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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 to 16 years old) to a meta-analysis of comparable fMRI studies and
examining the extent to which the results of these studies 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 findings 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
neurodevelopmental 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 identifying 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 neuroimaging method of choice in investigations of
brain function in pediatric populations.

However, there are multiple drawbacks of fMRI, particularly in pediatric populations. These
limitations include fMRI’s high sensitivity to movement artifacts, problems with acoustic
noise, low ecological validity, a dearth of studies 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.

Functional near-infrared spectroscopy (fNIRS) is a relatively novel, noninvasive optical
neuroimaging technology 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, ecological
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 wavelengths (650 — 1000nm) 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]. Hemodynamic 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 measurements. 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 neurodevelopmental
research.
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We will provide a brief review of the current state of fNIRS research in child and adolescent
psychiatry and psychology. 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 neurodevelopmental disorder, and (b) there is an abundance of fNIRS studies
examining alterations in brain activity during executive 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
aggregated 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 rising 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 on 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 portability, 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 validity, 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 readily undergo MRI measurements, including infants and other
groups with health conditions (e.g. children with Cerebral Palsy or low-functioning

ASD). Many childhood-onset neuropsychiatric disorders affect impulse control or social
interactions 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 compared 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
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Gambia for longitudinal investigation of the effects of nutrition on neurocognitive functions
in Gambian children [18, 19].

These many benefits make fNIRS an attractive neuroimaging 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 neuropsychiatric 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
disorder in 2011 [20]. Additionally, the involuntary movements 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 disorder [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 examining cortical correlates of ADHD and their changes in
response to treatments.

Given these attributes and the prevalence of fNIRS studies in children with ADHD, this
study will investigate the clinical utility of fNIRS for children with ADHD, specifically 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 correlates 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 cognitive 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 subprocesses 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 unemployment 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, 31, 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.
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fNIRS studies have been used primarily for the investigation 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 starting point because it is implicated in variety of neurodevelopmental disorders and
significantly impacts children’s socioemotional behavior [29].

The following databases were searched using the keywords <NIRS> and <ADHD>: Pubmed
(n = 37 studies identified initially), PsychInfo (n = 36 studies identified initially), 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 controls, (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 articles were identified.

In total, 26 studies were included in the review (Table 1, Figure 1). The age ranges of
participants varied across the different 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 studies
investigated working memory [51-53], and three studies investigated cognitive interference
control and cognitive flexibility [54, 55, 56]. While the studies all utilized the international
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 categorization will allow researchers to
readily compare their results to those included in this review. Scholkmann et al. [57] provide
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 BRO05. We also aggregated the findings across studies 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 detailed list of tasks and probe sets used

for fNIRS measurements. 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 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
categorization 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 (probing 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 working
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 hypoactivity 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] compared 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 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 inferior
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 performance task, which probed response inhibition in children with
ADHD [44]. An additional study by Negoro and colleagues [39] found hypoactivity in the
inferior lateral prefrontal cortex (bilaterally) during a Stroop task (probing set shifting and
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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 frontal (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 hypoactivity 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 hypoactivation 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 activity during a flanker task (probing response inhibition) and found
hyperactivity in the left superior frontal cortex in children with ADHD compared to controls
[54]. A fourth study compared the developmental changes in frontal activity during working
memory performance in children with ADHD and controls [51]. In typically developing
children, activity 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 distractions). 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 and colleagues [45] performed one of the earliest NIRS
studies 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 difficulty

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 during a
Go/NoGo task and reported decreased average signal over the prefrontal regions in children
with ADHD compared 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 lateral prefrontal cortex
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while employing the same task. Lastly, Guven 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 inhibition. In the
Go/NoGo task paradigm, the most common 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 dIPFC 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 neuroimaging 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 comprehensive meta-analysis of 55
fMRI studies (39 on children <18 years of age) by Cortese et al. to determine qualitatively
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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 occasionally 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 summarizes 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 frontal gyri were
reported most across fNIRS studies and were overlapping with fMRI findings.

