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The neural networks that constitute corticostriatothalamocortical circuits between
prefrontal cortex and subcortical structure provide a heuristic framework for bridging
gaps between neurocircuitry and executive dysfunction in attention deficit hyperactivity
disorder (ADHD). “Cool” and “Hot” executive functional theory and the models of
dual pathway are supposed to be applied within the neuropsychology of ADHD. The
theoretical model elaborated response inhibition and delayed gratification in ADHD.
We aimed to review and summarize the literature about the circuits on ADHD and
ADHD-related comorbidities, as well as the effects of neurocircuitry on the executive
dysfunction in ADHD.
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Attention deficit hyperactivity disorder (ADHD) is a common neurodevelopmental disorder in
childhood and adolescence with an overall prevalence of 6.26% in China (Wang et al., 2017) and
5.2% worldwide (Polanczyk et al., 2007). Neural impairment is associated with many profound
complex issues. For example, the patients with ADHD tend to have the response delayed in many
aspects such as in the development of neurological organization and neuroplasticity (Van Doren
et al., 2017), network analysis and brain development (de Lacy et al., 2018), cognitive function
and motor control integration (Leisman et al., 2014), synergies and motor primitives, retained
primitive reflexes (Konicarova et al., 2013) and many other areas that all impinge on which is
necessary to build models to help understanding the nature of neurodevelopmental disorders.
As ADHD symptoms change over time, linguistic and locomotor maturation cannot reach social
maturity at any developmental stage (Giertuga et al., 2017). Executive function (EF) generally
refers to the cognitive ability needed to achieve goal-directed behavior. Deficits of response
inhibition in neuropsychological functions exist widely in ADHD and there are four executive
neuropsychological functions affected by their effective EF: self-regulation of affect-motivation-
arousal (delayed gratification), working memory, internalization of speech, and reconstitution
of behavioral analysis and synthesis. The executive dysfunctions in ADHD have not only been
supported by Barkley (1997), but also tended to be the result in comorbid mental disorders in
childhood and adolescence. Psychiatrists still encounter the difficulties in distinguishing various
symptoms throughout children’s abstract thinking and emotional expressing during clinical
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interview. The symptoms, such as hyperactivity, impulsivity,
compulsivity, irritation or motor tics, may result from similar
affected regions of cerebral network. The potential overlapping
affected neural network may be the main reason why ADHD is
highly possible to result in comorbid mental disorders.

The heritability of ADHD was calculated to be approximately
0.76 (Coghill and Banaschewski, 2009). Today, it is known as
other neurological and psychiatric diseases, that ADHD has a
multifactorial etiology, in which the endogenous retroviruses
of human being are also implicated resulting from a complex
interaction of environmental, biological and genetic factors
(Balestrieri et al., 2014). Candidate gene association studies
have been focused on dopaminergic (DRD4, DRD5, DAT1,
COMT); serotonergic (5-HTT, HTR2A, HTR1B); noradrenergic
(ADRA2A, DBH); cholinergic (CHRNA4); central nervous
system developmental pathway (BDNF, SNAP25) and other
factors from the neurotransmitter receptors and signaling
(Caylak, 2012). However, the most recent study on genome-wide
association studies (GWAS) cannot even replicated a SNP that
reached a genome-wide significance (Grimm et al., 2018). On the
other hand, subsequent pathway analysis of subthreshold DNA
variants from GWAS revealed that some potential genes were
neurodevelopmentally involved in the expressed gene-networks.
Therefore, neuroimaging endophenotypes are strategies of
finding genes influencing brain structure and function closer to
the action of the genes by genetic basis of EF models (Sun et al.,
2018).

The imaging genetics will provide much greater power to
identify the risky genes than disease status alone and it will
provide a more precise understanding of ADHD’s potential of
how the brain variations shaped by the genes. Many neuroscience
studies have integrated structural and functional neuroimaging
with genetic risk during the past decades. The advanced thoughts
built the framework of imaging genetics which is to find
associations of neuroimaging as endophenotypes with DNA
variants as risky genes, and then use hypothesis-free whole-brain
voxel-wise genome-wide to associate these studies (Wu et al.,
2014). Those fore-mentioned important findings are developed
from the fundamental theory of executive dysfunction and
neurocircuitry in ADHD.

This review discusses the role of abnormal connections
in each corticostriatothalamocortical (CSTC) circuit, which
may be responsible for targeted executive dysfunction at the
neuroscience level, respectively.

NEUROSCIENCE OF ADHD

The etiology of ADHD remains unclear; it is mainly considered
that the disease is caused by inappropriate connection of
neural network that may be associated with many different
regions. The comorbidity with ADHD implies a single or
multiple regional dysfunctions affecting integrated connections
between regions. Because of children and adolescents’ cerebral
function of differentiation and contingency involved in the neural
network, especially when nervous system has been damaged,
bypass can be rebuilt to compensate the damaged function

called neuroplastic changes (Jehna et al., 2017). Perceptions
and mutual influences of a child are more sensitive comparing
to that of an adult, and a damaged perception is more likely
to influence multisensory integration. Besides, children and
adolescents’ neurodevelopment appears to be alternate between
neural networks belonged to different systems, the myelination of
primary neurons completes earlier than that of advanced central
nerves. Sensory system and exercise system complete earlier
than systematic integration (Krogsrud et al., 2016). Therefore,
it is difficult to determine which is the main cause of the
systematic dysfunction, the disease of neurological organization
or mental retardation. This problem has never attracted so
much attention in multidisciplinary studies. Along with a
significant development on neuroscience, the principles given
underlie many indirect evidences for elaboration of etiology
and pathogenesis of ADHD (Roohi-Azizi et al., 2017; Karalunas
et al., 2018; Van Doren et al., 2018). Neuropsychology is an
interdisciplinary study between neuroscience and cognitive, and
behavioral medicine is about to better explain the pathogenesis.
The combination of neuropsychology and neuroimaging has
been ready to come out as a highlight research on mapping
endophenotypes of cognitive and behavioral characteristics.

New Progress in Neuropsychology of
ADHD
Neuropsychological studies can be less invasive and more
informative on the functioning of specific neurocircuitries
involved in ADHD and have more advantages than any other
studies carried out by using assessment scales or quantitative
tests (Pasini et al., 2007). Neuropsychology is a science to study
the connection between brain function and mentality or between
brain function and behavior. It is aimed to clarify different
regional functions of brain and mental traits with or without
impaired region of brain presented by neuropsychological test.
The neuropsychological test is one of the most effective research
methods. Traditional neuropsychological theory mainly projects
from observation of the adults’ brain damage, neglecting the
fact that the neuropsychological mechanism and characteristic
of children and adolescents differ from that of adult for
the aspect of brain maturation delay effect (Hoogman et al.,
2017) and many ADHD patients can be self-healed by self-
control enhancement with age (Karam et al., 2015). Because the
neuroplasticity is flexible ahead of neurodevelopment completed,
neuropsychological dysfunctions are more compensatory in
childhood than in adulthood. The cortical redevelopment after
damage may benefit from a highly plastic cortex in childhood,
resulting in less persistent deficit than after neurodevelopmental
maturity (Sharma et al., 2016). It should be emphasized that the
adolescents’ neuropsychological results are quite different from
adults’. The former tend would be interpreted uncertainly and
limitedly. Moreover, adolescents’ psychological reactions suffer
from corresponding central lesions in some cases, for example
the patients with ADHD may appear to be neuropsychological
reactions with relatively specific imaging study. Last but not least,
another imperative characteristic is that the neuropsychology of
adolescents are not independent performances, instead, it often
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associated with comorbid disorders (Ter-Stepanian et al., 2017).
Most of the current neuropsychological researches are focusing
on the EF of ADHD (Zhu et al., 2018).

