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Abstract
Recent evidence has suggested that patients with ADHD display enhanced functioning of the Default
Mode Network (DMN), resulting in altered functioning with its antagonistic Task Positive Network
(TPN). To conduct this systematic review on DMN and TPN function and connectivity in ADHD
patients using neuroimaging approaches, one investigator independently screened all titles, abstracts,
and full-text articles and extracted data from selected studies that met the inclusion and exclusion
criteria. After performing the search and screening methodology, 30 studies were detected that met
the criteria for this systematic review. There were mixed findings of DMN connectivity with 45.45%
finding reduced, 27.27% finding increased, and 27.27% of studies finding both increased and
decreased connectivity in DMN regions. In addition, 50% of studies found increased functional
connectivity between the DMN and TPN, and majority of studies (77.78%) found reduced
anticorrelation between the DMN and TPN, in other words, a reduced DMN suppression. Overall it
was found that DMN function is altered in patients with ADHD. Furthermore, all studies
demonstrated that methylphenidate treatment results in a suppression of the DMN, suggesting a
potential mechanism of action for its treatment of ADHD. Despite mixed findings regarding DMN
intraconnectivity and interconnectivity with the TPN, this systematic review supports the conclusion
that ADHD is a disorder of DMN dysfunction including dopamine alterations which can be reversed
and treated by methylphenidate. This research will assist in the development of potential
neuroimaging-based diagnostic approaches for ADHD as well as the tracking of treatment responses
(Mak et al., 2017). Further research is needed to fully understand the correlation between DMN
activity and ADHD.
Keywords: Attention Deficit Hyperactivity Disorder; Default Mode Network; Resting State Network;
Task-Negative Network; Cognitive control networks, Task-Positive Network; Methylphenidate
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Introduction
Attention Deficit Hyperactivity Disorder
Attention Deficit Hyperactivity Disorder (ADHD) is a neuropsychiatric, developmental, and
behavioural disorder (Saydam et al., 2015) characterized by symptoms of inattention,
hyperactivity, and impulsivity (Belanger et al., 2018). It is a common, costly, and impairing
syndrome (Nikolas & Nigg, 2013) shown to be the third most common mental health disorder
worldwide following depression and anxiety, and with an estimated 3.4% of children and youth
affected (Belanger et al., 2018). More specifically, an estimated worldwide prevalence of 7.2% is
reported in children below the age of 18 years (Slobodin & Davidovitch, 2019) and 2.5% in
adults (Hayman & Fernandez, 2018). ADHD is shown to be most prevalent in high income
countries in comparison to low income countries, with treatment seeking being low in all low,
middle, and high-income countries (Fayyad et al., 2017).
The onset of ADHD takes place in childhood and pre-adolescence (Salvi et al.,
2019), and although ADHD is considered to be a childhood and adolescence disorder, 50% of
cases show a continuation of symptoms into adulthood (Belanger et al., 2018), resulting in
significant executive and behavioural deficits and detrimental outcomes in various life domains
(Rosello et al., 2020). This persistence of the disorder is influenced or predicted by enhanced
symptom severity (both inattention and hyperactivity), high comorbidity with more than three
mental disorders defined by the Diagnostic and Statistical Manual of Mental Disorders (DSM),
parental anxiety, and parental antisocial personality disorder (Belanger et al., 2018).
ADHD in adults is highly comorbid with DSM-IV/Composite International Diagnostic
Interview based anxiety, mood, behavior, and substance use disorders with treatment seeking
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associated with these comorbid conditions rather than ADHD itself (Fayyad et al., 2017). The
clinical symptoms most significantly displayed in adulthood include struggles with
planning/organizing everyday activities, extreme restlessness, and damaging impulsivity which
result in difficulties to keep a job and relationships (Salvi et al., 2019). Furthermore, individuals
with ADHD experience functional impairments in academics, display various risky behaviors,
are involved in financial problems with a dependence on public aid, and are at risk of
poverty (Rosello et al., 2020).
The three major symptoms of ADHD can be expressed individually or in a combination
(Krain & Castellanos, 2006) resulting in subtypes of ADHD; ADHD with predominantly
symptoms of inattention (ADHD-I), ADHD with predominantly hyperactivity and impulsivity
symptoms (ADHD-H), and lastly ADHD displaying a combination of all symptoms (ADHD-C)
(Saydam et al., 2015). As seen, individuals with ADHD are a heterogeneous group as they
display high levels of variability in the frequency and extent of symptoms, along with the
resulting impairments from these symptoms (Adesman, 2001). In terms of prevalence of the
subtypes, Salvi et al (2019) found that 18.3% were those of the inattentive subtype, 8.3%
hyperactive/impulsive subtype and 70% combined subtype. This classification system which
includes the subtypes of ADHD may result in a more accurate diagnosis of the disorder.
Gender Differences
ADHD is more commonly diagnosed and treated in males compared to females with a male-tofemale ratio of 3:1 in population-based studies and between 5:1 to 9:1 in clinical samples
(Skogli et al., 2013). However, the 3:1 ratio in children narrows significantly in adults, ranging
from 1:1 to 2:1 (Hayman & Fernandez, 2018).
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The overall diagnostic criteria of ADHD for each of the DSM-IV subtypes is more likely
to be met by boys, with a higher proportion of females having ADHD-I, and a higher
proportion of males having ADHD-C (Willcutt, 2012). In addition, in non-referred males and
females with ADHD, Biederman et al. (2005) found that there was a difference in DSM-IV
subtypes, psychiatric comorbidity, or treatment history, while showing similar cognitive,
psychosocial, school, and family functioning. This difference may be due to differences in the
expression of symptomology. Females with ADHD have shown to have less hyperactive and
impulsive symptoms while having higher inattentive symptoms in comparison to males with
ADHD, hence females with ADHD are more commonly of the inattentive subtype (Skogli et al.,
2013). Some research however has found no gender differences in impulsivity, academic
performance, social functioning, fine motor skills, parental education or parental depression,
though females with ADHD have shown more intellectual impairment with decreased levels of
hyperactivity and externalizing behaviours compared to males with ADHD (Gaub & Carlson,
1997). In addition, females have shown to have higher rates of self-reported anxiety symptoms
(Skogli et al., 2013). Reduced disruptive behaviours in females with ADHD may cause a referral
bias resulting in less likelihood in identification of symptoms and less treatment options for
females with ADHD (Skogli et al., 2013).
Research findings that demonstrate that boys have a higher chance of being diagnosed
and treated for symptoms related to ADHD in comparison to females may be due to research
having a higher proportion of subjects being boys, and also due to previous research focusing on
subjective factors of ADHD which greatly contribute to reporter’s bias (Slobodin & Davidovitch,
2019). Slobodin & Davidovitch (2019) carried out a study to address some of these limitations
and found that girls have higher inattention problems than boys, with no differences in levels of
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hyperactivity and impulsivity, based on reports of parents and teachers. However, according to a
continuous performance task (CPT), it was shown that boys had a higher level of impulsivity. In
addition, there was no difference in levels of distractibility during the CPT performance with
there being no difference based on type of distractor. These results illustrate that the effects of
gender on ADHD symptoms can differ between subjective and objective measures
(Slobodin & Davidovitch, 2019).
Diagnosis
Diagnosis of ADHD is quite challenging due to a lack of specific biomarkers, symptom specificity
as well as there being a large scope of differential diagnosis and comorbidities present with the
disorder (Belanger et al., 2018). There is no individual test for the diagnosis of ADHD however,
just like other medical and psychiatric conditions, clinical diagnosis is established by assessing
symptomatology and the associated impairments (Adesman, 2001).
Diagnosis of ADHD is based on the DSM with a large progression in the diagnosis
throughout the five editions (Epstein & Loren, 2013). In the DSM-II, the disorder was known as a
Hyperkinetic Reaction of Childhood, which suggests that diagnosis mainly targeted the symptoms
associated with excessive motor activity (Epstein & Loren, 2013). In the DSM-III, which came
about in 1980, the focus of diagnostic symptoms changed to attention, impulsivity and
hyperactivity with a change in the name of the disorder to Attention Deficit Disorder (ADD), with
or without the symptoms of hyperactivity (Epstein & Loren, 2013). This term was later changed
to Attention Deficit/Hyperactivity Disorder (ADHD) in the DSM-III-R, eliminating ADD without
hyperactivity (Epstein & Loren, 2013). In DSM-IV the three subtypes of ADHD were
presented with the most current DSM, the DSM-V, consisting of 5 criterions (A-E); ADHD
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symptoms, age of onset, pervasiveness, impairment and exclusionary symptoms (Epstein & Loren,
2013).
Although there have been changes that were made between the DSM-IV and V, similar
screening tools may be applied to gather diagnostic information, with the symptoms having to be
present in various settings and should result in an impairment in everyday functions (Belanger et
al., 2018). Specifically, for ADHD-C, minimum six out of nine symptoms involving inattention
and/or hyperactivity/impulsivity must be met, with the impairment induced by the symptoms
being present in two or more locations (i.e. home and school) along with a significant
impairment in social, school or work functioning (Singh, Yeh, Verma & Das, 2015). In regards
to the other two subtypes of ADHD, diagnosis for ADHD-I requires the child to only meet the
inattention criteria and the diagnosis for ADHD-H requires the child to only meet the
hyperactive-impulsive criteria (Singh et al., 2015).
Treatment
ADHD is commonly treated by prescribing medications such as psychostimulants, the major
ones being methylphenidate, amphetamine, and pemoline (Singh et al., 2015). Pharmacological,
genetic, imaging and animal model research has pointed towards dopamine dysregulation to be a
major factor in the pathology of the disorder (Curatolo et al., 2010). Dopamine is a
neurotransmitter that is created in the substantia nigra, ventral tegmental area, and hypothalamus
of the brain, and is responsible for reward and movement regulation (Olguin et al., 2016).
Therefore, ADHD can be treated by modulating the dopaminergic system with stimulants
(Grimm et al., 2018), with methylphenidate being the most prescribed stimulant medication
(Sharma & Couture, 2014). Since this pharmaceutical functions to inhibit the dopamine
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transporter (DAT) resulting in elevated levels of dopamine, the dopamine hypothesis has been
proposed dopamine depletion being a potential pathology behind ADHD (Genro et al., 2010).
There is also a non-stimulant pharmaceutical known as atomoxetine which was developed in
2002 to treat ADHD (Childress, 2016). Although not as effective as stimulants, it has shown to
overall improve quality of life, emotional liability, and major ADHD symptoms (Childress,
2016).
Psychosocial interventions are also a very good option for treatment which may include a
combination with pharmacotherapy (Adesman, 2001). There are additional nonpharmacological interventions that may be implemented to treat ADHD. An example of such an
intervention is neurostimulation which involves the stimulation of brain regions expressing
abnormal brain activity in ADHD (Wong & Zaman, 2019). Transcranial Direct Current
Stimulation (tDCS) is a form of non-invasive brain stimulation enabling the modulation of brain
activity (Hoy et al., 2013). It encompasses an application of a weak electrical current by two
electrodes – anode and a cathode, that are placed on the scalp allowing a change in cortical
excitability (Hoy et al., 2013; Nitsche et al., 2008). Another treatment that may be effective in
treatment of ADHD is neurofeedback. Neurofeedback measures one’s brain activity which is
pre-processed and is visible to the participant (Enriquez-Geppert et al., 2019). This feedback
allows the participant to learn to self-regulate his or her own brain activity which directly
modifies the underlying neural activity associated with cognition and behaviour (EnriquezGeppert et al., 2019). These alternative forms of treatments may be effective in treating ADHD
symptoms without the adverse side effects of medications.
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Etiology
There are multiple causes associated with the onset of ADHD including a combination of
genetic, neurological, and environmental factors (Belanger et al., 2018). Overall, ADHD is
thought to be caused by an interaction in genes and the environment, with the children who are
predisposed to ADHD due to a genetic basis expressing the condition when present in a correct
environment, usually one involving chaotic parenting (Singh et al., 2015).
Genetics
A large body of research has demonstrated that genetics plays an important role in the etiology
of ADHD and the comorbidity with other disorders (Faraone & Larsson, 2018). Though ADHD
is a highly heritable mental disorder, it may also be acquired with some individuals having both a
genetic and acquired basis of ADHD (Voeller, 2004).
Family and twin studies have demonstrated ADHD to be 70-80% hereditary (Franke et
al., 2012). Siblings of those diagnosed with ADHD are at a higher risk of developing ADHD
compared to siblings of healthy controls (Faraone & Larsson, 2018). More specifically, first
degree relatives of ADHD patients have an increased risk of developing ADHD compared to
controls, and siblings of those with ADHD have a two to three times the risk of having ADHD
compared to siblings of controls (Adesman, 2001). In addition, there is a high risk of 57% for
the offspring of adults with ADHD to develop ADHD (Franke et al., 2012), with approximately
25% of children with ADHD having parents that meet the diagnostic criteria of ADHD (Voeller,
2004).
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Coming down to the cellular level, gene variants determine the risk for developing
ADHD and are critical for development of the brain (Belanger et al., 2018). Since ADHD can be
treated by modulating the dopaminergic system with stimulants, much research has focused on
studying dopaminergic receptors (DRD4, DRD5) and transporters (DAT1) (Grimm et al.,
2018). Genes of the dopaminergic and serotonergic system have been extensively studied and are
implicated in the susceptibility of ADHD (Zhang et al., 2012). Some candidate genes like DAT1,
DRD4, DRD5, 5HTT, HTR1B are found to be positively linked with childhood ADHD
(Grimm et al., 2018). Genes encoding for Synaptosomol-associated protein of 25kD (SNAP 25),
which is a protein that modulates neurotransmitter release, as well as Catechol-OMethyltransferase (COMT), which is an enzyme responsible for the breaking down of dopamine,
adrenaline and noradrenaline, is implicated in ADHD as well (Thaper & Stergiakouli,
2008). There are additional candidate genes encoding Brain Derived Neurotrophic
Factor (BDNF), Cadherin-13 (CDH13), Nitric Oxide Synthase (NOS1), serotonin
transporter SLC6A4, among multiple others that have been implicated in ADHD (Grimm et al.,
2018). This research illustrates a significant link between genetics and ADHD, with the
inattentive and hyperactive or impulsive types differing in heritability (Voeller, 2004).
Environmental Factors
Although genetics plays a major role in the development of ADHD, there are also environmental
factors that come into play such as prenatal substance exposures, heavy metal and chemical
exposure, nutritional factors, and lifestyle/psychosocial factors (Froehlich et al., 2011),
which ultimately alter gene function through epigenetic mechanisms (Thaper et al., 2012). Low
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birth weight, maternal smoking, alcohol and drug use, and stress/anxiety in pregnancy are also
factors that contribute to the development of ADHD (Thaper et al., 2012).
Organic pollutants and lead specifically can impair cognitive and neural systems which
are known to be implicated in ADHD (Thaper et al., 2012). There has been significant evidence
showing the relationship between lead exposure and at least one type of ADHD (Daneshparvar et
al., 2016). Braun et al. (2006) found that an exposure to prenatal tobacco and environmental lead
are risk factors for the development of ADHD in US children. Lead is a neurotoxin that produces
abnormal behaviors by affecting neurotransmitters and permanently altering glucocorticoid
regulation via the hypothalamic-pituitary axis (HPA) (Daneshparvar et al., 2016). Glucocorticoid
hormones are effector hormones of the HPA axis, a neuroendocrine system with a major role in
stress regulation (Spencer & Deak, 2017). In addition, lead produces changes
in dopaminergic and gamma-aminobutyric acid-ergic (GABA) systems (Daneshparvar et al.,
2016), with GABA playing an important role in the inhibition of activity in the brain and spinal
cord when needed (Jewett & Sharma, 2020).
Furthermore, some additional environmental factors that are associated with neurobehavioral effects of ADHD are copper, iron and omega-3 fatty acid deficiency, electronic media
exposure, folate deficiency during pregnancy, exposure to food additives, manganese, and
mercury (Froehlich et al., 2012). As we see, the environmental effects are also
a major component in the development in ADHD.
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Structural and Functional Features of the ADHD Brain
Several Magnetic Resonance Imaging (MRI) studies have found abnormal and/or reduced
volumes of specific brain regions in persons with ADHD in comparison to normal
subjects (Adesman, 2001). These brain regions include the caudate nucleus and globus pallidus,
critical for motor activity, frontal lobes which are critical for attention, and some regions of the
corpus collosum, with these regions being approximately 10% smaller in patients with ADHD
compared to controls (Adesman, 2001). In addition, there is a relative reduction in the size of the
cerebellum which also plays a critical role in executive functioning due to it
having numerous connections with the prefrontal cortices (Voeller, 2004). Neuroimaging
research has also shown a reduction in brain volume and neural activities in the basal
ganglia and limbic system in those with ADHD (Hayashi & Iwanami, 2018).
To further these findings, a study conducted by Qiu et al. (2011) found a focal thinning of
the bilateral frontal brain regions and the right cingulate cortex. Additionally, the cortex has been
shown to be significantly thinner in in the dorsal attention network and limbic regions (Proal et
al., 2011). Interestingly, individuals with remitting ADHD display a thicker cortex in the medial
occipital cortex, insula, parahippocampus, and prefrontal regions, compared to those with
persistent ADHD (Proal et al., 2011). Furthermore, those with ADHD show an altered maturing
or development of white matter fiber bundles as well as gray matter density in the middle and
superior temporal gyrus and fronto-basal regions of the frontal lobes, illustrated by structural
shape changes (Gehricke et al., 2017). Overall patients with ADHD have demonstrated a
reduced total cerebral volume compared to controls (Voeller, 2004).