Discussion

Our review of fNIRS studies suggests consistent hypoactivity in the right lateral prefrontal
cortex across EF tasks associated with ADHD. These findings are supported by previous
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 sensitivity 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 children
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 neuroimaging 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 compared with
fMRI opens new possibilities in settings such as real-world group interactions including
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group therapy settings, 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 studies 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 target
detection [64], attentional control [62], and other cognitive functions. Thus, these findings
suggest that the inhibition 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 performance 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 particularly 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 subject. 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 be useful in evaluating this theory. However, there is a need to
investigate other domains of EF to form a more comprehensive picture of NIRS research
in ADHD populations.

These results also add to the understanding of the underlying 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
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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 including

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
activation 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 compensatory 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 individuals 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 artifacts as compared with MRI [4, 67] and is portable, allowing for studies
with high ecological validity, which is particularly important for pediatric populations.
Several experiments 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 childhood 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.
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Comparison of the studies performed in ADHD populations highlighted additional
considerations. In the 21 studies that were examined, six different fNIRS devices, and
consequently 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
establish 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].

Despite yielding a promising outlook towards future studies, 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 inhibition
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 in terms of
devices used and some devices did not correct for the confounding effects of bone and tissue
[72]. Additionally, 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.’s [53] study, which found no significant 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 prefrontal 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, corroborating the fNIRS findings against fMRI in psychiatric
populations is quite crucial to expand fNIRS research in psychiatry. Further, considering
the variety of NIRS devices (with different optical wavelengths) and configurations, it is
crucial to create procedures to make research methodology more uniform with the aim of

Eur Arch Psychiatry Clin Neurosci. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gossé et al.

Page 13

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
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Figure 1.

PRISMA 2020 flow diagram for new systematic reviews which included searches of
databases and registers only

Selection of studies to include in the review. *Studies were excluded based on the following
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 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 flowchart adapted from
Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The
PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ
2021;372:n71. doi: 10.1136/bmj.n71 and http://www.prisma-statement.org/
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Figure 2. Overlap between fNIRS and fMRI studies across EF tasks.
The spheres represent regions affected in ADHD during EF performance. 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 studies. This figure was created using BrainNet Viewer
(http://www.nitrc.org/projects/bnv/) (Xia et al., 2013).

Eur Arch Psychiatry Clin Neurosci. Author manuscript; available in PMC 2023 March 01.


http://www.nitrc.org/projects/bnv/

Page 20

Gossé et al.