Model of Executive Function
The neuropsychological model is set up to investigate the
etiology of ADHD, its related comorbidities, and pathological
mechanism as well, and to guide the clinical diagnosis, treatment
and rehabilitation. Regarding the complicated connotation and
advanced cognitive ability, the explanation of EF model is
more efficient than any other neuropsychological models. The
theory of ADHD from Barkley (1997) is widely recognized as
a basic neuropsychological research of the EF of ADHD. EFs
include five domains: response inhibition, working memory,
cognitive flexibility, planning ability, and verbal fluidity. His
model of ADHD pathogenesis postulated a link between
response inhibition and working memory, which predicted
the response inhibition performance on working memory
but it did not predict the performance on divided attention
(cognitive flexibility) and sustained attention. These data on
each domains of EFs suggested the involvement of partially
independent neural circuits which are involved in response
inhibition, working memory and cognitive flexibility in ADHD
(Pasini et al., 2007). Various impairments lead to self-
control and target-seeking deficits, and we can observe these
cognitive and behavioral symptoms classified in diagnostic
criteria.

The above definition classifies all domains of EF of ADHD
into abstract thinking, which is currently known as “Cool” EF in
the cognitive and behavioral level. However, such classification
unilaterally ignores the changes after the involvement of
emotional response. With the development of neuropsychology,
decision making encountered with emotional involvement has
been defined as “Hot” EF. The “Hot” EF includes motivation and
reward, emotional and cognitive process, and affective decision-
making process. For example, delay gratification is characterized
by emotional trait, which complements the insufficiency of the
classification of “Cool” EF. Based on a large number deficits in
the EF of ADHD, the impaired response inhibition and delay
gratification is regarded to be core problems leading to a wide
range of impairments (Pauli-Pott et al., 2014; Dalley and Robbins,
2017).

Thus, the two major domains – abstract thinking (Cool) and
emotional trait (Hot) – trigger the mechanism of onset of ADHD
(Zhu et al., 2018).

Brain mechanism underlies these different functions shown
in Figure 1: “Cool” and “Hot” EF (Antonini et al., 2015). The
“Cool” EF is a top-down process from the dorsolateral prefrontal
cortex (DLPFC) and dorsal anterior cingulate cortex (DACC) to
the superior caudate nucleus, essentially called pure cognitive
process (Bari and Robbins, 2013), which is induced by abstract
or decontextualized problems. the “Hot” EF includes top-down
and bottom-up processes from ventrolateralprefrontal cortex
(VLPFC) and orbitofrontal cortex (OFC) to inferior caudate
nucleus, the bottom-up one plays more important role than that
of “Cool” EF when meeting intervention strategy for emotional
stress (Krain et al., 2006).

FIGURE 1 | Cortex in neurocircuitry models related to executive function in
ADHD. The “Cool” executive function, as a top-down process, maps from the
dorsolateral prefrontal cortex (purple) and dorsal anterior cingulate cortex
(blue) to the superior caudate nucleus and the “Hot” executive function,
including top–down and bottom–up process, maps from
ventrolateralprefrontal cortex (green) and orbitofrontal cortex (yellow) to inferior
caudate nucleus.

Sonuga-Barke (2002) presented dual pathway model as shown
in Figure 2. Beyond the dual pathway model, evidences were
obtained for the dissociation of inhibitory control and delay
aversion in ADHD (Sonugabarke et al., 2010). The “Cool”
and “Hot” EFs are, respectively, coincided with dual pathway
model. Anomaly of fiber tracts connect between thalamus and
striatum, and between thalamus and the dorsolateral prefrontal
cortex DLPFC/OFC fiber tracts in ADHD (Xia et al., 2012).
The deficit of response inhibition and delay aversion represented
independent neuropsychological components (Yang et al., 2011).
A hypoactivation of DACC and a bilateral activation of VLPFC
during a counting stroop paradigm (Bush et al., 1999).

Response Inhibition
Special neuropsychological tasks should be designed to meet the
needs of different research purposes. The response inhibition
is the core element of the “Cool” EF that refers to inhibiting
the reaction of irrelevant stimulus when seeking a cognitive
representation of target stimulation (Szekely et al., 2017). The
response inhibition is a key factor that takes effects on the process
of completing a task and coordinates various psychological
processes. In a narrow sense, many researchers equate the
response inhibition with the EF through presenting its outcome
instead of subset relationship (Kavanaugh, 2016). Because of the
deficit of response inhibition, subjects usually present persistent
errors, to put it into another way, subjects constantly behave
what is supposed to be inhibited (Janssen et al., 2016). The
persistent errors that are explained by the response inhibition
theory are due to the invalid or immature inhibition mechanism.
As a result, the subjects cannot suppress the tendency of strong
or anticipative conflicting reaction. For example, classic Stroop
test exactly tests the function of response inhibition. The test
requires subjects to control the inhibitory interference against
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FIGURE 2 | Dual pathway model of ADHD. Pathway 1 generates deficit of response inhibition for its neuropathy, which is based on the ventral and dorsal
corticostriatal pathway; pathway 2 generates delay aversion for its neuropathy, which is based on the ventrolateral and orbitofrontal corticostriatal (including nucleus
accumbens) pathway.

the conflict between word-color (displayed information) and
identifying the meaning (supposed to be reported) according to
the rules. When successfully inhibiting the conflict, the subject
will complete the test. It belongs to the abstract thinking domain.
ADHD patients exhibit more difficulty with response inhibition
compared to typically developing youth (i.e., more commission
errors, less correct responses) (Tenenbaum et al., 2018) mainly
due to the dysfunction of DLPFC (sustained attention) and the
DACC (divided attention) circuits. Treatment effects in ADHD
are often evaluated by inhibiting prepotent responses, especially
concerning functional neuroanatomical structures (Bluschke
et al., 2018).

Delayed Gratification
In the study of the “Hot” EF, the delayed gratification is a classic
paradigm of mental phenomenon. The delayed gratification
refers to the tendency that subjects delay short-term satisfaction
spontaneously so as to obtain long-term benefits, which demands
the ability of self-regulation and self-control (Shimoni et al.,
2016). For example, Delay Discounting task requires subjects
to make choice between two virtual reinforcers for simulating
real environment: one is high-valued but delayed reward, and
the other is a low-valued but instant reward. The classic Delay
Discounting task exactly presents the neuropsychological domain
of delayed gratification. Neither top-down nor bottom-up
process is dispensable in “Hot” EF. The development of efficient
self-controlled ability is probably predicted by showing delayed
gratification in the future of life. The temptation of short-term
gratification will be well withstood after target acquired, provided
that a necessary condition will be created for the high-value

target achieved instead. More necessary conditions are provided
to accomplish wonders, coordinate relationships, or adapt social
maturity. ADHD patients show the tendency to prefer smaller
immediate rewards over larger delayed rewards due to inefficient
self-controlled ability (Norman et al., 2017). The delayed
gratification is the realization of self-control and psychological
maturity as well. Whether subjects could choose long-term
benefits or to give up the preferring of the immediate interests
depends on the emotional maturity in face of some temptation
against instinctive impulse. Spontaneous neuronal activities of
the patients with ADHD related to delay discounting are
associated with pathophysiological characteristics of impulsive
behavior (Hsu et al., 2015). Impairments in response inhibition
contribute to the greater delay discounting in ADHD (Martinelli
et al., 2016), therefore, not only does the delayed gratification play
a key role in cognitive control, but also it becomes an important
part of emotional trait in ADHD (Hoogman et al., 2017).

The observation of behavioral dysfunctions shed the light on
the neuroimaging researches.