Functioning of the Default Mode Network in ADHD

15

In addition to a difference in structural development, there are also distinctions in
functional activity in the prefrontal cortex, basal ganglia, anterior cingulate cortex and the
cerebellum (Belanger et al., 2018). In terms of brain function, functional brain studies have
revealed a dysfunction of the default mode network (DMN) in ADHD (Hayashi & Iwanami,
2018) suggesting that ADHD can be regarded as a DMN disorder (Kaboodvand et al., 2020)
The Default Mode Network
When the brain is at rest and is not involved in goal-directed activities, there is still activity
within the brain (Mak et al., 2017). Research has continually found enhancement in regional
brain activity during goal-directed behaviors, however, there have also been findings that
demonstrate task-induced reductions in regional brain activity even when the control state is
lying quietly with eyes closed or passively observing a stimulus (Raichle et al., 2001). The
increases in brain activity have been task specific, however, the reductions in brain activity seem
to be task independent, with a very slight variation across a wide range of tasks (Raichle et al.,
2001). This suggests the presence of a baseline default mode of brain function which is switched
off during goal-directed behaviors (Raichle et al., 2001). This led to the discovery of a neural
network in the brain known as the Default Mode Network (DMN), which displays elevated
levels of functional activity during the resting state, hence is known as a Resting State Network
(RSN) (Watabe & Hatazawa, 2019). The brain activity within the DMN is depicted by very low
neuronal oscillations which allows temporal synchronization amongst the associated brain
regions (Broyd et al., 2009). It is also viewed as a task-negative network as it displays a
deactivation with an increased demand for an externally focused task (Smith et al., 2019). The
extent of deactivation of the DMN is correlated with difficulty or demand level of the task
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(Broyd et al., 2009) with an increased deactivation associated with memory retrieval difficulty
(Smith et al., 2019). These task-deactivated brain regions consume greater amounts of glucose
while in a resting state since they are more active during rest (Hasson et al., 2009).
The DMN consists of roughly three sections: the ventral medial prefrontal
cortex, the dorsal medial prefrontal cortex, and the lateral parietal cortex (Raichle, 2015). More
specifically, it consists of the posterior cingulate cortex which sits next to the precuneus, the
entorhinal cortex (Raichle, 2015), medial temporal lobe, temporoparietal junction (Bulgarelli et
al., 2020), retrospenial cortex/posterior cingulate, inferior parietal lobe, lateral temporal cortex,
hippocampal formation (Buckner et al., 2008), and the anterior cingulate cortex (Washington &
VanMeter, 2015) forming a large and complex neural network.

