread hypo and hyper 
activity, while the fNIRS qualitative analysis identified more 
localized regions of hypo and hyper activity. This can be 
partially explained by the lack of spatial coverage of some 
of the fNIRS systems, which had only a few channels. An 
additional discrepancy is that most of the cortical regions 
identified in the fMRI studies as having atypical activity 
were in the medial frontal cortex, including supplementary 
motor area and medial superior frontal regions, while the 
fNIRS studies show right PFC hypoactivity. Medial frontal 
areas are more difficult to probe using fNIRS due to the 
midline fold of the brain. Additionally, fNIRS has a lower 
signal to noise ratio compared with fMRI and is unable to 
probe deep structures in the brain, leading to inability to 
fully capture widespread hypo and hyper activity associated 
with ADHD [6].

However, fNIRS may be a much more attractive neuroim-
aging tool than fMRI for use in novel treatment mechanisms, 
including in neurofeedback settings and TMS treatments 
that may require cost effective, real-time localization and 
monitoring of functional brain activity. The portability of 
fNIRS and its higher tolerance to movement artifacts com-
pared with fMRI opens new possibilities in settings such as 
real-world group interactions including group therapy set-
tings, hyperscanning studies or longitudinal measurements. 

Longitudinal measurements are particularly beneficial when 
studying developmental populations such as children with 
ADHD.

Right prefrontal hypoactivity in ADHD

This review revealed that both fNIRS and fMRI stud-
ies have identified hypoactivity in right prefrontal brain 
regions of children with ADHD as compared to controls. 
Previous studies of typically developing individuals have 
demonstrated the involvement of right prefrontal brain 
regions in several cognitive functions affected in ADHD. 
These studies implicated this region primarily in response 
inhibition [59–63], but also found it to be relevant for tar-
get detection [64], attentional control [62], and other cog-
nitive functions. Thus, these findings suggest that the inhi-
bition deficits seen in individuals with ADHD may be due, 
in part, to hypoactivity in the right prefrontal brain region.

The involvement of the right prefrontal areas in ADHD 
is further corroborated by studies that were excluded from 
the current review, due to a lack of control group. These 
were mostly pharmacological studies that examined brain 
activation patterns with fNIRS before and after stimulant 
administration. One such study investigated brain activity 
before and after atomoxetine administration in children with 
ADHD [65]. They reported modulation in the activity of 
bilateral prefrontal areas along with improved EF perfor-
mance after treatment, suggesting the potential dysfunction 
in these areas in ADHD populations. More specifically, there 
was an increase in activity in right prefrontal areas (DLPFC) 
and in the left ventro-lateral prefrontal cortex. This is par-
ticularly interesting as behavioral ADHD symptoms were 
normalized after atomoxetine administration.

Only three studies examined the correlation between 
performance in response inhibition and activity in the right 
prefrontal/IFG. Ishii et al. [34] did examine this relationship 
and found no significant differences at any ROI in any sub-
ject. Contrary to this, Kaga et al. [43] found that oxygenation 
changes in the right prefrontal cortex correlated positively 
with Stroop task scores and with ERP amplitude during Go-
NoGo tasks. This corroborates earlier findings by Monden 
et al. [37] that showed that increases in accuracy in certain 
Go-NoGo trials was associated with increased changes in 
oxy-hemoglobin in NIRS channels in the right prefrontal 
cortex.

These findings align with a major theory regarding core 
ADHD symptoms, which posits that these symptoms are the 
result of impairments in response inhibition [66]. Although 
deficits in self-regulation and inhibition do not underlie all 
behavioral deficits displayed in patients with ADHD, this 
theory nonetheless reflects the importance of response 
inhibition in modulating ADHD symptoms. Because many 
fNIRS studies have examined response inhibition, they may 
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be useful in evaluating this theory. However, there is a need 
to investigate other domains of EF to form a more compre-
hensive picture of NIRS research in ADHD populations.

These results also add to the understanding of the under-
lying neural etiology of ADHD. The consistent identification 
of right prefrontal hypoactivation patterns across fMRI and 
fNIRS studies indicates that this activity pattern may be a 
possible neural marker for EF deficits in ADHD, at least in 
the portion of the ADHD population that exhibits executive 
function deficits. These findings aligned across the majority 
of fNIRS studies irrespective of the NIRS device used and 
the EF tasks involved. However, given the heterogeneity of 
the disorder, large-sample fNIRS studies may shed light on 
the clinical utility of these findings. Identification of fNIRS 
markers of EF deficits may also provide an opportunity for 
cost-effective monitoring of response to treatments. Further, 
fNIRS may be a much more attractive neuroimaging tool 
than fMRI for use in novel treatment mechanisms includ-
ing in neurofeedback settings and TMS treatments that may 
require cost-effective, real-time monitoring of functional 
brain activity.