New Progress in Neuroimaging of ADHD
Neuroimaging study, chosen to be endophenotypes between
genetic inheritance and human behavior, can obtain data of
disease characteristics stably and provide indirect evidence of
EF association study noninvasively. According to Diagnostic
and Statistical Manual of Mental Disorders (DSM-5), ADHD
has been classified as a kind of neurodevelopmental disease
occurs before age of 12, thus, we consider that the pathogenesis
of ADHD is related with neurodevelopmental retardation. The

Frontiers in Human Neuroscience | www.frontiersin.org 4 December 2018 | Volume 12 | Article 506

https://www.frontiersin.org/journals/human-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-12-00506 December 14, 2018 Time: 14:35 # 5

Jiang et al. ADHD Neurocircuitry and Executive Function

FIGURE 3 | Neurocircuitry models in corticostriatothalamocortical circuits.
Dorsolateral CSTC circuit for being known as sustained attention/executive
function circuit (A), ventrolateral CSTC circuit for emotion circuit (B), anterior
cingulate CSTC circuit for divided attention circuit (C), motor CSTC circuit for
hyperactivity circuit (D) and orbitofrontal CSTC circuit for
impulsivity/compulsivity circuit (E).

cortex, as the upmost center of executive control system,
not only needs to adjust complex cognition and emotion,
but also integrates the whole neural networks rather than a
single abnormal disconnection. Neuroimaging of ADHD has
gone through three stages roughly over time: hypothesis of
prefrontal hypofunction, hypothesis of corticostriatal pathway
hypofunction and hypothesis of CSTC circuits dysfunction (Zhu
et al., 2018).

Hypothesis of Prefrontal Hypofunction
Prefrontal cortex, as the most advanced part of cerebrum,
has assembled a large number of related studies in ADHD
including response inhibition and sustained attention locating
within the DLPFC (Soltaninejad et al., 2015), affective symptoms
locating within the ventromedial prefrontal cortex (VMPFC)
(Hägele et al., 2016), divided attention locating within the DACC
(Schweren et al., 2017), delay discounting and hyperactivity
locating within the OFC (Yates et al., 2014) and motor control
locating within the sensorimotor cortex (SMC) (Ter Huurne
et al., 2017). In the previous literature published by Stahl SM,
those five cerebral regions are associated with ADHD (Stahl,
2013). As a neurodevelopmental disease, the malfunction of the
prefrontal cortex may explain why the above symptoms are
commonly seen in ADHD.

Prefrontal dysfunction causes clinical phenotypes including
hyperactivity, inattention, emotional instability and lack of
planned behavior (Stahl, 2013). The hypothesis established a link
between executive dysfunction and prefrontal abnormality of
patients with ADHD. The early stage of MRI studies of ADHD
focused on the function and volume of white matter. Castellanos
et al. (2002) found that the whole brain volume of ADHD
decreases by 3–5% compared to normal control group while the

prefrontal lobe volume weights the most. The right prefrontal
hypoactivation was reported to be found in the patients with
ADHD when undergoing task for evaluating response inhibition
(Monden et al., 2015). Comparatively, the prefrontal cortex
cannot be activated in the patients with ADHD, and the thickness
of prefrontal cortex has been implicated in the deficit of response
inhibition (Stramaccia et al., 2015). Since right prefrontal cortex
seems to be important in controlling response inhibition, while
left dorsolateral prefrontal cortex seems crucial in modulating
divided attention, these areas are deputed to be involved in the
pathogenesis of neuropsychological deficits in ADHD subtypes
(Pasini et al., 2007). From the theory of neural evolution,
we know that the prefrontal lobe is the latest and maturest
evolutionary part of brain. White matter maturation, including
myelination, starts prenatally and appears to progress in an
orderly manner during infancy and childhood from posterior-to-
anterior, inferior-to-superior, and central-to-peripheral regions
(Krogsrud et al., 2016). Human beings experience a far more
complex and longer neurodevelopmental phase which provides
more risks for shaping the immature brain between prefrontal
cortex and subcortical structures. Changes occur at various
levels – from neuroplasticity including in a given region and its
connectivity to other regions, to the function of neurotransmitter
systems (Andersen and Navalta, 2004).

Hypothesis of Corticostriatal Circuitry Abnormality
Along with further researches, the hypothesis is gradually
accepted that the onset of ADHD is associated with prefrontal
cortex and major striatal subregions connectivity abnormalities
(Hong et al., 2015). The frontostriatal functional connectivity
takes the responsibility for how information is processed by
permitting transmission of signal downstream from cortex, and
getting a feedback simultaneously from striatum to cortex. Many
fMRI researchers have found out that these impairments can
be caused by decreased neurons within prefrontal cortex and
striatum of ADHD (Ortiz et al., 2015; Hauser et al., 2016; Szekely
et al., 2017; Norman et al., 2018). Compared to normal controls,
many statistical evidences of ADHD neuroimaging have been
provided for neuropsychological deficits owing to these regions.
The pathological base of ADHD correlates significantly to the
abnormal circuitry. The corticostriatal circuitry abnormality
plays an important role in the pathogenesis of ADHD (Hong
et al., 2015).

The malfunction of the prefrontal cortex corresponds with
each substructure in striatum shown in Figure 3. Neural impulses
originate from the DLPFC project into the superior caudate
nucleus (Figure 3A), the VMPFC to the nucleus accumbens
(Figure 3B), the DACC to the inferior striatum (Figure 3C), SMC
to the putamen (Figure 3D) and the OFC to the inferior caudate
nucleus (Figure 3E; Zhu et al., 2016). Frank et al. (2001) suggested
that each of these circuits might be subdivided into various
subcircuits and estimated the human prefrontal cortex to contain
about 20,000 such circuits in total. Interestingly, the assumption
of independent circuits implies that each corticostriatal pathway
has a variety of separate channels (i.e., one for each circuit) and
that each of these channels might subserve a different function
(Schroll et al., 2012) as described in ADHD symptoms. Thus, it

Frontiers in Human Neuroscience | www.frontiersin.org 5 December 2018 | Volume 12 | Article 506

https://www.frontiersin.org/journals/human-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-12-00506 December 14, 2018 Time: 14:35 # 6

Jiang et al. ADHD Neurocircuitry and Executive Function

might be more fruitful to search for superordinate principles of
pathway functions than for specific pathway contributions related
to individual circuits (Schroll and Hamker, 2013).

Hypothesis of CSTC Circuits Dysfunction
Nerve signals are projected from prefrontal cortex into striatum,
and then reach thalamus before return to the cortex. In
detail, thalamus produces regional interaction with area-oriented
cortex. The signals of CSTC circuits that pass through the
striatum are able to be synapse-linked to the special part of
the striatal neurons from striatum to thalamus when getting
a feedback simultaneously before finally return to the initial
pyramidal cells (Hauser et al., 2016). A cognitive or behavioral
symptom is not just caused by a separated neural abnormality
in ADHD, but also caused by the abnormalities of CSTC
circuits provide a framework for further understanding of ADHD
symptoms (Zhu et al., 2016).

Xia et al. (2012)found that the inattention and executive
dysfunction of ADHD are highly correlated with decreased mean
fractional anisotropy and volume of the tracts between prefrontal
cortex, striatum and thalamus. Meanwhile, the evidence-based
studies revealed the high rate of comorbidity between ADHD
and Tourette’s syndrome (TS) (Groth et al., 2017), oppositional
defiant disorder (ODD) (Xia et al., 2012) as well as obsessive-
compulsive disorder (OCD) (Abramovitch et al., 2015). For
finding out the reason, a MRI study of TS indicated that
the tic severity is negatively correlated with the sensorimotor
cortical thickness and caudate nucleus volume in the motor
circuit (Fahim et al., 2010). On the other hand, the connectivity
between the ACC and related striatum increases significantly
around regional pathway, but decreases along with more
distant connections (Shprecher et al., 2014). Microstructural
abnormalities of thalamus and basal ganglia play an important
role in the pathophysiology of TS (Li et al., 2010). ODD was
found reduced in volume within the ACC and OFC (Sebastian
et al., 2016), furthermore, the connection between caudate
and OFC may be disrupted (Finger et al., 2011). Meanwhile,
OCD symptoms may result from the increased functional
connectivity between the medial thalamus and striatum with
the decreased functional connectivity between the OFC and
dorsomedial striatum (Jung et al., 2017). The specific strength
of connectivity between the OFC and ventral caudate/nucleus
accumbens decides overall symptom severity (Harrison et al.,
2009). In addition, cognitive dysfunction is still linked to the
DLPFC circuit abnormality in OCD (Liu et al., 2017). The
hypothesis of neural disconnection of CSTC circuit underlies the
disorder in both task state and resting state.