Figure 1: The Default Mode Network (van Oort et al., 2017)
PCC: Posterior Cingulate Cortex; PCU: Precuneus; mPFC: Medial Prefrontal Cortex; HP: Hippocampus; IPL:
Inferior Parietal Lobe

The DMN is known as an “intrinsic system” that is involved in self-referential mental
processing (Bulgarelli et al., 2019), with the functional connectivity being positively correlated
with cognitive processes (Mak et al., 2017). It is implicated in functions such as mindwandering, daydreaming, and reflecting on oneself and one’s life (Alexandar & Farelly, 2018). It
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plays an important role in cognitive processes such as memory, thinking, and the integration of
social information (Watabe & Hatazawa, 2019). It is also involved in autobiographical memory,
theory of mind and mentalizing, planning and envisioning the future (Bulgarelli et al., 2019), and
internally generated cognition like again mind wandering, but also rumination (Norman et al.,
2017). This is confirmed by neuroimaging research in which they found that DMN activity at
rest is positively correlated with mind wandering and self-thoughts (Bulgarelli et al., 2019). A
similar finding is reported by Son et al. (2019) in which the results indicated an increased
connectivity of the DMN during mind wandering. Furthermore, DMN regions have elevated
levels of activity with increased self-relevance and self-projection (Smith et al., 2019). However,
this is not the case for rule retrieval which may be due to rules not having a deeply personal
component, and don't require remembering the past (Smith et al., 2019). Therefore, this suggests
that the role of the DMN in memory retrieval does not stretch to remembering self-irrelevant
information such as task rules (Smith et al., 2019).
The DMN also plays a role in social cognition and integration of cognitive processes with
different areas of the DMN being involved in different functions such as the PCC being linked to
autobiographical memory and frontal areas being linked to self-reference (Heine et al., 2012).
This demonstrates that resting state activity can to a certain extent provide information about
cognitive function (Heine et al., 2012).
How is the Default Mode Network Studied?
Magnetic Resonance Imaging has drastically helped researchers correlate neurocognitive
functions with changes in brain structure and activity at a group level (Baroni & Castellenos,
2015). Functional neuroimaging involves various techniques such as Positron Emission
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Tomographic (PET) scans, Functional Magnetic Resonance Imaging (fMRI), Single Photon
Emission Computerized Tomography (SPECT), and Magnetic Resonance Spectroscopy (MRS)
(Voeller, 2004). The PET scan measures brain activity based on blood flow which is associated
with oxygen usage (Raichle, 2015). Specifically, an enhancement in brain activity above a
resting state involves increased blood flow with the increase being more than the oxygen
consumed (Raichle, 2015). Therefore, oxygen increases as the ratio of oxygen consumed to
oxygen delivered, known as the oxygen extraction fraction (OEF), is decreased (Raichle,
2015). The fMRI is also a very useful method to study brain activity. It is sensitive to the
amount of oxygen carried in the blood which allows it to pick up on the alterations in oxygen
content within the blood upon increased brain activity (Raichle et al., 2001). This is detected by a
signal known as the blood oxygen level-dependent (BOLD) (Raichle et al., 2001), allowing
examination of underlying neural architecture (Hayashi, 2011). BOLD fMRI especially is a
valuable technique for analyzing the pathology of ADHD (Qiu et al., 2011).
Examining brain networks based on self-organized patterns is known as resting-state
fMRI (Hayashi, 2011), in which the BOLD signals are analyzed without a particular
experimental task or input present (Smitha et al., 2017) . This resting-state recording therefore
measures the intrinsic activity of the brain during quiet wakefulness, without any cognitive,
sensory or social stimulation (Bulgarelli et al., 2020). During such experiments, participants are
directed to rest quietly in the fMRI with their eyes closed (Lee et al., 2012). In examples of
studies that utilized resting-state fMRI, participants were directed to rest quietly without
performing any cognitive, motor, or language tasks while their resting state brain activity was
measured (Lee et al., 2012; Biswal et al., 1995). A major variable that is used to measure activity
of the DMN is the degree of functional connectivity which is defined as the patterns of
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synchronized neuronal activity in anatomically separate brain regions (Gracia-Tabuenca et al.,
2020).
Although the fMRI delivers high spatial resolution for measuring brain function, it
doesn’t deliver a very good temporal resolution (Broyd et al., 2009). A neuroimaging technique
that provides excellent temporal resolution is known as electroencephalography (Broyd et al.,
2009). These neuroimaging techniques has allowed researchers to investigate the role of the
DMN in neurological and psychiatric disorders.
Development of the Default Mode Network
Overall, the DMN is sparsely connected and becomes a more integrated system with stronger
connections in adulthood (Konrad & Eickhoff, 2010). More specifically, at two weeks we see a
primitive and incomplete DMN following a rise in the number of brain areas displaying
connectivity along with a rise in the percent of connections at an age of one year (Gao et al.,
2009). The DMN has shown to have a maximum growth of functional connections at 24 and 30
months of age and at the age of two years having a the DMN being functionally similar to adults,
illustrated by long-range connections between the frontal cortex and posterior areas of the DMN
(Bulgarelli et al., 2020). The medial prefrontal cortex, posterior cingulate cortex/retrosplenial,
inferior parietal lobule, lateral temporal cortex, and hippocampal regions of the DMN are
connected similarly to adults at two years of age (Gao et al., 2009). These changes take place up
to the age of one year following subtle growth between first and second years (Bulgarelli et al.,
2020). All areas of the DMN that originate at one year continue to two years of age with an
inclusion of the parahippocampal cortex, resulting in a further complete DMN (Gao et al., 2009).
At one year, the DMN becomes more complex with strong connections between regions of the
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brain, demonstrating an origin of a well synchronized DMN (Gao et al., 2009). The functional
connectivity of the DMN follows an inverse U pattern, in which functional connectivity is
highest in adulthood, and lowest in childhood and in the elderly (Mak et al., 2017).
Default Mode Network Activity in Relation to the Task Positive Network
The DMN works in an anticorrelated manner with another network known as the task positive
network (TPN) (Alboitz et al., 2014). The TPN activates upon cognitive engagement (Aboitz et
al., 2014) and sustained attention (Gerrits et al., 2019) and is comprised of the dorsolateral
prefrontal cortex, inferior parietal cortex, and the supplementary motor area (Broyd et
al., 2009). It is active during alertness which occurs while engaged in certain tasks and is also
involved in response preparation and selection (Broyd et al., 2009).
There are multiple networks that make up the TPN (Norman et al., 2017). First one is the
central executive network (CEN) which is composed of the dorsolateral prefrontal cortex,
inferior frontal gyrus, lateral parietal and dorsal striato-thalamic areas (Norman et al., 2017). It is
responsible for selecting stimuli and responses to reach certain goals and modifying performance
during tasks that require sustained attention (Norman et al., 2017). The second is the ventral
attention network (VAN), which is composed of the inferior frontal gyrus, and the third is the
salience network which consists of the anterior insula and middle/dorsal anterior cingulate cortex
which is responsible for identifying important stimuli, activating the CEN, and deactivating the
DMN upon environmental demands (Normal et al., 2017). The salience network is essentially
involved in switching between the TPN and the DMN (Chand et al., 2017). Finally, the dorsal
attention network (DAN) is also associated with the TPN (Di & Biswal, 2014) as well as the
Cingulo-Upercular Network (CON) which consists of task positive regions (Barber et al., 2015).
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Furthermore, research has also suggested that regions of the Frontoparietal control network
(FPN) mediate activity between the DMN and DAN (Di & Biswal, 2014).
While positive correlations are associated with the combining of neural activity playing
similar functions, anticorrelations are associated with segregating neural activities or processes
of competing functions which is typically seen in patterns of activity between the DMN and TPN
(Joshi et al., 2017). Anticorrelations are also viewed as having a negative synchrony or a
negative functional connectivity which can be studied using neuroimaging techniques such as the
fMRI (Chen et al., 2011).
Involvement of the DMN in ADHD
The DMN interference hypothesis states that inattentive symptoms of ADHD may be a result of
inadequate suppression of the DMN during goal-directed cognitive processes (Mowinckel et al.,
2017). An inability to efficiently suppress DMN activity causes a hyperactivity of the DMN
which interferes with performance on tasks (Konrad & Eickhoff, 2010). Individuals with ADHD
have shown overactivation of the DMN (Norman et al., 2017) and strong connectivity in regions
of the DMN (Sutoko et al., 2020). Abnormal functioning of the DMN is the main origin of task
interference resulting in attentional problems (Kaboodvand et al., 2020). This results
in a stronger DMN activation which is linked to reduced task performance in ADHD (Mohan et
al., 2016).
There is a large body of research indicating a dysfunction of the DMN in ADHD. As
such, one would assume that this would also result in a dysfunction of the TPN, which is indeed
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the case. Children with ADHD display atypical activation patterns when demands are placed on
the frontal executive system upon performing a task (Voeller, 2004).
An impairment in the DMN is demonstrated in both children and adults with ADHD in
which the patient is slow in deactivating the DMN and turning on the TPN (Alexandar & Farely,
2018). In other words, ADHD patients display decreased activation of the task positive regions
along with reduced deactivation of task negative regions i.e., the DMN, during various cognitive
tasks in ADHD (Hilger & Fiebach, 2019). This impairment is intensified with tasks that are more
cognitively demanding (Alexandar & Farely, 2018). An inability to regulate activities and
interactions of the DMN and cognitive control networks has been thought of as the main cause of
task interference which result in attentional problems (Kaboodvand et al., 2020). The association
between the DMN and cognitive control networks may be a critical pathology in ADHD (Mohan
et al., 2016). This systematic review will put a focus towards the activity of the DMN in ADHD
and how the TPN/cognitive control networks are affected in relation to the DMN. Since recent
research has demonstrated that the DMN can be modulated with methylphenidate treatment
(Picon et al., 2018), the effects of methylphenidate on the DMN will also be examined.