Four studies showed hyperactivity in regions of the 
prefrontal cortex in children with ADHD as compared to 
controls. Moser et al. and Nakashima et al. [35, 55] found 
increased activity in the right and left dorsolateral PFC, 
respectively; Tsujimoto et al. [52] found increased activa-
tion in the right and middle PFC; finally, Suzuki et al. [54] 
showed increased activity in the left SFC. Tsujimoto et al. 
also saw that increases in error rate positively correlated 
with increases in activity in right and middle PFC [52]. 
Most of the studies explained these results as a compen-
satory mechanism [52, 54, 55]. Specifically, these authors 
posited that there is an inefficiency in neural processing in 
the PFC of children with ADHD that makes the interference 
control particularly challenging [52, 54]. To compensate for 
this deficit, specific regions of the cortex, particularly those 
implicated in attention, must become hyperactive [54]. On 
the other hand, it is also possible that inefficient processing 
does not allow children with ADHD to target the appropriate 
amount of activity needed for a certain task. Thereby either 
producing hypo- or hyperactivity.

Other explanations articulated by the authors included 
small sample size [35], shorter task length allowing indi-
viduals with ADHD to maintain attention throughout the 
study and preventing the hypoactivity seen in the results of 
other studies [52], and medication effects [52, 55].

Implications for child psychiatry

We can draw several conclusions from our review of fNIRS 
literature for the utility of fNIRS in child psychiatry. First, 
the qualitative analysis and its comparison with equivalent 
fMRI studies highlights the many advantages of fNIRS. As 

previously mentioned, fNIRS is more robust to motion arti-
facts as compared with MRI [4, 67] and is portable, allowing 
for studies with high ecological validity, which is particu-
larly important for pediatric populations. Several experi-
ments have shown that studies conducted in an artificial 
environment, such as an MRI machine, where movement is 
constrained, produce results that differ from those conducted 
in a more realistic environment [68].

Given that the etiology and development of many child-
hood disorders is still unknown and that neuroimaging is 
essential in elucidating the puzzle, a system that reliably 
displays neural activation in a naturalistic setting and that 
produces meaningful results that may be used to advance 
treatment techniques is very attractive and can help bridge 
the gap between theoretical knowledge base and clinical 
practice.

Comparison of the studies performed in ADHD popula-
tions highlighted additional considerations. In the 21 studies 
that were examined, six different fNIRS devices, and conse-
quently different probe sets, were used. Although caps and 
probe sets were placed using the 10/20 system in the studies, 
this variation in data collection may influence the results. 
Hence future research should therefore examine potential 
group differences across devices using the same task and 
populations. Researchers and clinicians should aim to estab-
lish a consensus about how fNIRS devices compare to each 
other and the suitability of each device for particular studies. 
Uniform guidelines will increase research collaborations and 
will make fNIRS literature more quantifiable [69, 70].

Limitations

Despite yielding a promising outlook towards future stud-
ies, some concessions must be made regarding the review. 
Current EF studies in fNIRS ADHD research were relatively 
biased towards response inhibition studies. Hence, there is 
a possibility that right prefrontal hypoactivation patterns 
across studies in ADHD could be a result of response inhi-
bition tasks specifically. However, the results also found that 
working memory and attention tasks elicited hypoactivity 
in the right prefrontal region, suggesting that these results 
may extend beyond EF tasks. An additional limitation is that 
most of the fNIRS studies in ADHD probed only the frontal 
cortex, limiting our review to these regions. fMRI studies 
implicate parietal and striatal networks in EF deficits. It is 
important to investigate the involvement of these regions in 
ADHD using fNIRS. The availability of high-density NIRS 
arrays provides the opportunity to probe the whole cortex—
including parietal regions—using fNIRS. Previous studies 
have shown the potential of fNIRS to infer the activity of 
subcortical brain regions [71]. However, there is currently no 
fNIRS system with the capacity to directly image subcortical 
activity. Further, the reviewed studies were not homogenous 
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in terms of devices used and some devices did not correct for 
the confounding effects of bone and tissue [72]. Addition-
ally, sample size and age differed across samples. It must 
be acknowledged that the studies included in this review 
and the companion fMRI review examined a mixture of 
medicated and unmedicated children with ADHD. Future 
reviews need to focus on medication-naive patients only 
to further our understanding of neural etiology of ADHD. 
Finally, Schecklmann et al. [53] study, which found no sig-
nificant differences in brain activation between participants 
with ADHD and TD controls, indicates that publication bias 
might misrepresent the potential of fNIRS in the context 
of neuropsychiatric disorders. However, publication bias is 
present in studies of other neuroimaging techniques as well, 
including fMRI. Despite these differences, we found a good 
agreement between the fNIRS and fMRI results in the pre-
frontal cortex.

Implications for future research

Simultaneous fNIRS-fMRI studies in clinical populations 
are required to quantitatively compare the reliability of 
fNIRS in detecting hypoactivity and hyperactivity patterns 
to fMRI. Given that fNIRS is less expensive and exhibits 
higher ecological validity as compared to fMRI, corroborat-
ing the fNIRS findings against fMRI in psychiatric popu-
lations is quite crucial to expand fNIRS research in psy-
chiatry. Further, considering the variety of NIRS devices 
(with different optical wavelengths) and configurations, it 
is crucial to create procedures to make research methodol-
ogy more uniform with the aim of facilitating cross-study 
comparisons. In conclusion, the present review is one of the 
first steps for establishing fNIRS as an alternative to more 
traditional neuroimaging methods in psychiatry.
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