Prefrontal hypoactivity, influencing the DLPFC, ACC and
related regions including striatum and thalamus, plays the
role of a villain in the EF of ADHD (Dickstein et al.,
2006). Each volume of CSTC circuits differs between the
patients with ADHD and normal controls, so the characteristic
of CSTC circuits highlights in neuropsychological research
recently. The abnormal activation of CSTC circuits is the
key factor leading to executive dysfunction. Dorsolateral
Prefrontal Corticostriatothalamocortical (DLPFCSTC) circuit
is known as the EF circuit (Stahl, 2013), while concrete

neuropsychological mechanism is different. CSTC circuits
connected the frontal lobe to the basal ganglia controls the
response inhibition and delay aversion (Krain and Castellanos,
2006). In addition, Orbitofrontal Corticostriatothalamocortical
(OFCSTC) circuit also adjusts delay discounting procedure in
ADHD simultaneously (Yates et al., 2014). Neuropsychological
deficits cover response inhibition and delayed aversion widely
in ADHD, TS, ODD, and OCD in different ways. So researches
of neuropsychology can better explain the endophenotype of
ADHD (Pauli-Pott et al., 2014).

The interdiscipline of the neuroimaging and neuropsychology
attracts researchers’ attention to the point that ADHD, TS, ODD,
and OCD may possess the similar biological mechanism. As
mentioned above, five abnormal CSTC circuits are apparently
involved in ADHD, including two in ODD (the divided
attention and impulsivity/compulsivity circuits; Sebastian et al.,
2016) and OCD (the sustained attention/executive function and
impulsivity/compulsivity circuits; Jung et al., 2017; Liu et al.,
2017), and one in TS (the hyperactivity circuit; Fahim et al., 2010).
The damaged range of prefrontal lobe in ADHD spreads wider
than in TS, ODD, or OCD, and that quite possibly indicated the
dysfunctional area of the CSTC circuits explains the high rate of
disease incidence, comorbidity and multiplicity of symptoms in
populations. The more circuits are affected, the more symptoms
there will be. We could regard ADHD comorbidity as a special
form of ADHD rather than separating it by respective diagnostic
criteria.

Here are a few examples of comorbidity. Whether ADHD
is with comorbid TS or not, the decrease of neural volumes
and connections in the CSTC circuits are quite consistent
with ADHD-related symptoms (Fahim et al., 2010). The EF
deficits of ADHD-related symptoms in TS are similar due
to the similar anatomical bases on the deficit of response
inhibition in the “Cool” EF (Termine et al., 2016), but the
same statistical significance was not found in TS without
ADHD-related symptoms (Sukhodolsky et al., 2010) because
of the compensating in domain of the DLPFCSTC circuit.
Adolescents with ADHD-related symptoms present the deficits
in the “Cool” EF that are unrelated to ODD comorbidity,
however, the comorbidity is responsible for the deficits in the
“Hot” EF (Antonini et al., 2015) for decreased activities in the
OFCSTC circuit. Therefore, the “Cool” EF may represent the
compensation mechanism in the process of neural development
in motor tics, while ODD-related symptoms in component of
angry and irritable affection take responsibility for the deficits in
the “Hot” EF (Noordermeer et al., 2016). The activity of OFC is
negatively related to the level of risk-taking (Weber et al., 2014),
which has been indicated that ADHD-related symptoms such
as impulsivity, curiosity and risk-taking behaviors are exactly
opposite to the OCD-related symptoms characterized by evasive
behaviors against risk and novel stimulus. The major academic
argument is focused on the behavior of the impulsivity between
OCD and ADHD. While impulsivity was classified as a primary
characteristic of ADHD symptoms in DSM-5, the impulsivity
of OCD had not been clarified from compulsivity (Kim et al.,
2017). The interesting findings are that the decreased delay
discounting tendency has been found in OCD (Sohn et al., 2014)
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on the opposite of delay aversion in ADHD by recognizing the
neuropsychological process as a part of the “Hot” EF. Locating
the mast important effect in the amygdala is another critical
stage, as it associates ADHD to emotional regulation. Although
those are frequently found in the patients with ADHD, DSM-5
has not yet made it into the official criteria. Our work provides
neurobiological support to the inclusion of this domain in the
core ADHD phenotype (Hoogman et al., 2017). Therefore, the
excessive enhancement of the “Hot” EF may be a potential
biomarker of OCD and ODD because of enhanced activities in
the OFCSTC circuit and VLPFC circuit, respectively.

CONCLUSION

The review that has been emphatically described above is
focusing on the interdisciplinary interactions in ADHD, and
those theories are also available in ADHD-related comorbidities.
Could those studies of the EF theories help psychiatrists to
better distinguish clusters of symptoms among different mental
disorders? If open-minded concept is freed out of those fixed
classified diagnostic criteria, many interesting phenomena are
supposed to be found according to the independent symptoms.

The neurocircuitries that constitute the CSTC circuit provide
a framework for bridging gaps between neuroimaging and EF
in ADHD (Zhu et al., 2016), but it has been difficult to identify
the mechanisms for regulating abstract thinking and emotional
responding from the understanding of ADHD comorbidity
with TS, ODD, and OCD. Research based on “Cool” and
“Hot” executive functional theory and circuit models, which are
considered as applied response inhibition and delay aversion,
respectively, within the neuropsychological view of ADHD,
has shed the light on emotional responding before and after
decontextualized stimuli (Zhu et al., 2018).

PERSPECTIVES

It is believed that more and more evidence-based medicines
would be found in ADHD and its related comorbidities with the
deepening of the scientific researches and interdiscipline between
neuroimaging and neuropsychology after being enlightened by
such theories. Further researches are recommended to be carried
out on the heritability, stability, specificity and familial genetic

overlap of the aforementioned neuropsychological traits. The
verification and identification of neuropsychological traits may
offer a previous contribution to molecular genetic studies,
pharmacogenomics, and clinical management of ADHD patients.

LIMITATIONS

However, systematic errors can’t be avoided in this kind of
review even with careful searching strategy. We did not evaluate
the quality of these cited references while being presented
their results as many qualitative descriptions. These reviewed
papers, to some extent, were demonstrated depending on the
authors’ viewpoint of ADHD. Furthermore, we noted that
vast majority of neuropsychological data were measured by
comparing to statistical significance between disease groups and
typical development groups in the purpose of their researches,
and then a relevant conclusion was drawn in those ways but
neglecting the comparison between diseases. Those limitations
might make the conclusions ambiguous.

AUTHOR CONTRIBUTIONS

XJ wrote the paper. LL and HJ contributed to the overall design
of the article structure. YZ wrote the protocol, managed study
supervision and critical revision of the manuscript for important
intellectual content.

FUNDING

This work was supported by Key Specialty Project of Shanghai
Municipal Health and Family Planning Commission grant
ZK2015B01 for child psychiatry, Research Project of Shanghai
Changning District Science and Technology Commission (grant
no. CNKW2018Y23).

ACKNOWLEDGMENTS

We thank Min Zhu and Liqiong Huang for proofreading the final
edition, Yueyin Pan for picture processing and Guohai Li for
comments on an earlier version of the manuscript.