VAONY 'z dnoig 204 [e31paIN A9TTT I1e g ‘HdIA A9T-TT
Aep\-T- 9-GHD -1d4 uo saqoud 1yoeNH) ((¥T) zdnolo Bunyer asem | :(0T)zdNnOID
uolre|a.109 [e3uO1y ‘Z-THO 1S8MO] ‘GxE 00T-9.13 A0T-9 aHav yim A0T-9 | serJossiog (2102)
s,U0SIead- 1 [esare|iq 0dAH T dnoio ‘Aelle [ejuol4 JauuBYyd-22 :(€1) T dnouo swedioied g ((8)T dnoto | Jaded-xyo0y e 18 1ys|
VAONY Wwawiadxa
paxiw- zd4 uo Aewse (VSN ‘vd SHIN 8y} a104aq
Jo a|ppiw ‘zd4 | ‘ewydispeliud A | Adesayooew.reyd
|euoiie|allod- -1d4 U0 $921n0S oul IWIN) | v1-9:96v ‘(02) auobuspun AyT
159] b1y oy | edoosoubo) Buidojanag pey uaippiyo | —9 :8bv (02) (2102)
-1 pairedun- IS O4d- 0dAH | 9T-THO ‘Relre [ejuol4 Jauueyd-9T AlreardAL aHav oN uaIpiiyo 090N/09 ‘[e 18 anou|
wasAs "UOISSas
SYIN '$10309)9p auljaseq ayy Jaye
yoym 0T $924n0S A | arepuaydjAyiaw
X81109 Jeajoun ¥ ‘(payy10ads 00TT | 21— :96Vv (12) UIM parealy Az whipesed
[ejuoly asnesaq jou Juswadeld) | Jabew| HINS Buidojane@ alem gHav | -2 :#bv (g2) |1eqppo (6702)
1583 11V wbu- 0dAH VIN AKeise [eyuoi [uuBYd-9T AlreatdAL UM UBIPIIYD ualp(iyo Aioypny | [e1e usAno
SM0IQaAs
spJemo} pajbue
o4l ‘v1/€1 anoqe uotredion.ed
ur Ajianoe pauonisod (ueder 21049q
0dAH- ‘des 933 ue ‘0oL Y ¥Z uolealpaw
sIsAJeue (OS) uo peay ay1 jo | ‘uonesodiodn Jayy dois
uole[a1l0]- |elatied uoljeAl}oe 9HD apis ybu pue |eaIpa\ A 0] pa{se alam
[8pow paxiw [esareyiq ul [eoly | ‘SHO'THO yo| paderd sjes 1yoeH) | €1-9 96V (L) uoneaipaw yum Aet
JTeaul- uoneAnoe Japeolq ‘Z¢HD | 8goid Gxg omy 0007-913 Buidojane@ pereant aHAV | —9 :8bv (02) (0202)
VAONV- 14 | paseasour- pue 0dAH /LTHD | ‘Aedre fesodwal | sjpuueyd-py AjreardAL UM u3Ip[IyD uaipliyd 09ON/09 “le1s |1og
2d4/td4
1e pauonisod sisAJeue
suwinjo feipaw (ueder Juasald Joy
1yb1 pue Yaj ul “di1o) Ajuo pasn
sIsAJeue saqoud 1seMmoj |e21pa\ AST SaoualayIp
20y 1s0d ‘s1apjoy aqo.d 1Yoe}H) —9 :9bv (¥T) AeT aullaseq
‘WVAONY 24d1A £x€ J0 5135 oM 00T-913 Buidoane@ X1v bupiey | -9 :86v (¢1) ‘Apnis (5102)
-INY Aem-g— L1V TERE odAH ZIHO ‘Relte [eluol4 | sjauuRYI-¥Z AeordAL | eusam syusied v uaipiyd | LXVxldD "[e 19 beiy
JuswiLIadxa
10 LelS
ayy 03 Joud Y g
suolyedIpaW e
(uedep Buie) pasead ng
ajod (Aunnoe ‘001 ““oul AG—0T- | ‘srepiuaydjAyisw
[ejuoy- U1 9sealaul zd4 uo | yodsrendads) G, :aby (Gg) paniadal sel INMS
sisKjeue N Odd | [ewswdolansp TTHO paoe|d Jo3ud 97-930 Buidojanap aHav yum | A11-8:8by paresaual (9102)
|euoile|alloa- |eneds |elaje- ou) odAH  0THD ‘Aelue [eIu0I |auueyd-9T AfeordAL syuedioned ||v ‘(0g) shog -J]9S ‘[e 18 ety
(«INM (yroq 4adAH
sisAjeuy 19 °1L1VY) 'SA 0dAH) juswiadeld (N)
|1eansnel1s urewoq uoibay Aoy deopuswiaoe|d 301N8Q sne1s uone|ndod Msel (1eak)
10 adA L annubod ureag J0 adA L sjpuueyd apo1do SHIN (N) 1003u0D uoneaIpa aHavy 10 adAL sioyiny
MBIABI 3Y} Ul papn|aul salpnis Jo co_watomon_
‘T alqelL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Eur Arch Psychiatry Clin Neurosci. Author manuscript; available in PMC 2023 March 01.



Page 21

Gossé et al.