Objective and Hypothesis
The objective of this systematic review was to examine the DMN and its interconnected task
positive networks in ADHD and to assess if methylphenidate treatment may assist in normalizing
the DMN activity. It was hypothesized that patients with ADHD display a hyper-connected
DMN due to its hyperactivity, which results in underactivity of the task positive networks, or a
reduced anticorrelation between the two opposing networks, characterized by increased
functional connectivity between the DMN and TPN. It is also hypothesized that methylphenidate
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treatment will result in the suppression of the DMN along with a reduction in functional
connectivity of the DMN. Examining the baseline neural circuitry in the disorder will help
researchers and medical professionals understand the underlying cause of the
symptoms expressed in ADHD and will provide a potential target for research on future
treatments or interventions. The findings of this research may also be used to assist in the
development of a potential neuroimaging-based diagnosis of ADHD.
Methodology
There is no review protocol registered for the present systematic review.
Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)
The Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) was used
to report information and data throughout this systematic review. This system provides a
reporting guideline for systematic reviews and meta-analyses. The major sections include how to
report data and information in title, abstract, introduction, methods, results, and discussion. It
also requires reporting of protocol and registration as well as stating funding sources. This
reporting guideline allows researchers to develop methods such as the eligibility criteria, use of
information source/databases, search strategy, study selection, data collection process,
assessment of risk of bias, and data reporting. The following methodology utilized PRISMA as a
guideline.
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Eligibility Criteria
To be eligible for the first part of the systematic review, the studies examining the resting state
neural circuitry (inclusive of the DMN) in ADHD, met the following criteria:
Inclusion Criteria
1. Published in English in a peer-reviewed journal
2. An original article
3. Year of publication 2008 until present to collect a large number of studies, along with the
consideration of newer procedures and techniques developed until present
4. Principal objective of an assessment of resting state neural circuitry in ADHD patients
with DMN being a major component of the study exclusively, or in relation to the TPN.
Inclusion was not be confined to studies exclusively examining the DMN and/or TPNS in
ADHD. In other words, the outcome of interest can be primary or secondary.
5. An observational, case-controlled, between-subjects study
6. Inclusion of an age and gender-matched healthy control/comparison group
7. Main subjects of human participants with a primary diagnosis of ADHD (any subtype of
ADHD i.e., inattentive, hyperactive/impulsive, or combined)
8. Clear demographics of the subjects that participated in the study including gender, age,
ADHD subtypes, and treatment. These demographic variables were left open, with no
specific exclusions.
9. Use of resting-state fMRI
10. Studies that used published datasets of resting-state fMRI were also included
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Exclusion Criteria
1. The exclusive use of structural neuroimaging
2. The use of a functional neuroimaging techniques other than resting-state fMRI
3. Review articles and meta-analyses
4. Animal studies
5. There were no exclusions based on age as all children, adolescent, and adult studies were
included.
To be eligible for the second part of the systematic review, the studies examining the
pharmacological effects of methylphenidate treatment on DMN activity, met the following
criteria:
Inclusion Criteria
1. Published in English in a peer-reviewed journal
2. An original article
3. A primary study
4. Year of publication 2008 until present to collect a large number of studies, along with the
consideration of newer procedures and techniques developed until present
5. Main subjects of human participants with a primary diagnosis of ADHD (any subtype of
ADHD i.e., inattentive, hyperactive/impulsive, or combined)
6. An observational, case-controlled, and between-subjects study or a within-subjects study
7. One of the principal objectives being an assessment of the effects of methylphenidate
treatment on DMN activity
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8. ADHD participants must be on methylphenidate treatment. May be on treatment for a
long period of time, in which there should be a washout period, or may be given for the
purpose of the experiment (with informed consent)
9. For the case-controlled, between-subjects study, there must be an age and gendermatched healthy control group. For the within-subjects study there is no need of a healthy
control group
10. For all studies, there must be a neuroimaging procedure before and after the treatment to
assess the effects of the pharmacological intervention
11. Clear demographics of the subjects that participated in the study including gender, age,
ADHD subtypes and treatment
12. Use of a functional neuroimaging technique
Exclusion Criteria
1. The exclusive use of structural neuroimaging
2. Review articles and meta-analyses
3. Animal studies
4. There were no exclusions based on age as all children, adolescent, and adult studies were
included
Search Strategy
The databases searched were PubMed, PsycINFO, and PsycARTICLES.
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Keywords
The key terms used were Attention Deficit Hyperactivity or ADHD, Default Mode
Network, Task Negative Network, Resting State Networks(s), Task Positive Network(s), and
cognitive control networks. Search items with similar or related meanings were integrated
using the OR terminology, and the search items were coupled using AND terminology.
The resulting searches conducted using the databases were as follows.
Attention Deficit Hyperactivity Disorder OR ADHD AND the Default Mode Network OR Task
Negative Network; Attention Deficit Hyperactivity Disorder OR ADHD AND Resting State
Networks; Attention Deficit Hyperactivity Disorder OR ADHD AND Default Mode Network
OR Task Negative Network AND Task Positive Networks; Attention Deficit Hyperactivity
Disorder OR ADHD AND Resting State Networks AND Task Positive Networks; Attention
Deficit Hyperactivity Disorder OR ADHD AND Default Mode Network OR Task Negative
Network AND Cognitive Control Networks; Attention Deficit Hyperactivity Disorder OR
ADHD AND Resting State Networks AND Cognitive Control Networks.
The use of older terminology such as Attention Deficit Disorder (ADD) was not included as
potential search terms to allow a uniform comparison across studies of ADHD and to consider
more current research.
The resulting outputs were recorded and inputted into reference management software.
Duplicated, defined as the same article outputted more than once amongst searches, were
removed. The software used for this systematic review was Mendeley.
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Study Selection and Screening
One investigator independently screened the literature using the following procedure:
The first screening phase was conducted by assessing titles and abstracts which should meet the
research objective. Once passed, the article was screened and examined in full, making sure it
matches all the eligibility criteria. If this stage was passed, the study was included in the
systematic review. Any study that did not pass the inclusion criteria was excluded. The number
of records in each step of the process was recorded. To illustrate the screening methods
followed and the results obtained, a flow chart figure was constructed based on the PRISMA
follow diagram (Figure 2).
Data Extraction and Synthesis
The following data was extracted from the studies of the first part of the systematic review:
(1) the title of the study, (2) the authors and investigators involved in the study, (3) the year the
study was published, (4) sample size of both the healthy control group and the ADHD group (5),
participant characteristics (age, gender, ADHD subtype diagnosis, treatment),
(6) summary/description of principle findings.
The following data was extracted from the studies of the second part of the systematic review:
(1) the title of the study, (2) the authors and investigators involved in the study, (3) the year the
study was published, (4) sample size of both the healthy control group and the ADHD group (for
case-controlled, between-subjects studies) (5), participant characteristics (age, gender, ADHD
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subtype diagnosis, treatment), (6) methylphenidate intervention and dose, (7) functional
neuroimaging technique used, (8) summary/description of principle findings.
Assessment of Risk of Bias
The Joanna Briggs Institute (JBS) Critical Appraisal Checklist for Case Control Studies was
utilized to assess risk of bias (Appendix A). Item numbers 1-5, and 8-10 had to at least be met to
be included in the systematic review. In other words, they needed to score a minimum of 8/10.
Results
Screening Results
The initial search amongst the three databases, PubMed, PsychINFO, and PsychARTICLES,
resulted in a total of 310 studies with a detection of 135 duplicates which were removed. This
resulted in 175 studies. Out of the 175 studies screened, 101 studies were excluded due to not
meeting the inclusion and exclusion criteria based on title and abstract screening. This led to fulltext article screening of 74 studies out of which 44 were excluded, resulting in the inclusion of a
total of 30 studies (nT) in the qualitative synthesis/systematic review, 22 (n1) for the first part of
the systematic review and 8 (n2) for the second part of the systematic review. These results are
illustrated in the PRISMA Flow Diagram in Figure 2.
Study and Participant Characteristics (Part 1: DMN Function in Patients with ADHD)
For the first part of the systematic review, the research studies included had a primary objective
of examining the neural circuitry in patients with ADHD with the DMN being a large component
of the study either exclusively or in relation to the TPNs. The resulting 22 studies were case
controlled, between subject studies involving a healthy control group. Out of the 22 studies, 8