REFERENCES
Abramovitch, A., Dar, R., Mittelman, A., and Wilhelm, S. (2015). comorbidity

between attention deficit/hyperactivity disorder and obsessive-compulsive
disorder across the lifespan: a systematic and critical review. Harv. Rev.
Psychiatry 23, 245–262. doi: 10.1097/HRP.0000000000000050

Andersen, S. L., and Navalta, C. P. (2004). Altering the course of
neurodevelopment: a framework for understanding the enduring
effects of psychotropic drugs. Int. J. Dev. Neurosci. 22, 423–440.
doi: 10.1016/j.ijdevneu.2004.06.002

Antonini, T. N., Becker, S. P., Tamm, L., and Epstein, J. N. (2015). Hot and Cool
Executive Functions in Children with Attention Deficit/Hyperactivity Disorder
and Comorbid Oppositional Defiant Disorder. J. Int. Neuropsychol. Soc. 21,
584–595. doi: 10.1017/S1355617715000752

Balestrieri, E., Pitzianti, M., Matteucci, C., E. D’Agati, Sorrentino, R., Baratta, A.,
Caterina, R., et al. (2014). Human endogenous retroviruses and ADHD. World
J. Biol. Psychiatry 15, 499–504. doi: 10.3109/15622975.2013.862345

Bari, A., and Robbins, T. W. (2013). Inhibition and impulsivity: behavioral and
neural basis of response control. Prog. Neurobiol. 108, 44–79. doi: 10.1016/j.
pneurobio.2013.06.005

Barkley, R. A. (1997). Behavioral inhibition, sustained attention, and executive
functions: constructing a unifying theory of ADHD. Psychol. Bull. 121, 65–94.
doi: 10.1037/0033-2909.121.1.65

Bluschke, A., Friedrich, J., Schreiter, M. L., Roessner, V., and Beste, C. (2018).
A comparative study on the neurophysiological mechanisms underlying effects
of methylphenidate and neurofeedback on inhibitory control in attention deficit
hyperactivity disorder. Neuroimage Clin. 20, 1191–1203. doi: 10.1016/j.nicl.
2018.10.027

Frontiers in Human Neuroscience | www.frontiersin.org 7 December 2018 | Volume 12 | Article 506

https://doi.org/10.1097/HRP.0000000000000050
https://doi.org/10.1016/j.ijdevneu.2004.06.002
https://doi.org/10.1017/S1355617715000752
https://doi.org/10.3109/15622975.2013.862345
https://doi.org/10.1016/j.pneurobio.2013.06.005
https://doi.org/10.1016/j.pneurobio.2013.06.005
https://doi.org/10.1037/0033-2909.121.1.65
https://doi.org/10.1016/j.nicl.2018.10.027
https://doi.org/10.1016/j.nicl.2018.10.027
https://www.frontiersin.org/journals/human-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-12-00506 December 14, 2018 Time: 14:35 # 8

Jiang et al. ADHD Neurocircuitry and Executive Function

Bush, G., Frazier, J. A., Rauch, S. L., Seidman, L. J., Whalen, P. J., Jenike,
M. A., et al. (1999). Anterior cingulate cortex dysfunction in attention-
deficit/hyperactivity disorder revealed by fMRI and the Counting
Stroop. Biol. Psychiatry 45, 1542–1552. doi: 10.1016/S0006-3223(99)
00083-9

Castellanos, F. X., Lee, P. P., Sharp, W., Jeffries, N. O., Greenstein, D. K., Clasen,
L. S., et al. (2002). Developmental trajectories of brain volume abnormalities
in children and adolescents with attention-deficit/hyperactivity disorder. JAMA
288, 1740–1748. doi: 10.1001/jama.288.14.1740

Caylak, E. (2012). Biochemical and genetic analyses of childhood attention
deficit/hyperactivity disorder. Am. J. Med. Genet. B Neuropsychiatr. Genet. 6,
613–627. doi: 10.1002/ajmg.b.32077

Coghill, D., and Banaschewski, T. (2009). The genetics of attention-
deficit/hyperactivity disorder. Expert Rev. Neurother. 9, 1547–1565.
doi: 10.1586/ern.09.78

Dalley, J. W., and Robbins, T. W. (2017). Fractionating impulsivity:
neuropsychiatric implications. Nat. Rev. Neurosci. 18, 158–171.
doi: 10.1038/nrn.2017.8

de Lacy, N., Kodish, I., Rachakonda, S., and Calhoun, V. D. (2018). Novel
in silico multivariate mapping of intrinsic and anticorrelated connectivity
to neurocognitive functional maps supports the maturational hypothesis of
ADHD. Hum. Brain Mapp. 39, 3449–3467. doi: 10.1002/hbm.24187

Dickstein, S. G., Bannon, K., Xavier Castellanos, F., and Milham, M. P. (2006).
The neural correlates of attention deficit hyperactivity disorder: an ALE meta-
analysis. J. Child Psychol. Psychiatry 47, 1051–1062. doi: 10.1111/j.1469-7610.
2006.01671.x

Fahim, C., Yoon, U., Das, S., Lyttelton, O., Chen, J., Arnaoutelis, R., et al. (2010).
Somatosensory–motor bodily representation cortical thinning in Tourette:
effects of tic severity, age and gender. Cortex 46, 750–760. doi: 10.1016/j.cortex.
2009.06.008

Finger, E. C., Marsh, A. A., Blair, K. S., Reid, M. E., Sims, C., Ng, P., et al. (2011).
Disrupted reinforcement signaling in the orbitofrontal cortex and caudate in
youths with conduct disorder or oppositional defiant disorder and a high level
of psychopathic traits. Am. J. Psychiatry 168, 152–162. doi: 10.1176/appi.ajp.
2010.10010129

Frank, M. J., Loughry, B., and O’Reilly, R. C. (2001). Interactions between frontal
cortex and basal ganglia in working memory: a computational model. Cogn.
Affect. Behav. Neurosci. 1, 137–160. doi: 10.3758/CABN.1.2.137

Giertuga, K., Zakrzewska, M. Z., Bielecki, M., Racicka-Pawlukiewicz, E.,
Kossut, M., and Cybulska-Klosowicz, A. (2017). age-related changes in
resting-state eeg activity in attention deficit/hyperactivity disorder: a
cross-sectional study. Front. Hum. Neurosci. 11:285. doi: 10.3389/fnhum.
2017.00285

Grimm, O., Kittel-Schneider, S., and Reif, A. (2018). Recent developments in the
genetics of ADHD. Psychiatry Clin. Neurosci. 72, 654–672. doi: 10.1111/pcn.
12673

Groth, C., Mol Debes, N., Rask, C. U., Lange, T., and Skov, L. (2017). Course of
tourette syndrome and comorbidities in a large prospective clinical study. J. Am.
Acad. Child Adolesc. Psychiatry 56, 304–312. doi: 10.1016/j.jaac.2017.01.010

Hägele, C., Friedel, E., Schlagenhauf, F., Sterzer, P., Beck, A., Bermpohl, F.,
et al. (2016). Affective responses across psychiatric disorders-a dimensional
approach. Neurosci. Lett. 623, 71–78. doi: 10.1016/j.neulet.2016.04.037

Harrison, B. J., Soriano-Mas, C., Pujol, J., Ortiz, H., López-Solà, M., Hernández-
Ribas, R., et al. (2009). Altered corticostriatal functional connectivity in
obsessive-compulsive disorder. Arch. Gen. Psychiatry 66, 1189–1200. doi: 10.
1001/archgenpsychiatry.2009.152

Hauser, T. U., Fiore, V. G., Moutoussis, M., and Dolan, R. J. (2016). Computational
Psychiatry of ADHD: neural gain impairments across marrian levels of analysis.
Trends Neurosci. 39, 63–73. doi: 10.1016/j.tins.2015.12.009

Hong, S. B., Harrison, B. J., Fornito, A., Sohn, C. H., Song, I. C., and Kim, J. W.
(2015). Functional dysconnectivity of corticostriatal circuitry and differential
response to methylphenidate in youth with attention-deficit/hyperactivity
disorder. J. Psychiatry Neurosci. 40, 46–57.