juswiiadxa
(paquosap (ueder 03 Joud sinoy g
annduasag- 10U ainpadoud dioD 10} UOITRDIPAW
sIsAJeue Juswade|d) |ea1pa\ AT WwoJ} paulelyal
1SeAU0D- Keule 1Yoe}H) —9:96v (9T) | Ing ‘HdIA Burye AeT
sisAJeue 94N Wbu- |edodwaljejuol4 0007 ©13 Buidojanag | asem syuedioied | —9 :8bv (9T) (2102) T2
10y- 14 | 941wbu- odAH 0THO Gxg | |suueyd-yy AlreordAL aHav v uaipiyo 09ON/0D 19 USpUoN | 2T
¥1/ €1 SpIeMO) (ueder
uoneUALIO dioD
‘zd4 uo apoirdo 1eaIpaN
X91109 6VHD J0LI3UI JBIUBD 1yoeNH) A 6—9:90y A6
Jejodojuouy 8yHO | ‘Aelse jesodws) 0007-913 | (gT)Butdojensg -9 130V (¥7) (L102)
VIN 1 JIE] odAH LEHD RUlIE! [auueyd-2§ AjreardAL ajqe|tene jou ualp|Iyd 09ON/09 ‘eYoRIN | TT
2d4 (Auewsan
-1d4 Buoje ‘zd4 ‘ulpdeg
uo Ja1uad Aese ‘XYIN) Z€ A aneu
uone|a1I0D (0T-8HD) ‘(s1010919p —610edwo) | 979 :90v (G2) anreu-bnip alam -Bnug A 91 1dD0-
oyy [e Juoyaud TT '$92IN0S 9) 1ONAQ Buidojane@ aHav yum | -9:8by (81) | souewuopsd (0202)
uewLeads- 11V 24d Wybu- 0dAH oL 10y ‘Aelle [ejuol4 |JauuByd-HT AlreardAL syuedionued ||v uaipjiyd |ensiA ‘e unen | ot
84/ /4 uo Aele
uoIea1I0D 10 1yBu wonoq ueder
S,U0SIBad- pue Ya| wonoq ‘001 “aul A | aAreuuoyredipaw anleu
VAONY ‘zd4 uo paoeld yosresoads | 11-8 :96v (6T) alom -Bnig A1t
Kem-1- 24d 9-¥HD 13u0 ‘Aesre '91-930 Buidojaneq aHav ym | -g:bv (0z) (0z02)
arenbs-1yD- 19 | resse; ybu odAy ‘e-THD Jejuol4 9xg Jauueyd-9T AleatdAL sjuedionued || ualpIyd 090N/09 ‘leloebey | 6
[CLIEIETIE]
0} asuodsal
B Se /S[eL /€04 | ‘(ueder MM uolyedIpaW
juanibuooul ‘84 ‘v/e4 so1U0l0Yd a1dosoyoAsd
159)-) S)UBpNIS '3'1) Anoip 1eybu pue ya| | nsleweweH) A 18 :9by Buinigdal atem
paired(un)- o4dIp pasealoul age|d sapodo 00€-0dIN (¢1) 103u00 aHav ymm | Aer-g by (6002)
WYAONVY- 14 Wb61Y- Jaye) JadAH 04 ‘Aedue [eIu0I |auueyo-y AyyesH siuedionued oN (z1) shog se] doons ‘[e 18 Jaso 8
HdIN
YM JuaWIea)
91U0JYI PAAIBdaI
(o041 (ueder pey oym asoyy
I EN ] “dioD pue uoleaIpaw
YAONV- uolyeAnoe ¥71-zd4 |e2Ipa\ A | Aue panisoaljou
uoissalfal SpJeMOo} -¢1 uo sagoud 1yoeNH) 01-2:90v (02) pey oym asoy} Aot (sT02) 'I®
a|dnnw AKouspuay) paytoads 1Samo| TTxE 0007-913 Buidojanag | ot papiaip sem | -2 86V (0€) el |18 1yseyexel
asimdals- 14 ‘941 ybu- odAH 10N ‘Aelue [eIu0I |auueyd-zg AfeardAL dnoib gHaVv uaipjiyd leubis-dois -1ys| /
ASH AL Juswiadxa
20y-150d- 6-8HD (ueder al0Jaq sInoy g
153)-1 palied- ‘9-T HO “dio) 1589 Je paddols
(xIAM (tpoq 4adAH
sisAfeuy 19 1L1V) ‘sA 0dAH) juswaoe|d (N)
eansnels uolfay Annoy deopuswaoe|d ER]NElel snyeis uonejndod ysel (ae0h)
J08dAL ureig Jo8dAL sjpuuey apoxdo SHIN (N) 1043u0D uoredIpaN aHav Jo8dAL sloyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Eur Arch Psychiatry Clin Neurosci. Author manuscript; available in PMC 2023 March 01.