Functioning of the Default Mode Network in ADHD

30

studies used the ADHD-200 database for their neuroimaging data. All the studies used restingstate fMRI allowing a stronger comparison between studies. The sample sizes ranged from 15 to
256 for the clinical ADHD group, 15 to 251 for the healthy control group, resulting in total
sample sizes of 30 to 490 participants. The participants' ages ranged from 8.39 +/- 1.89 years to
34.9 +/- 9.90 years for the clinical ADHD group and from 8.84 +/- 1.57 years to 31.2+/- 9.0
years for the healthy control group, resulting in the inclusion of all children, adolescent, and
adult studies. Furthermore, 4 studies included participants diagnosed with ADHD-C, 1 study
with ADHD-I, 6 studies with both ADHD-C and ADHD-I, 3 studies with all ADHD-C, ADHDI, and ADHD-HI. Finally, 8 studies did not report data about ADHD subtypes. Medication data
was not reported by 2 studies, partial medication data was reported by 3 studies, 6 studies
included participants who were medication naïve and 11 studies included participants taking
medication with washout ranging from 24 hours to 12 months, and 1 study requiring a washout
of 5 half-lives. In one study the participants did not go through a washout of medications because
their parents were concerned of possible consequences of discontinuing the medication (Chen et
al., 2020).
Assessment of Risk of Bias
The full-text articles that were included in the systematic review scored a minimum of 8/10 on
the JBI Critical Appraisal Checklist (Appendix A).
Functional Connectivity within The Default Mode Network
A hypothesis of this systematic review was that hyperactivity of the DMN may be associated with hyperconnectivity of the DMN in patients with ADHD. Three research studies (27.27%) confirmed this
hypothesis by their findings of hyper-connectivity of the DMN in ADHD patients (Study # 1-3). On the
contrary, 5 research studies (45.45%) found that patients with ADHD have reduced connectivity within
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the DMN (Study # 4-8). There were also 3 studies (27.27%) that obtained mixed findings of both
increased and decreased functional connectivity in various DMN regions (Study # 9-11). There were no
studies that did not find any differences in the DMN connectivity between patients with ADHD and
healthy controls. Detailed results illustrated in Table 1.

Anticorrelated Activity Between the Default Mode and Task Positive Networks
Another hypothesis of this systematic review was that patients with ADHD have reduced
anticorrelation between the DMN and TPN. Consistent with this hypothesis, 7 studies (77.78%)
found a reduced anticorrelation between the DMN and TPNs or regions within those networks
(Study # 3, 7, 12, 13, 15-17). There was 1 study however that opposed this hypothesis (Study #
1). In addition, there was 1 study that found no difference in negative
connectivity/anticorrelation between the DMN and Executive Control Network in individuals
with ADHD in comparison to healthy controls (Study # 18). Detailed results illustrated in Table 1.
Functional Connectivity Between the Default Mode and Task Positive Network
In this systematic review it was also hypothesized that reduced anticorrelation between the DMN
and TPN is associated with enhanced connectivity between the DMN and TPN regions. In line
with this hypothesis, 3 studies (50%) found increased connectivity/connectivity strength between
the DMN and the TPN (Study # 2, 8,12). In contrast to these findings, 1 study found reduced
connectivity strength between the DMN and TPN regions (Study # 13).
Interestingly, there was 1 study that found both increased and decreased functional
connectivity between the default mode and task positive regions (study # 11). However, distinct
from all the above findings, 1 study found no significant difference in functional connectivity
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between any two of the networks between healthy controls and ADHD patients (Study # 14).
Detailed results illustrated in Table 1.
Additional Brain Activity Measures within The Default Mode Network
The overall hypothesis proposed by this systematic review was that individuals with ADHD have
altered activity of the DMN compared to healthy controls. Seven studies confirmed this
hypothesis by measuring the DMN using various measures (Study # 4-5, 12, 19-22).
Temporal variability is such a variable which reflects the reconfiguration of the brain into
functional modules which predict flexibility and adaptability of the brain (Zhang et al., 2018).
Individuals with ADHD have shown increased temporal variability in the DMN, compared to
healthy controls (Zhang et al., 2018; Study # 4). Consistent with this, Wang & Li (2015) (Study
# 19) acquired results that illustrated increased Amplitude of Low Frequency Fluctuations
(ALFFs), used to assess temporal activity, in the posterior DMN in the ADHD group which was
positively correlated with symptoms of inattention.

Mean Square Successive Difference (MSSD) is another variable that can be used to
measure DMN activity and is a measure of brain signal variability (Nomi et al., 2018). Nomi et
al. (2018) (Study # 20) found that a categorical analysis, a comparison between ADHD patients
and healthy controls, resulted in no difference of MSSD between the two groups. However, a
dimensional analysis, which examines the relationship between MSSD and ADHD symptom
severity with and without ADHD, resulted in a positive correlation between MSSD and symptom
severity of inattention in both groups. This positive correlation was associated with the Medial
Prefrontal Cortex (mPFC) of the DMN. The MSSD was not correlated with hyperactivity.
A study conducted by Kaboodvand et al. (2020) (Study # 5) also demonstrated altered
activity in the DMN. They found that intra and inter-DMN network-network interactions display
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reduced stable cooperation between networks in those with ADHD. The stable cooperation was
also found to be less frequent and shorter. Uddin et al. (2008) (Study # 21) also found that
network homogeneity, a measure of cohesiveness within functional networks, was reduced in the
DMN in the ADHD group especially between the precuneus and DMN regions. They also found
an altered connectivity of the precuneus. Furthermore, Hoekzema et al., (2014) (Study # 12)
found strong coherence and connectivity strength between the left DLPFC and regions of the
DMN in those with ADHD which were correlated with selective attention, similar to findings of
Kumar et al. (2020) (Study # 22) whose results illustrated a strong coherence and enhanced
coupling of the left dorsal Anterior Cingulate Cortex (dACC) with the DMN regions in the
ADHD group. As we can see, DMN activity is altered in patients with ADHD as evident by
examining the DMN function with these additional variables. Detailed results illustrated in
Tables 1 and 2.
Study and Participant Characteristics (Part 2: Effects of Methylphenidate Treatment on the
Default Mode Network)
For the second part of the systematic review, the studies had a primary objective of examining
the effects of methylphenidate on DMN activity in individuals with ADHD or healthy controls.
From the resulting 8 studies, 4 studies were case-controlled between-subjects studies and 4 were
within-subjects studies with 3 studies including only a clinical ADHD group and 1 study
including only a healthy group. For all studies that had a clinical ADHD group, only the ADHD
participants underwent the methylphenidate administration. In terms of the neuroimaging
technique used, 4 studies used task-based fMRI, 2 studies used resting-state fMRI, and 2 studies
used task-based EEG.
The sample sizes ranged from 11 – 40 for the ADHD group and 11 – 34 for the healthy
control group resulting in total sample sizes to 15 – 41. The ages ranged from 8.78 +/- 0.85 to
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30.67 +/- 7.41 for the ADHD group and 9 – 15 years +/- 6 months to 29.2 +/- 10.4 years for the
healthy control group, resulting in the inclusion of all children, adolescent, and adult studies.
For the ADHD patients that participated in the studies, 3 studies used all patients with
ADHD-C, 2 studies used patients with ADHD-C or ADHD-I, and 2 studies did not indicate
ADHD subtype data. Medication status was reported by all studies with 5 studies using ADHD
patients who are medication naïve, 1 study with ADHD patients who are all on medication
(washout period of 36 hours), and 1 study with some ADHD patients on medication (washout
period of 1 month).
Effects of Methylphenidate Treatment on the Default Mode Network
A final hypothesis proposed by this systematic review was that methylphenidate treatment would
result in a ‘normalization’ or a reduction in DMN activity and reduced functional connectivity of
the DMN in patients with ADHD. For the studies that were looking into DMN activity, all of the
studies (Study # 23-27) found that methylphenidate treatment results in a suppression of DMN
activity upon cognitive engagement, supporting the hypothesis. In addition, one study (Study #
28) that looked in functional connectivity, found that functional connectivity of the frontalprefrontal regions is reduced, which may be due to a reduction of DMN activity (Silberstein et
al., 2017). All of the above studies measured differences in DMN activity by methylphenidate
treatment in individuals with ADHD while performing cognitive tasks (task-based fMRI).
Two studies measured the effects of methylphenidate treatment on the DMN in a resting
state (resting-state fMRI). It was discovered that methylphenidate treatment increases functional
connectivity between two nodes of the DMN, the PCC and the left lateral parietal cortex (Study
# 29). Moreover, there was one study that found no significant differences in connectivity
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between regions of the DMN with methylphenidate treatment, with a relatively low increase in
the anterior and posterior DMN. However, a significant increase in connectivity was seen
between the putamen and DMN, which was correlated with a reduction in symptoms (Study #
30). As predicted, methylphenidate treatment has a major impact on the function of the DMN,
more specifically a suppression of DMN activity, in patients with ADHD. Detailed Results
illustrated in Table 3.
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Figure 2: Screening Results
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Table 1: Functional Connectivity and Activity within and Between The Default Mode and Task Positive Network
Abbreviations: M: Males; F: Females; HC: Healthy Controls; DMN: Default Mode Network; CON: Cingulo-Opercular Network; VAN: Ventral Attention Network; FC: Function
Connectivity; PCC: Posterior Cingulate Cortex; FPN: Frontoparietal Network; dACC: Dorsal Anterior Cingulate Cortex; aCC: Anterior Cingulate Cortex; SN: Salience Network;
ECN: Executive Control Network; TPN: Task Positive Network; PFC: Prefrontal Cortex; MFC: Medial Frontal Cortex; IFG: Inferior Frontal Gyrus; mPFC: Medial Prefrontal Cortex;
DLPFC: Dorsolateral Prefrontal Cortex; CEN: Central Executive Network; DMPFC: Dorsomedial PFC; MFG: Medial Frontal Gyrus

Study #

1

2

3

4

Title, Author (s), Year

Sample
Size
(nADHD,
nHC,
nTotal)

Connectivity
Supporting
Attention in Children with
Attention
Deficit
Hyperactivity
Disorder
(Barber et al., 2015)

nADHD =
50
nHC = 50
nTotal =
100

Functional Connectivity of
Attention-Related Networks
in Drug-Native Children with
ADHD (Lin et al., 2018)

nADHD =
46
nHC = 31
nTotal =
77

Topological Data Analysis
Reveals Robust Alterations in
the Whole-Brain Frontal
Lobe
Functional
Connectomes in AttentionDeficit/Hyperactivity
Disorder (Gracia-Tabuenca et
al., 2020)

Neural, Electrophysiological
and Anatomical Basis of
Brain-Network Variability
and
its
Characteristic
Changes in Mental Disorders
(Zhang et al., 2018)

ADHD200
Database
nADHD =
81
nHC = 96
nTotal =
177
Used
2
datasets of
ADHD200
Database
nADHD =
99 + 140
= 239
nHC = 143
+ 108 =
251
nTotal =
490

Participant Characteristics (Gender, mean
age/age range, ADHD subtypes, treatment
status)
ADHD: 32 M/18 F, mean age = 9.81/8-12 years,
39 ADHD-C, 1 ADHD-HI, 10 ADHD-I, 35 on
stimulant medication, asked to discontinue 24h
before testing
HC: 31 M/19 F, 9.99/8-12 years
ADHD: 39 M/7 F, mean age = 8.39 +/- 1.95
years, 22 ADHD-I, 3 ADH-HI, 21 ADHD-C,
drug naïve

Principle Default Mode Network-Related Finding

ADHD group displayed hyperconnectivity within the DMN and CON. Greater anticorrelation between
CON and DMN linked to stronger within-network connectivity, especially the DMN.