Hoogman, M., Bralten, J., Hibar, D. P., Mennes, M., Zwiers, M. P., Schweren, L. S.,
et al. (2017). Subcortical brain volume differences in participants with attention
deficit hyperactivity disorder in children and adults: a cross-sectional mega-
analysis. Lancet Psychiatry 16, 30049–30044. doi: 10.1016/S2215-0366(17)
30049-4

Hsu, C.-F., Benikos, N., and Sonuga-Barke, E. J. (2015). Spontaneous
activity in the waiting brain: a marker of impulsive choice in attention-
deficit/hyperactivity disorder? Dev. Cogn. Neurosci. 12, 114–122. doi: 10.1016/j.
dcn.2015.01.007

Janssen, T. W., Bink, M., Geladé, K., van Mourik, R., Maras, A., and Oosterlaan, J.
(2016). A randomized controlled trial investigating the effects of neurofeedback,
methylphenidate, and physical activity on event-related potentials in children
with attention-deficit/hyperactivity disorder. J. Child Adolesc. Psychopharmacol.
26, 344–353. doi: 10.1089/cap.2015.0144

Jehna, M., Becker, J., Zaar, K., von Campe, G., Mahdy Ali, K., Reishofer, G.,
et al. (2017). Symmetry of the arcuate fasciculus and its impact on
language performance of patients with brain tumors in the language-dominant
hemisphere. J. Neurosurg. 27, 1–10. doi: 10.3171/2016.9.JNS161281

Jung, W. H., Yucel, M., Yun, J. Y., Yoon, Y. B., Cho, K. I., Parkes, L., et al. (2017).
Altered functional network architecture in orbitofronto-striato-thalamic circuit
of unmedicated patients with obsessive-compulsive disorder. Hum. Brain
Mapp. 38, 109–119. doi: 10.1002/hbm.23347

Karalunas, S. L., Hawkey, E., Gustafsson, H., Miller, M., Langhorst, M.,
Cordova, M., et al. (2018). Overlapping and distinct cognitive impairments
in attention-deficit/hyperactivity and autism spectrum disorder without
intellectual disability. J. Abnorm. Child Psychol. 15, 1705–1716. doi: 10.1007/
s10802-017-0394-2

Karam, R. G., Breda, V., Picon, F. A., Rovaris, D. L., Victor, M. M., Salgado,
C. A., et al. (2015). Persistence and remission of ADHD during adulthood:
a 7-year clinical follow-up study. Psychol. Med. 45, 2045–2056. doi: 10.1017/
S0033291714003183

Kavanaugh, B. C. (2016). The role of inhibitory control in the hospitalization of
children with severe psychiatric disorders. Clin. Neuropsychol. 29, 847–862.
doi: 10.1080/13854046.2015.1093174

Kim, M., Lee, T. H., Choi, J. S., Kwak, Y. B., Hwang, W. J., Kim, T., et al. (2017).
Neurophysiological correlates of altered response inhibition in internet gaming
disorder and obsessive-compulsive disorder: perspectives from impulsivity and
compulsivity. Sci. Rep. 7:41742. doi: 10.1038/srep41742

Konicarova, J., Bob, P., and Raboch, J. (2013). Persisting primitive reflexes
in medication-naive girls with attention-deficit and hyperactivity disorder.
Neuropsychiatr. Dis. Treat 9, 1457–1461.

Krain, A. L., and Castellanos, F. X. (2006). Brain development and ADHD. Clin.
Psychol. Rev. 26, 433–444. doi: 10.1016/j.cpr.2006.01.005

Krain, A. L., Wilson, A. M., Arbuckle, R., Castellanos, F. X., and Milham,
M. P. (2006). Distinct neural mechanisms of risk and ambiguity:
a meta-analysis of decision-making. Neuroimage 32, 477–484.
doi: 10.1016/j.neuroimage.2006.02.047

Krogsrud, S. K., Fjell, A. M., Tamnes, C. K., Grydeland, H., Mork, L., Due-
Tønnessen, P., et al. (2016). Changes in white matter microstructure in the
developing brain—A longitudinal diffusion tensor imaging study of children
from 4 to 11years of age. NeuroImage 124, 473–486. doi: 10.1016/j.neuroimage.
2015.09.017

Leisman, G., Braun-Benjamin, O., and Melillo, R. (2014). Cognitive-motor
interactions of the basal ganglia in development. Front. Syst. Neurosci. 8:16.
doi: 10.3389/fnsys.2014.00016

Li, X., Sun, J., Li, F., Huang, M., Li, Q., Wu, Q., et al. (2010). [Microstructural
abnormalities of basal ganglia and thalamus in children with first-episode
Tourette’s syndrome: a diffusion tensor imaging study]. Sichuan Da Xue Xue
Bao. Yi Xue Ban 41, 284–287.

Liu, Q., Tan, B., Zhou, J., Zheng, Z., Li, L., and Yang, Y. (2017). Pathophysiology
of refractory obsessive-compulsive disorder: a study of visual search combined
with overactive performance monitoring. Medicine 96:e5655. doi: 10.1097/MD.
0000000000005655

Martinelli, M. K., Mostofsky, S. H., and Rosch, K. S. (2016). Investigating the
impact of cognitive load and motivation on response control in relation to delay
discounting in children with ADHD. J. Abnorm. Child Psychol. 40, 1193–1207.

Monden, Y., Dan, I., Nagashima, M., Dan, H., Uga, M., Ikeda, T., et al. (2015).
Individual classification of ADHD children by right prefrontal hemodynamic
responses during a go/no-go task as assessed by fNIRS. Neuroimage Clin 9 1–12.
doi: 10.1016/j.nicl.2015.06.011

Noordermeer, S. D. S., Luman, M., and Oosterlaan, J. (2016). A Systematic Review
and Meta-analysis of Neuroimaging in Oppositional Defiant Disorder (ODD)
and Conduct Disorder (CD) Taking Attention-Deficit Hyperactivity Disorder

Frontiers in Human Neuroscience | www.frontiersin.org 8 December 2018 | Volume 12 | Article 506

https://doi.org/10.1016/S0006-3223(99)00083-9
https://doi.org/10.1016/S0006-3223(99)00083-9
https://doi.org/10.1001/jama.288.14.1740
https://doi.org/10.1002/ajmg.b.32077
https://doi.org/10.1586/ern.09.78
https://doi.org/10.1038/nrn.2017.8
https://doi.org/10.1002/hbm.24187
https://doi.org/10.1111/j.1469-7610.2006.01671.x
https://doi.org/10.1111/j.1469-7610.2006.01671.x
https://doi.org/10.1016/j.cortex.2009.06.008
https://doi.org/10.1016/j.cortex.2009.06.008
https://doi.org/10.1176/appi.ajp.2010.10010129
https://doi.org/10.1176/appi.ajp.2010.10010129
https://doi.org/10.3758/CABN.1.2.137
https://doi.org/10.3389/fnhum.2017.00285
https://doi.org/10.3389/fnhum.2017.00285
https://doi.org/10.1111/pcn.12673
https://doi.org/10.1111/pcn.12673
https://doi.org/10.1016/j.jaac.2017.01.010
https://doi.org/10.1016/j.neulet.2016.04.037
https://doi.org/10.1001/archgenpsychiatry.2009.152
https://doi.org/10.1001/archgenpsychiatry.2009.152
https://doi.org/10.1016/j.tins.2015.12.009
https://doi.org/10.1016/S2215-0366(17)30049-4
https://doi.org/10.1016/S2215-0366(17)30049-4
https://doi.org/10.1016/j.dcn.2015.01.007
https://doi.org/10.1016/j.dcn.2015.01.007
https://doi.org/10.1089/cap.2015.0144
https://doi.org/10.3171/2016.9.JNS161281
https://doi.org/10.1002/hbm.23347
https://doi.org/10.1007/s10802-017-0394-2
https://doi.org/10.1007/s10802-017-0394-2
https://doi.org/10.1017/S0033291714003183
https://doi.org/10.1017/S0033291714003183
https://doi.org/10.1080/13854046.2015.1093174
https://doi.org/10.1038/srep41742
https://doi.org/10.1016/j.cpr.2006.01.005
https://doi.org/10.1016/j.neuroimage.2006.02.047
https://doi.org/10.1016/j.neuroimage.2015.09.017
https://doi.org/10.1016/j.neuroimage.2015.09.017
https://doi.org/10.3389/fnsys.2014.00016
https://doi.org/10.1097/MD.0000000000005655
https://doi.org/10.1097/MD.0000000000005655
https://doi.org/10.1016/j.nicl.2015.06.011
https://www.frontiersin.org/journals/human-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-12-00506 December 14, 2018 Time: 14:35 # 9