Page 22

Gossé et al.

vl
/€1 uondalip (uedep Aep T 1589]
sapo1do Jo mold “diloD Je uolealpaw
Jouisjul ayy pue |eaIpaN AeT paddois
zd4 uo apoydo 1498l H) —0T 80V (6T) ng HdN A Yse}
VAONY s|ouod | JouBjul BIPPIW 000913 Buidojone@ | uoasemspalans | €T-0T 90V | INM [erreds (ot02)
Rem-g— N pue HQYV UsaMIa] S30UBIHIP ON ‘Reuse [ejuoid [uueyd-2§ AlreatdAL | aHav sy jo TT | (T)UsIpIIyD pueosfqo | uuewpoayds | 6T
(uedep
“dlo)
[e21paIN Aet
[euo1Ie[8.1109 TZHD 2d4-Td4 uo 1498l H) -9 :30v (0z) | enteu-uonedIpaw AeT-9
- 04d [eJale| ® ¢CHO sagoud 15emo| 00T-913 Buidojane@ alam syoalgns :9bv ‘(02) (0102)
15911 - 1 Jougyul 0dAH ‘8THOD ‘Reuse [eyuoid |auueyd-g AlreatdAL aHav v uaipiyd | serdoons | -jeeolobeN | 8T
zd4-1d4
Buoje ‘zd4 uo
J191Ud9 ‘uoibal
|e1aied uo
paoe|d sjauueyd (ueder
sIsAJeue g/ uoibal “di1o)
uonejalod- | Anjigixayy [eluoly [e21PaN pauodal (LISIN) >ises
1S9)-1 palied- /99 uo Sjauueyd 1yoeNH) 10N 80V (V1) pawuodal ERTEIEIREIN]]
159) | Ualapiaiul 2J4d1a z¢ ‘Redre deo 000v ©13 Buidojanag 10N 90y 224N0S ¥T02) IR 19
-y suspmis- | aamubod yo- 19dAH 9HO | [essured-jeuoi [auueyd-9Y AlreatdAL a|qe|rene 10N (6T)shog -BINN ewiysexeN | LT
3qo| (ueder
|e1aiied Joniagul “di1oD
sisAjeue d1 wbu- pue 8211109 |eaIpaN AeT
paseq 10Y- RE[Y] [euolyaud 1Y9elH) -, 30y (ST) X1V Bupe Ayt
sisAeue asim W6~ 2ZHO [eJaie| uo 000% 913 Buidojane@ asem syoalans | -9 :8bv (ST) (ov102) "2 30
-JuueyD- 11V | 941 wbu- 0dAH 0THD $8001d Gx€ ¢ luueyd-py AlreardAL aHav v ualpiyd 11egppO ewiysefeN | 9T
3q0| (uedep
|e1aiied JoLisgul “diloD
sisAJeue pue $3211109 |eaIpaN AT
paseq 104- [euolyaud 1498l H) -9 130V (¢2) HdIAl Bunie Ayt
sisA[eue asim 94N Wbu- [elare| uo 000% 913 Buidojaneq asem spafans | -9 80V (¢z) (avto2) IR 38
-JuueyD- 11v | 941 wbu- 0dAH 0T HO saoud Gx€ ¢ [uueyd-py AlreardAL aHav v ualpiyo 11egppO ewyysebeN | ST
3qo| (uedep
Je1aried Jowsyul “dioD
pue 3211109 |eaIpaN AT
(Brs [euolyaud 1498l H) -9 :8bv (97) X1V Bue ApT
94N Wbu- Ajreuibrew [elsie] uo 0007 913 Buidojanag alem spalgns | —9 :ebwv (91) (eyT02) 1219
s)s911- 1 941 ybu- Ajuo) odAH 0THO $9004d Gx€ ¢ [suueyd-iy AljeatdAL aHav v uaIpIyd 09DON/0D ewiysebeN | ¥T
3qo] (ueder
Je1aried JoLisyul “dioD
pue 3211102 |ea1paN Ayt
94N Wbu- [euolyaud 1Y9eNH) -9 :abv (0€) paesIpaw-aid AsT
sisAjeue 941 ybu- 0THO [eJae| uo 0007 913 Buidojaneq assm sjoalans | -9 :abv (0€) (5102) 'I®
00y~ 14 | Odd wbu- 0dAH ® 9HO $9004d GxE ¢ |uueyd-iy AjreatdAL aHav v uaIpIiyo 09O0N/0D 18 USpuoN | €T
(xIAM (tpoq 4adAH
sisAfeuy 19 1L1V) ‘sA 0dAH) juswaoe|d (N)
eansnels urewoq uolfay Annoy deopuswaoe|d ER]NElel sne1s uonejndod ysel (ae0h)
10 adAL ureag 10 adAL sjpuueyd apo1do SHIN (N) 1003u0D uoneaIpa aHav 10 adAL sioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Eur Arch Psychiatry Clin Neurosci. Author manuscript; available in PMC 2023 March 01.