ADHD group showed hyperconnectivity within the DMN and between DAN and DMN regions. No
significant
alteration
between
the
VAN
and
DMN.

HC: 22 M/9 F, mean age = 9.23 +/- 1.82 years

ADHD: 59 M/22 F, age = 10.5 +/- 2.48,
medication naïve, ADHD subtype data not
available

-Reduced functional segregation/anticorrelation in the ADHD group, mainly associated with the frontal
lobe and DMN
-Increased FC especially in regions of the frontal lobe and DMN

HC: 45 M/ 51 F, age = 12.26 +/- 3.07

ADHD: 89 M/10 F, age = 12.1 +/- 2.0 & 106 M
/34 F, age = 11.1 +/- 2.7. 98 participants
medicated, 55 not medicated, remaining
subjects lacked information about medication
use, ADHD subtype data not available.
HC: 84 M /59 F, age = 11.4 +/- 1.9 & 54 M /54
F, age = 12.2 +/- 3.1

-DMN temporal variability in ADHD higher than HC
-Low FC of DMN regions such as the PCC

Functioning of the Default Mode Network in ADHD

5

Dynamic
Synergetic
Configurations of RestingState Networks in ADHD
(Kaboodvand et al., 2020)

6

Disrupted Control-Related
Functional Brain Networks in
Drug-Naïve Children with
AttentionDeficit/Hyperactivity
Disorder (Tao et al., 2017)

7

8

9

10

11

Cingulate-Precuneus
Interactions: A New Locus of
Dysfunction
in
Adult
AttentionDeficit/Hyperactivity
Disorder (Castellanos et al.,
2008)

Novel
Subgroups
of
AttentionDeficit/Hyperactivity
Disorder
Identified
By
Topological Data Analysis
and
Their
Functional
Network
Modular
Organizations (Kyeong et al.,
2017)

Changes of Brain structure
and Function in ADHD
Children (Qiu et al., 2011)
Structural and Functional
Connectivity in Children and
Adolescents
with
and
Without
Attention
Deficit/Hyperactivity
Disorder (Bos et al., 2017)
Functional Connectivity of
Specific Brain Networks
Related to Social and

nADHD =
39
nHC = 116
nTotal =
155
nADHD =
46
nHC = 31
nTotal =
77

nADHD =
20
nHC = 20
nTotal =
40
2 datasets
of ADHD200
Database
nADHD =
67 + 91 =
158
nHC: 62 +
43 = 105
nTotal =
263
nADHD =
15
nHC = 15
nTotal =
30
nADHD =
35
nHC = 36
nTotal =
71

ADHD: 20 M/19 F, mean age = 31.59 +/- 10.12,
non-medicated for minimum 12 months, ADHD
subtype data not available
HC: 63 M/53 F, mean age = 31.0.5 +/- 8.64
ADHD: 38 M/8 F, mean age = 8.48 +/- 1.89,
medication naïve, ADHD subtype data not
available

38
-Intra and inter-DMN network-network interactions display reduced stable cooperation between networks
in ADHD. Stable cooperation less frequent and stable cooperation periods also shorter in ADHD
-ADHD
groups
showed
reduced
FC
within
anterior
DMN

ADHD: Significantly reduced FC in regions of the DMN and FPN, particularly the inferior parietal lobe,
precuneus, intraparietal sulcus, superior frontal cortex, anterior prefrontal cortex, dorsal anterior
cingulate/medial superior frontal cortex, and lateral cerebellum.

HC: 22 M/9F, mean age = 8.84 +/- 1.57

ADHD: 16 M/4 F, mean age = 34.9 +/- 9.9
years, all ADHD-C, no history of psychotropics
other than stimulants. 9 treated with stimulants,
discontinued at least 24h prior to testing

Anti-correlated activity between the dACC (TPN region) and DMN abnormal in ADHD patients. Reduced
FC between aCC and precuenus/PCC areas, and reduced FC between precuneus and other DMN regions
inclusive of the ventromedial PFC and areas of the PCC. Significantly reduced anti-correlated activity
between
the
dACC
and
the
precuneus

HC: 14 M/6 F, mean age = 31.2 +/- 9.0

ADHD: All male, [27 ADHD-C, 40 ADHD-I]
and [61 ADHD-C, 28 ADHD-I], mean age =
12.4 +/- 1.9 and 11.4 +/- 2.7, treatment status
data not available
HC: All male, mean age = 12.1 +/- 1.6 and 11.7
+/- 3.2 years

ADHD: All male, mean age = 12.65 +/- 1.82, all
ADHD-I, medication free for minimum 6
months
HC: All male, mean age = 13.21 +/- 1.73
ADHD: 26 M/9 F, mean age = 11.2 +/- 2.6, 27
using stimulant medication, 8 medication naïve.
Stimulant medication discontinued 24h prior to
scanning. ADHD subtype data not available

-ADHD group: inter-module functional connectivity density (FCD) in DMN-SN significantly increased
in both mild and severe ADHD groups. Intra-module FCD within DMN significantly decreased in severe
ADHD group.
-ADHD group showed increased inter-module connectivity between the DMN and ECN (subnetwork of
TPN (Daniels et al., 2010)), in the severe ADHD group and not the mild ADHD group

-ADHD subjects displayed both increased and decreased FC in various DMN regions
-Significantly reduced FC in the aCC, PCC, lateral PFC, left precuneus and thalamus, and increased FC
in bilateral posterior MFC in the DMN

ADHD subjects displayed increased FC in the right IFG and right mPFC of the DMN and a small cluster
of
decreased
FC
in
the
right
PCC
of
the
DMN

HC: 29 M/7 F, age: 12.1 +/- 2.2
nADHD =
18

ADHD: 13 M/5 F, mean age = 13.56 +/- 1.72
years, 9 ADHD-C, 9 ADHD-I, half treated (n =

-ADHD: Increased FC within the ventromedial PFC of the DMN and reduced FC within the precuneus of
the DMN
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13

14

15

16

Communication Dysfunction
in
Adolescents
with
Attention-Deficit
Hyperactivity Disorder (Chen
et al., 2020)
An Independent Components
and Functional Connectivity
Analysis of Resting State
fMRI Data Points to Neural
Network Dysregulation in
Adult ADHD (Hoekzema et
al., 2014)
Functional Connectivity in
Cortico-Subcortical
Brain
Networks
Underlying
Reward
Processing
in
AttentionDeficit/Hyperactivity
Disorder (Oldehinkel et al.,
2016)

Aberrant
Time-Varying
Cross-Network Interactions
in Children with AttentionDeficit/Hyperactivity
Disorder and the Relation to
Attention Deficits (Cai et al.,
2018)

Abnormal
Functional
Connectivity Between the
Anterior Cingulate Cortex
and the Default Mode
Network in Drug-Naïve Boys
with
Attention
Deficit
Hyperactivity Disorder (Sun
et al., 2012)
Shared
Alterations
in
Resting-State
Brain
Connectivity in Adults with
Attention-

nHC = 16
nTotal =
34

8 with methylphenidate and n = 1 with
atomoxetine)
HC: 8 M/8 F, mean age = 14.06 +/- 1.53 years

nADHD =
22
nHC = 23
nTotal =
45

ADHD200
Database
nADHD =
169
nHC = 122
nTotal =
291
Used
2
datasets of
ADHD200
Database
nADHD =
40 & 30 =
70
nHC = 40
& 30 = 70
nTotal =
140

ADHD: All male, all ADHD-C, mean age =
32.82+/- 10.75 years, medication naïve
HC: All male, mean age = 29.26 +/- 8.92

ADHD: 123 M/ 46 F, mean age = 17.89 years,
83 ADHD-I, 17 ADHD-HI, 69 ADHD-C, 130
on stimulant medication, asked to discontinue
48 hr prior to scanning
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-Increased FC between DMN (ventromedial PFC) and CON (anterior insula), and between FPN (DLPFC),
and CON, but reduced FC between DMN (PCC) and FPN (inferior parietal lobe), and between DMN
(precuneus) and CON (temporoparietal junction)
-Functional dysconnectivity between the DMN, FPN, CON
-ADHD: strong coherence of left DLPFC (TPN region) with DMN components which were correlated
with selective attention
-High connectivity strength of left DLPFC with DMN regions
-Decreased anticorrelation between DMN (especially precuneus) and the DLPFC
-Weaker segregation between cognitive control networks and DMN

Low connectivity strength for functional connections between DMN and TPN regions and reduced
anticorrelation between DMN and TPN