Jiang et al. ADHD Neurocircuitry and Executive Function

(ADHD) Into Account. Neuropsychol. Rev. 26, 44–72. doi: 10.1007/s11065-015-
9315-8

Norman, L. J., Carlisi, C. O., Christakou, A., Chantiluke, K., Murphy, C.,
Simmons, A., et al. (2017). Neural dysfunction during temporal
discounting in paediatric Attention-Deficit/Hyperactivity Disorder
and Obsessive-Compulsive Disorder. Psychiatry Res. 269, 97–105.
doi: 10.1016/j.pscychresns.2017.09.008

Norman, L. J., Carlisi, C. O., Christakou, A., Murphy, C. M., Chantiluke, K.,
Giampietro, V., et al. (2018). Frontostriatal dysfunction during decision making
in attention-deficit/hyperactivity disorder and obsessive-compulsive disorder.
Biol. Psychiatry Cogn. Neurosci. Neuroimaging 3, 694–703. doi: 10.1016/j.bpsc.
2018.03.009

Ortiz, N., Parsons, A., Whelan, R., Brennan, K., Agan, M. L., et al. (2015). Decreased
frontal, striatal and cerebellar activation in adults with ADHD during an
adaptive delay discounting task. Acta Neurobiol. Exp. 75, 326–338.

Pasini, A., Paloscia, C., Alessandrelli, R., Porfirio, M. C., and Curatolo, P. (2007).
Attention and executive functions profile in drug naive ADHD subtypes. Brain
Dev. 29, 400–408 doi: 10.1016/j.braindev.2006.11.010

Pauli-Pott, U., Roller, A., Heinzel-Gutenbrunner, M., Mingebach, T., Dalir, S.,
and Becker, K. (2014). Inhibitory control and delay aversion in unaffected
preschoolers with a positive family history of attention deficit hyperactivity
disorder. J. Child Psychol. Psychiatry 55, 1117–1124. doi: 10.1111/
jcpp.12230

Polanczyk, G., de Lima, M. S., Horta, B. L., Biederman, J., and Rohde, L. A. (2007).
The worldwide prevalence of ADHD: a systematic review and metaregression
analysis. Am. J. Psychiatry 164, 942–948. doi: 10.1176/ajp.2007.164.6.942

Roohi-Azizi, M. Azimi, L., Heysieattalab, S., and Aamidfar, M. (2017). Changes of
the brain’s bioelectrical activity in cognition, consciousness, and some mental
disorders. Med. J. Islam Repub. Iran 31:53. doi: 10.14196/mjiri.31.53

Schroll, H., and Hamker, F. H. (2013). Computational models of basal-ganglia
pathway functions: focus on functional neuroanatomy. Front. Syst. Neurosci.
7:122. doi: 10.3389/fnsys.2013.00122

Schroll, H., Vitay, J., and Hamker, F. H. (2012). Working memory and response
selection: a computational account of interactions among cortico-basalganglio-
thalamic loops. Neural Netw. 26, 59–74. doi: 10.1016/j.neunet.2011.10.008

Schweren, L. J. S., Groenman, A., von Rhein, D., Weeda, W., Faraone, S. F.,
Luman, M., et al. (2017).Stimulant treatment trajectories are associated with
neural reward processing in attention-deficit/hyperactivity disorder. J. Clin.
Psychiatry 78, e790–e796. doi: 10.4088/JCP.15m10624

Sebastian, C. L., Brito, S. A. D., Mccrory, E. J., Hyde, Z. H., Lockwood, P. L., Cecil,
C. A. M., et al. (2016). Grey matter volumes in children with conduct problems
and varying levels of callous-unemotional traits. J. Abnorm. Child Psychol. 44,
639–649. doi: 10.1007/s10802-015-0073-0

Sharma, A., Glick, H., Campbell, J., Torres, J., Dorman, M., and Zeitler, D. M.
(2016). Cortical plasticity and reorganization in pediatric single-sided deafness
pre-and postcochlear implantation: a case study. Otol. Neurotol. 37, e26–e34.
doi: 10.1097/MAO.0000000000000904

Shimoni, E., Asbe, M., Eyal, T., and Berger, A. (2016). Too proud to regulate: the
differential effect of pride versus joy on children’s ability to delay gratification.
J. Exp. Child Psychol. 141, 275–282. doi: 10.1016/j.jecp.2015.07.017

Shprecher, D. R., Gannon, K., Agarwal, N., Shi, X., and Anderson, J. S. (2014).
Elucidating the nature and mechanism of tic improvement in Tourette
syndrome: A pilot study. Tremor Other Hyperkinet. Mov. 4:217.

Sohn, S. Y., Kang, J. I., Namkoong, K., and Kim, S. J. (2014).
Multidimensional measures of impulsivity in obsessive-compulsive
disorder: cannot wait and stop. PLoS One 9:e111739. doi: 10.1371/
journal.pone.0111739

Soltaninejad, Z., Nejati, V., and Ekhtiari, H. (2015). Effect of anodal and
cathodal transcranial direct current stimulation on DLPFC on modulation
of inhibitory control in ADHD. J. Atten. Disord. 101, 291–302. doi: 10.1177/
1087054715618792

Sonugabarke, E., Bitsakou, P., and Thompson, M. (2010). Beyond the dual pathway
model: evidence for the dissociation of timing, inhibitory, and delay-related
impairments in attention-deficit/hyperactivity disorder. J. Am. Acad. Child
Adolesc. Psychiatry 49, 345–355.

Sonuga-Barke, E. J. (2002). Psychological heterogeneity in AD/HD—a dual
pathway model of behaviour and cognition. Behav. Brain Res. 130, 29–36.
doi: 10.1016/S0166-4328(01)00432-6

Stahl, S. M. (2013). Stahl’s Essential Psychopharmacology: Neuroscientific Basis and
Practical Applications. Cambridge: Cambridge university press.

Stramaccia, D. F., Penolazzi, B., Sartori, G., Braga, M., Mondini, S., and
Galfano, G. (2015). Assessing the effects of tDCS over a delayed response
inhibition task by targeting the right inferior frontal gyrus and right
dorsolateral prefrontal cortex. Exp. Brain Res. 233, 2283–2290. doi: 10.1007/
s00221-015-4297-6

Sukhodolsky, D. G., Landeros-Weisenberger, A., Scahill, L., Leckman, J. F., and
Schultz, R. T. (2010). Neuropsychological functioning in children with Tourette
syndrome with and without attention-deficit/hyperactivity disorder. J. Am.
Acad. Child Adolesc. Psychiatry 49, 1155–1164.

Sun, X., Wu, Z., Cao, Q., Qian, Y., Liu, Y., Yang, B., et al. (2018). Genetic variant
for behavioral regulation factor of executive function and its possible brain
mechanism in attention deficit hyperactivity disorder. Sci. Rep. 8:7620. doi:
10.1038/s41598-018-26042-y

Szekely, E., Sudre, G. P., Sharp, W., Leibenluft, E., and Shaw, P. (2017). Defining
the neural substrate of the adult outcome of childhood ADHD: a multimodal
neuroimaging study of response inhibition. Am. J. Psychiatry 174, 867–876.
doi: 10.1176/appi.ajp.2017.16111313

Tenenbaum, R. B., Musser, E. D., Morris, S., Ward, A. R., Raiker, J. S., Coles, E. K.,
et al. (2018). Response inhibition, response execution, and emotion regulation
among children with attention-deficit/hyperactivity disorder. J. Abnorm. Child
Psychol. doi: 10.1007/s10802-018-0466-y [Epub ahead of print].