Page 23

Gossé et al.

8d//4 uo
s13ulod Aelle noysem 1y
sisAJeue 1y wonoq ueder - © JuamIapun
a0y 3s0d pue yaj wonog | ‘ofjoL “ou ¥4 aHav ey
luouslaguog 24d! (doons ‘zd4 uo Aeire yoarendads -9 :3bv (OVT) 10} UoIedIpaW Azt
yium IAONY ‘944w ESENET] 10 J91Ud9 ‘Aelre ‘91-930 Buidojanag enwns | -9 :8bv (£9) doons (6702) 'I®
Aem-om] 14 ‘04dl Burinp) odAH |ewol4 9xg Jauueyo 91 AfeardAL Buisiel uaipjyd uaipjiyd 9sIaN9Y- 19 einweseA | vz
(euyd
‘ABojouyda)
pue
30U3I0S JO A 21-8 :9by
Ausianun (6T) V4H-
BuoyzenH) ATT
G0-4d —g :9bv ‘(97) A11-9'8 Ysel
(090N/0D | 9T-€THD -SYIN-HC Buidojane@ -8B (971) doons- (z102)
15911 1 D4d! Burinp) odAH ‘0T-24D Aeule [euoi -|auueyd 9T AlreardAL a|ge|reAe Jou uaipjiyd 090N/0D- ‘lewoerx | €z
v4/2d4
pue g4/1dH
Usamiaq
suonisod
u1 ‘peaya.oy
0lreg S.PIYd 8y uo (ueder "SI
BIUOA - Al[earswiwAs so1uo0l0yd Apnis SHIN
Asunym paoejd asem | nsjeweweH) Az1-071 :96v | Joawnayio1dn
-UURN apoido sapoydo omy 00£-0dIN | ‘(6) Buidojanea anreu-bnip asam AT1-6 90y (5002)
‘uoxodliMm - | (L1v) 43 Jdd! 0dAH Wby ‘Reuse [eyuoid |auueyd-g AleardAL | swslans aHAV (1) shog 1AL | e tegem | 2z
JuawiIadxa
EMEIED]
Aep T 1se9] 1€ J0}
UoITeIIPAW UdXE}
10U peY Way}
84//4 uo 10 BUIU ‘Janamoy
S1auI09 Aelle ‘a1epiuaydjAyiaw
A Y6 wonoq (ueder yum Apsow
1A1oeIadAH pue 13| wonoq ‘oMol “oul AZT ‘pajedlpawl S10]0RASIp
n Asunym 24d ‘zd4 uo Aewre | yoslendads) —g :9bv (0T) Ajeaiuoiyo O/M
-UuRN M palejal 10 J31Ud9 ‘Aelre 97-930 Buidojanag a1am sy0algns AeT1-6 90y M OS] N (€102) 'I®
‘VAONY - (feneds) | >ser :1edAH JadAH [eiuoi4 9xg |auueyd-91 AjreardAL aHav v (91) shog | renedsonsin | e olowilnsy | T2
8d//4 uo
slaulod Aelre
Y6 wonoq (ueder
pue Ya| Wwonoq ‘001 “au]
‘zd4 uo Aewre | yosrenoads) (z1) ATT- (uoisian
[043U00 YT'ET'TT | 40 Ja)uad ‘Aelre 91-930 Buidojaneq 8:90V (21) | moure)diseL (£102)
VAONY | aamubod od4S e J18dAH ‘0T HO |ejuoi4 9x¢ |suueyd-97 AlreardAL 3|qejrene Jou uaipiiyo Jexjueld ‘e MNZNS | 02
Juswiadxa
EIIEN]
(tpoq 4adAH
sisAfeuy ‘SA 0dAH) Juswadeld (N)
eansnels uolfay Annoy deopuswaoe|d ER]NElel snyeis uonejndod ysel (ae0h)
J08dAL ureig Jo8dAL sjpuuey apoxdo SHIN (N) 1043u0D uoredIpaN aHav Jo8dAL sloyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Eur Arch Psychiatry Clin Neurosci. Author manuscript; available in PMC 2023 March 01.