HC: 54 M/68 F, mean age = 17.04 years

ADHD: 27 M/13 F & 30 M/ 0 F, mean age =
11.7 & 12.6, 11 medication naïve, 8 medication
non-naïve, medical status for remaining
participants unavailable (additional analysis
performed to illustrate that findings are not
confounded by medication status). Subtype data
not available

FC between any two of SN, CEN and DMN not different between HC and ADHD group, though SNcentered interactions with DMN and CEN predict inattention in ADHD children

HC: 23 M/17 F and 30 M/0F, mean age = 11.9
+/- 3.2 & 12.3 +/- 1.5

nADHD =
19
nHC = 23
nTotal =
42

ADHD: All male, mean age = 13.28/11-16
years,12 ADHD-I, 7 ADHD-C medication
naïve
HC: All male, mean age = 13.20/11-16 years

-Weaker segregation between cognitive control regions and regions of the DMN in ADHD
-dACC displayed significantly reduced negative FC/anticorrelation with the DMN (DMPFC and PCC) in
ADHD.

nADHD =
20
nADHD
1st degree

ADHD: 17 M/3 F, 16 ADHD-C, 4 ADHD-I,
mean age = 32.20 +/- 10.31 years, 16 medicated
with methylphenidate (asked to discontinue for
24h) and 4 non-medicated

-Alterations in default mode connectivity in ADHD
-Decreased anticorrelations between PCC/precuneus and right MFG, associated with cognitive control
networks, in individuals with ADHD and their 1 st degree relatives.
-DMN connectivity linked to ADHD symptoms

Functioning of the Default Mode Network in ADHD
Deficit/Hyperactivity
Disorder
and
Their
Unaffected
First-Degree
Relatives (Pironti et al., 2019)

17

18

ADHD
and
Attentional
Control:
Impaired
Segregation of Task Positive
and Task Negative Brain
Networks (Mills et al., 2018)

Inconsistency in Abnormal
Functional
Connectivity
Across Datasets of ADHD200 in Children with
Attention
Deficit
Hyperactivity Disorder (Zhou
et al., 2019)

relatives =
20
nHC = 20
nTotal =
60
nADHD
=256
nHC =176
nTotal =
432 with
604 scans
Used
4
datasets of
ADHD200
Database
nADHD =
29 + 15 +
28 + 19 =
91
nHC = 29
+ 15 + 28
+ 19 = 91
nTotal =
182
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1st degree relatives: 10 M/10 F, mean age =
38.85 +/- 15.31 years
HC: 13 M/7 F, mean age = 32.5 +/- 5.8 years
ADHD: 181 M /75 F, mean age = 11.05 +/- 1.58
years. Participants taking psychostimulants
were also included after a minimum 5 half-lives
washout. ADHD subtype data not available

ADHD patients had reduced negative connectivity/anticorrelation between the TPN and DMN which
becomes more negative with age. Females showed increased negative connectivity

HC: 89 M/87 F, mean age = 10.67 +/- 1.53 years

ADHD: All male, [19 ADHD-C, 10 ADHD-I],
[6 ADHD-C, 9 ADHD-I], [12 ADHD-C, 16
ADHD-I], [7 ADHD-C, 12 ADHD-I], mean age
= [12.1 +/- 2.9], [11.2 +/- 2.3], [12.7 +/- 1.7],
[13.3 +/- 1.0], medication withheld minimum
24h prior to testing
HC: All male, [12.2 +/-2.8], [11.6 +/- 1.5], [11.7
+/- 1.8], [13.3 +/- 1.0]

ADHD group did not display abnormal FC between the DMN and ECN (part of TPN) i.e. no significant
difference of negative connectivity/anticorrelation between the ADHD and HC group

41

Functioning of the Default Mode Network in ADHD
Table

2:

Additional

Brain

Activity

Measures

within

The

Default

Mode

Network

in

ADHD

Patients

Abbreviations: M: Males; F: Females; HC: Healthy Controls; DMN: Default Mode Network; ALFFs: Amplitude of Low Frequency Fluctuations; ICN: Intrinsic Control Network;
MSSD: Mean Square Successive Difference; mPFC: medial Prefrontal Cortex; dACC: Dorsal Anterior Cingulate Cortex

Study #

19

20

21

22

Title, Author (s), Year

Altered Temporal Features of
Intrinsic
Connectivity
Networks in Boys with
Combined Type Attention
Deficit
Hyperactivity
Disorder (Wang & Li, 2015)

Resting-State Brain Signal
Variability in Prefrontal
Cortex is Associated with
ADHD Symptom Severity in
Children (Nomi et al., 2018)

Sample
Size
(nADHD,
nHC,
nTotal)
ADHD200
Database
nADHD =
36
nHC = 36
nTotal =
72
ADHD200
Database
nADHD =
40
nHC= 30
nTotal =
70

Network Homogeneity
Reveals Decreased Integrity
of DefaultMode Network in ADHD
(Uddin et al., 2008)

nADHD =
20
nHC = 20
nTotal =
40

Neural Network Connectivity
in ADHD Children: An
Independent Component and
Functional
Connectivity
Analysis of Resting State
fMRI Data (Kumar et al.,
2020)

nADHD =
16
nHC = 16
nTotal =
32

Participant Characteristics (Gender, mean
age/age range, ADHD subtypes, treatment
status)

ADHD: All male, mean age = 11.04 +/- 2.74, all
ADHD-C, treatment data not available
HC: All male, mean age = 11.83 +/- 2.88

ADHD: 27 M/13 F, mean age = 9.91 +/- 1.24
years, 27 ADHD-C, 13 ADHD-I, 4 on
medication, medication status unavailable for
26 ADHD subjects
HC: 16 M/14 F, mean age = 9.43/7-12 years

ADHD: 16 M/ 4 F, mean age = 34.9 +/- 9.9, all
ADHD-C, 9 participants taking stimulants
(asked to discontinue 24h prior to testing)
HC: 14 M/6 F, mean age = 31.2 +/- 9.0 years
ADHD: All male, mean age = 9.6 +/- 1.8 years,
non-medicated, ADHD subtype data not
available
HC: All male, mean age = 9.7 +/- 1.9 years

Principle Default Mode Network-Related Finding

-ADHD group displayed increased activated network-wise ALFFs in attention and DMN-related networks
compared to HC. Temporal patterns within posterior DMN positively correlated with inattention
symptoms. Fusiform related-DMN and attention-related networks negatively correlated with Intelligent
Quotient
(IQ)
scores
-Enhanced temporal activity in DMN-associated ICNs

-Categorical
analysis:
no
differences
in
MSSD
between
ADHD
and
HC.
-Dimensional analysis: positive correlation between MSSD and ADHD symptom severity and inattention
in
both
groups.
Seen
in
DMN
regions
(mPFC).
-MSSD not correlated with hyperactivity
-Differences in brain signal variability of network nodes within the DMN at rest

-Decreased network homogeneity in the DMN in ADHD individuals compared to HC, especially between
the precuneus and other DMN areas.
-Altered connectivity of the precuneus shown by reduced homogeneity
-Reduced integrity of DMN

Strong coherence + enhanced coupling of left dACC with DMN regions in ADHD group
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Table 3: The Effects of Methylphenidate on The Default Mode Network

Abbreviations: M: Males; F: Females; HC: Healthy Controls; DMN: Default Mode Network; TPN: Task Positive Network; MPH: Methylphenidate; ATX: Atomoxetine; DLPFC:
Dorsolateral Prefrontal Cortex; FC: Functional Connectivity; PCC: Posterior Cingulate Cortex; LLP: Left Lateral Parietal Cortex

Study
#

23

Title, Author (s), Year

Participant
Characteristics
Neuroimaging Sample
Size (Gender, mean age/age range,
Methylphenidate Intervention
Method
(nADHD, nHC, nTotal) ADHD
subtypes,
treatment
status)

Effects of Methylphenidate on DefaultMode Network/Task-Positive Network Task-based
Synchronization in Children with ADHD fMRI
(Querne et al., 2017)

24

The Effect of Methylphenidate on Very
Low Frequency Electroencephalography TaskOscillations in Adult ADHD (Cooper et based EEG
al., 2014)

25

Drug-Specific Laterality Effects on
Frontal Lobe Activation of Atomoxetine
and Methylphenidate in Attention TaskDeficit Hyperactivity Disorder Boys based fMRI
During Working Memory (Cubillo et al.,
2014)

26

Pattern Classification of Working
Memory Networks Reveals Differential
Task-based
Effects
of Methylphenidate,
fMRI
Atomoxetine, and Placebo in Healthy
Volunteers (Marquand et al., 2011)

27

Task-related Default Mode Network
Modulation and Inhibitory Control in Task-based
ADHD: Effects of Motivation and fMRI
Methylphenidate (Liddle et al., 2011)

nADHD = 11
nHC = 11
nTotal = 22

Principle Findings

No significant anticorrelation between DMN and
TPN along with non-synchronized activity of the
ADHD: age = 9.8 +/- 1.7 years, all 20 or 30
mg (ADHD
group DMN in unmedicated ADHD patients. MPH
ADHD-C, medication naïve
only). Scanned
preceding and induced
DMN
synchronization and
following one month of MPH a synchronized anticorrelation between the DMN
HC: age = 10.8 +/- 1.7 years
treatment
and TPN → DMN suppression in ADHD
individuals.