Ter Huurne, N., Lozano-Soldevilla, D., Onnink, M., Kan, C., Buitelaar, J.,
and Jensen, O. (2017). Diminished modulation of preparatory
sensorimotor mu rhythm predicts attention-deficit/hyperactivity
disorder severity. Psychol. Med. 47, 1947–1956. doi: 10.1017/S0033
291717000332

Termine, C., Luoni, C., Fontolan, S., Selvini, C., Perego, L., Pavone, F.,
et al. (2016). Impact of co-morbid attention-deficit and hyperactivity
disorder on cognitive function in male children with Tourette syndrome:
a controlled study. Psychiatry Res. 243, 263–267. doi: 10.1016/j.
psychres.2016.06.048

Ter-Stepanian, M., Grizenko, N., Cornish, K., Talwar, V., Mbekou, V., Schmitz, N.,
et al. (2017). Attention and executive function in children diagnosed with
attention deficit hyperactivity disorder and comorbid disorders. J. Can. Acad.
Child Adolesc. Psychiatry 26, 21–30.

Van Doren, J., Arns, M., Heinrich, H., Vollebregt, M. A., Strehl, U., and Loo, S.
(2018). Sustained effects of neurofeedback in ADHD: a systematic review and
meta-analysis. Eur. Child Adolesc. Psychiatry doi: 10.1007/s00787-018-1121-4
[Epub ahead of print].

Van Doren, J., Heinrich, H., Bezold, M., Reuter, N., Kratz, O., Horndasch, S.,
et al. (2017). Theta/beta neurofeedback in children with ADHD: feasibility
of a short-term setting and plasticity effects. Int. J. Psychophysiol. 112, 80–88.
doi: 10.1016/j.ijpsycho.2016.11.004

Wang, T., Liu, K., Li, Z., Xu, Y., Liu, Y., Shi, W., et al. (2017). Prevalence
of attention deficit/hyperactivity disorder among children and adolescents in
China: a systematic review and meta-analysis. BMC Psychiatry 17:32. doi: 10.
1186/s12888-016-1187-9

Weber, M. J., Messing, S. B., Rao, H., Detre, J. A., and Thompson-
Schill, S. L. (2014). Prefrontal transcranial direct current stimulation alters
activation and connectivity in cortical and subcortical reward systems:
A tDCS-fMRI study. Hum. Brain Mapp. 35, 3673–3686. doi: 10.1002/
hbm.22429

Wu, Z., Yang, L., and Wang, Y. (2014). Applying imaging genetics to ADHD: the
promises and the challenges. Mol. Neurobiol. 50, 449–462. doi: 10.1007/s12035-
014-8683-z

Xia, S., Li, X., Kimball, A. E., Kelly, M. S., Lesser, I., and Branch, C. (2012).
Thalamic shape and connectivity abnormalities in children with attention-
deficit/hyperactivity disorder. Psychiatry Res. 204, 161–167. doi: 10.1016/j.
pscychresns.2012.04.011

Yang, B. R., Chan, R. C., Gracia, N., Cao, X. Y., Zou, X. B., Jing, J., et al.
(2011). Cool and hot executive functions in medication-naive attention deficit
hyperactivity disorder children. Psychol. Med. 41, 2593–2602. doi: 10.1017/
S0033291711000869

Yates, J. R., Perry, J. L., Meyer, A. C., Gipson, C. D., Charnigo, R.,
and Bardo, M. T. (2014). Role of medial prefrontal and orbitofrontal
monoamine transporters and receptors in performance in an adjusting

Frontiers in Human Neuroscience | www.frontiersin.org 9 December 2018 | Volume 12 | Article 506

https://doi.org/10.1007/s11065-015-9315-8
https://doi.org/10.1007/s11065-015-9315-8
https://doi.org/10.1016/j.pscychresns.2017.09.008
https://doi.org/10.1016/j.bpsc.2018.03.009
https://doi.org/10.1016/j.bpsc.2018.03.009
https://doi.org/10.1016/j.braindev.2006.11.010
https://doi.org/10.1111/jcpp.12230
https://doi.org/10.1111/jcpp.12230
https://doi.org/10.1176/ajp.2007.164.6.942
https://doi.org/10.14196/mjiri.31.53
https://doi.org/10.3389/fnsys.2013.00122
https://doi.org/10.1016/j.neunet.2011.10.008
https://doi.org/10.4088/JCP.15m10624
https://doi.org/10.1007/s10802-015-0073-0
https://doi.org/10.1097/MAO.0000000000000904
https://doi.org/10.1016/j.jecp.2015.07.017
https://doi.org/10.1371/journal.pone.0111739
https://doi.org/10.1371/journal.pone.0111739
https://doi.org/10.1177/1087054715618792
https://doi.org/10.1177/1087054715618792
https://doi.org/10.1016/S0166-4328(01)00432-6
https://doi.org/10.1007/s00221-015-4297-6
https://doi.org/10.1007/s00221-015-4297-6
https://doi.org/10.1038/s41598-018-26042-y
https://doi.org/10.1038/s41598-018-26042-y
https://doi.org/10.1176/appi.ajp.2017.16111313
https://doi.org/10.1007/s10802-018-0466-y
https://doi.org/10.1017/S0033291717000332
https://doi.org/10.1017/S0033291717000332
https://doi.org/10.1016/j.psychres.2016.06.048
https://doi.org/10.1016/j.psychres.2016.06.048
https://doi.org/10.1007/s00787-018-1121-4
https://doi.org/10.1016/j.ijpsycho.2016.11.004
https://doi.org/10.1186/s12888-016-1187-9
https://doi.org/10.1186/s12888-016-1187-9
https://doi.org/10.1002/hbm.22429
https://doi.org/10.1002/hbm.22429
https://doi.org/10.1007/s12035-014-8683-z
https://doi.org/10.1007/s12035-014-8683-z
https://doi.org/10.1016/j.pscychresns.2012.04.011
https://doi.org/10.1016/j.pscychresns.2012.04.011
https://doi.org/10.1017/S0033291711000869
https://doi.org/10.1017/S0033291711000869
https://www.frontiersin.org/journals/human-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-12-00506 December 14, 2018 Time: 14:35 # 10

Jiang et al. ADHD Neurocircuitry and Executive Function

delay discounting procedure. Brain Res. 1574, 26–36. doi: 10.1016/j.
brainres.2014.06.004

Zhu, Y., Jiang, X., and Ji, W. (2018). the mechanism of cortico-striato-thalamo-
cortical neurocircuitry in response inhibition and emotional responding in
attention deficit hyperactivity disorder with comorbid disruptive behavior
disorder. Neurosci. Bull. 34, 566–572. doi: 10.1007/s12264-018-0214-x

Zhu, Y., Yang, D., Ji, W., Huang, T., Xue, L., Jiang, X., et al. (2016).
The relationship between neurocircuitry dysfunctions and attention deficit
hyperactivity disorder: a review. BioMed Res. Int. 2016:3821579. doi: 10.1155/
2016/3821579

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Jiang, Liu, Ji and Zhu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 10 December 2018 | Volume 12 | Article 506

https://doi.org/10.1016/j.brainres.2014.06.004
https://doi.org/10.1016/j.brainres.2014.06.004
https://doi.org/10.1007/s12264-018-0214-x
https://doi.org/10.1155/2016/3821579
https://doi.org/10.1155/2016/3821579
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Association of Affected Neurocircuitry With Deficit of Response Inhibition and Delayed Gratification in Attention Deficit Hyperactivity Disorder: A Narrative Review
	Neuroscience of Adhd
	New Progress in Neuropsychology of ADHD
	Model of Executive Function
	Response Inhibition
	Delayed Gratification

	New Progress in Neuroimaging of ADHD
	Hypothesis of Prefrontal Hypofunction
	Hypothesis of Corticostriatal Circuitry Abnormality
	Hypothesis of CSTC Circuits Dysfunction


	Conclusion
	Perspectives
	Limitations
	Author Contributions
	Funding
	Acknowledgments
	References