Page 24

Gossé et al.

‘AinnoesadAy :1adAy ‘AianoeodAy :odAH ‘Uaj 1 ybui i1 ‘aqo] [e1aried JoLdUL = 1d] ‘SNIAS) [RIU0LL SIPPIAl = D4IA ‘SNIAS [eIU0IS 10LIBJU] = D] ‘X31109 [eluo.jaid [eiare|osuan
=D4dIA ‘X092 [eluoiyald [ea]1e]-0S10p = D4dIP ‘X8HO0J [eIU0JH JOLIBJUI = D] ‘Xal09 [ewoyald = D4d ‘BUNBXoWOlY = | XV ‘Alowaw BUHOA =AM ‘UORUSNY =1 IV ‘UonIqIyu| asuodsay = |y 9IoN

84/.4 uo
S1auI09 Aelle
Y6 wonoq (ueder Az1-8 :9bv
pue Ya| wonoq | ‘ool “ouj (t1) asv-
ASH AxnL ‘zd4 uo Aewre | yoslendads) A 11-8 9By AeT-6
Joy-1sod - 10 J31Ud9 ‘Aelre 97-930 | (g1)Burdojanag :9bv ‘(0T) ¥102) T2
VAONY - 14 24d odAH YHO [eluoud 9xzZ |auueyd-9T AlreardAL a|qe|rene Jou uaipjyd | ysel doons | 1eemnwnsex | 9z
84/.4 uo
slaulod Aelre
Y6 wonoq (ueder
pue Ya| Wwonoq ‘001 “au]
|euoiie|a1iod Buryiys ‘zd4 uo Aewre | yosrendads) | Azi-6 :Bv (LE) AZT 10S pJeD
- annuboo 10 J91U0 ‘Aelre 97-930 Buidojanag -8 :6v (22) abueyd (5T02) 'I®
SIS} - +1d o414 odAH Z-THD Jejuol4 9xg Jauueyd-9T AleatdAL a|qe|lene 10N uaipiiyD | reuoisuswi@g | 19 einwnsen | sz
JUBLLISSASSE J18Y)
81043q pouad
(tpoq 4adAH
sisAjeuy ‘SA 0dAH) Juswadeld (N)
uolfay Annoy deopuswaoe|d ER]NElel snyeis uonejndod ysel (ae0h)
ureag Jo8dAL sjauueyd apoxdo SHIN (N) 1043u0D uonesIpaN aHav Jo8dAL saoyny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Eur Arch Psychiatry Clin Neurosci. Author manuscript; available in PMC 2023 March 01.



	Abstract
	Introduction
	fNIRS research in child and adolescent psychiatry/psychology
	fNIRS Research in Children with ADHD
	EF and ADHD

	Methods
	Results
	Results by NIRS Device Type
	ETG Hitachi 4000 (10 studies):
	ETG-100 (3 studies).
	OEG-16 (7 studies).
	NIRO 300 (2 studies).

	Results by Study Task
	Response Inhibition Tasks (11 studies).
	Interference Control and Cognitive Flexibility Tasks (6 studies).
	Working Memory Tasks (3 studies).
	Attention Tasks (7 studies):

	fMRI studies of EF network in children with ADHD

	Discussion
	fNIRS-fMRI comparison
	Right prefrontal hypoactivity in ADHD
	Implications for child psychiatry
	Limitations
	Implications for future research

	References
	Figure 1
	Figure 2.
	Table 1.