ADHD: All male, mean age = 28.7
+/- 7.7 years (follow up
nADHD = 38 (17 on sample), minimum wash out period
follow
up) of 1 month (19 prescribed
MPH resulted in Reduced DMN activity evident by
Scanned before and after MPH
nHC = 43 (34 on follow stimulants in original sample), 32
a reduction of
very
low
frequency
treatment with mean follow up of 9.4
up)
ADHD-C and 8 ADHD-I in original
electroencephalographic
activity (VLFmonths (ADHD group only)
nTotal = 81 (41 on follow sample
EEG) typically found in the DMN
up)
HC: All male, mean age = 29.2 +/10.4 years
ADHD group displayed significantly reduced
activity in the bilateral DLPFC under
ADHD: All male, age = 10 –17 3 scans in random order with single placebo. MPH increased
right
DLPFC
nADHD =
20 years, all ADHD-C and medication dose of either MPH (0.3 mg/kg, 5-20 activity and enhanced left inferior frontal cortex
nHC = 20
naïve
mg), placebo (50 mg) or ATX (1 activity only during the 2-back task (2nd level out of
nTotal = 40
mg/kg, 16 – 66 mg). Medication free 4).
MPH
increased fronto-temporo-striatal
HC: All male, age = 10 – 17 years between scans (ADHD group only) activation in ADHD and deactivated the DMN,
which were negatively correlated with the
decreased DLPFC activation.
nADHD = 0
nHC = 15
nTotal = 15

HC: All male, age = 20-39 years

30 mg MPH or placebo. Scanned 90- MPH increased task-related deactivations in DMN
135 minutes after MPH or regions and increased activity in working memory
placebo administration
networks during reward trials

nADHD = 18
nHC = 18
nTotal = 36

Unmedicated
ADHD
children
ADHD: 17 M/1 F, age = 9 - 15 Mean
daily
dose
=
1.01 displayed significantly reduced
years +/- 6 months, all ADHD- mg/kg (ADHD
group DMN deactivation with low incentive, but no
C, on MPH treatment
only) Underwent 2 scans, 1 under differences
seen
between
HC
and
treatment and 1 without, with the ADHD groups with high incentive. Task-related
HC: All male, age = 9-15 years +/- order randomized. Wash-out period of DMN suppression seen with MPH treatment and
6 months
minimum 36h
no differences seen between the HC and ADHD
group in either motivational states.
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First-Dose
Methylphenidate-Induced
Changes
in
Brain
Functional
Connectivity Are Correlated with 3- Task-based
Month Attention-Deficit/Hyperactivity EEG
Disorder
Symptom
Response
(Silberstein et al., 2017)

29

Methylphenidate Alters Functional
Connectivity of Default Mode Network Restingin Drug-Naïve Male Adults with ADHD state fMRI
(Picon et al., 2020)

nADHD = 18
nHC = 0
nTotal = 18

30

Intrinsic Brain Connectivity Following
Long-Term
Treatment
with
Resting-state
Methylphenidate
with
AttentionfMRI
Deficit/Hyperactivity Disorder (Battel et
al., 2016)

nADHD = 23
follow
nHC = 0
nTotal = 21

nADHD = 40
nHC = 0
nTotal = 40

43

ADHD: All male, mean age =
10.083 +/- 1.75 years, medication 0.3 mg/kg of patient weight. Scanned MPH induced decrease in FC of the frontalnaïve, ADHD subtype data not before and 90 minutes after MPH prefrontal regions
available
treatment
Mean dose = 29.72 mg daily (dose
ADHD: All male, age = 30.67 +/- increased
gradually
until
Increased FC in between 2 nodes of the DMN: the
7.41, 12 ADHD-C and 6 ADHD- reaching individually specific optimal
PCC and LLP
I, medication naïve
level) for a mean duration of 54.44
days
No significant difference in connectivity between
(21 at
DMN regions, though a relatively small increase in
up) ADHD: All male, age = 8.78 Scanned before and after 6 months of
the anterior and posterior DMN. Significant
+/- 0.85, medication naïve, subtype MPH treatment (target dose of 1
increase in connectivity between putamen and
data not available
mg/kg/day)
DMN which was associated with a decrease in
symptoms
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Discussion
The objective of this systematic review was to assist in the development of a neuroimagingbased diagnosis of ADHD. To do this, the functioning of the DMN and its
antagonistic TPNs was examined in patients with ADHD to investigate the potential role of these
networks in the pathology of ADHD. Additionally, the effects of the pharmacological treatment
of methylphenidate on DMN functioning was assessed to track treatment response.
Functioning of the Default Mode and Task Positive Network in Attention Deficit Hyperactivity
Disorder
The DMN is active during a resting state and an altered regulation of the DMN has been linked
to symptoms of ADHD (Hoekzema et al., 2014). Research has found that individuals with
ADHD have altered DMN connectivity which is associated with expressed symptoms of ADHD
(Pironti et al., 2019). Since individuals with ADHD display a hyperactive DMN (Norman et al.,
2017), it was hypothesized that one of the characteristics of ADHD is
a hyperconnected DMN. Although mixed results of the present systematic review, more
studies opposed this hypothesis and demonstrated that patients with ADHD have reduced
functional connectivity of the DMN. The reduced functional connectivity of the DMN is thought
to most likely be due to the DMN being less integrated (Tao et al., 2017) and may serve as a
dimensional neuropathophysiological endophenotype of the disorder (Pironti et al., 2019)
A second hypothesis of ADHD proposed was that the hyperactivity of the DMN results
in underactivity of the TPN. In other words, there is a reduced anticorrelation between the DMN
and TPN. ADHD symptoms are hypothesized to be caused by the intrusion of DMN activity over
the TPN (Picon et al., 2018). As such, altered neural activity is not confined to DMN intrusion
during tasks, but also insufficient suppression of task positive regions such as the DLPFC during
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rest (Hoekzema et al., 2014). Majority of studies demonstrated that ADHD is linked to
reduced anticorrelation between the DMN and TPN with only one study finding
increased anticorrelation between the DMN and TPN and one study finding no difference
in anticorrelation between ADHD patients and healthy controls. The
reduced anticorrelation between the TPN and DMN also confirms that ADHD patients display a
reduced suppression of the DMN (Oldehinkel et al., 2016). This may be explained by increased
connectivity from the primary sensory cortex to DMN regions which suggest altered information
flow from sensory to cognitive regions with increased information flow to the DMN instead of
the frontoparietal executive system, consistent with the DMN interference hypothesis
(Carmona et al., 2015). Therefore, it can be hypothesized that an inability to deactivate the DMN
while performing tasks may result in thought intrusions and interruptions in processing of the
TPN (Querne et al., 2017). In addition, healthy brain function is associated with a strong
anticorrelation between the DMN and TPN (Abbas et al., 2019), demonstrating that the reduced
anticorrelation between the two networks may be a pathology that can be used as
an additional component for the diagnosis of ADHD.

It was also hypothesized that reduced anticorrelation between the DMN and TPN is
linked to increased connectivity between those networks. Again, mixed findings were obtained in
which half the studies indicated that DMN and TPN are hyperconnected with one
study indicating reduced connectivity, one study indicating mixed findings, and one study
with findings of no difference in connectivity between the two networks in patients with
ADHD compared to healthy controls. This dysfunctional connectivity between the TPN and
DMN is most likely due to altered switching of the brain from a resting to a functional state,
resulting in periodic lapses on task performance which is a hallmark of ADHD (Kyeong et al.,
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2017). This connectivity pattern is also linked to higher ADHD symptoms mediated by
performance on attention-related tasks (Pironti et al., 2019).
The overall goal of this systematic review was to assess if the DMN function is altered in
ADHD patients. Seven studies used various measures to assess the function of the DMN in
individuals with ADHD whose findings show that the DMN functions differently in these
individuals. In particular, the enhanced temporal variability of the DMN in ADHD
patients suggests altered synchronization of the DMN and associated task positive regions which
again suggests reduced anticorrelation between the PCC and task positive regions (Zhang et al.,
2018). Similarly, the enhanced temporal activity seen in DMN-associated internal control
networks (ICNs) may be due to a disruption in functional interactions within the DMN (Wang &
Li, 2015). The brain signal variability of the DMN seen in ADHD patients also points towards
disrupted activity between the DMN and TPN, the CEN in particular (Nomi et al.,
2018). Furthermore, the strong coherence between TPN regions such as the DLPFC
and dACC with DMN regions suggest higher connectivity strength between the
two networks which favours the above findings (Kumar et al., 2020).
Homogeneity is also a measure of cohesiveness which was found to be reduced in the
DMN of ADHD patients (Uddin et al., 2008). Other research has also reported
reduced homogeneity of DMN regions which is consistent with the DMN interference hypothesis
as a major contributor to the inattentive symptoms of ADHD (Uddin et al., 2008). The
reduced homogeneity may be due to reduced functional interactions between DMN regions such
as the precuneus and cognitive control regions such as the anterior cingulate which result in
deficits in executive function, which is also a characteristic of ADHD (Uddin et al., 2008).

Functioning of the Default Mode Network in ADHD

47

The findings of this systematic review indicate that patients with ADHD have altered
functioning of the DMN in comparison to healthy controls, supporting the DMN interference
hypothesis, and suggesting that the DMN is involved in producing symptoms of ADHD
(Silberstein et al., 2017).
Effects of Methylphenidate on the Default Mode Network
Research regarding the DMN has allowed researchers to examine the effects of medications such
as methylphenidate on the DMN in ADHD individuals. Methylphenidate stimulant medication
has been the primary form of treatment for ADHD (Kaboodvand et al., 2020). We see that
methylphenidate influences the DMN (Picon et al., 2018), and since the DMN is impaired in
ADHD, one can predict that it may ‘normalize’ DMN functioning in patients with ADHD, which
was supported by present findings. All studies that investigated DMN activity showed that
methylphenidate results in DMN suppression. This is a therapeutic response since individuals
with ADHD display a hyperactive DMN (Norman et al., 2017). In addition, since it was
hypothesized that ADHD patients have enhanced connectivity of the DMN, it was also
hypothesized that methylphenidate will cause a reduction in DMN connectivity. However, in
opposition to these hypotheses, more research illustrated reduced functional connectivity within
the DMN in patients with ADHD. Therefore, it can be speculated that methylphenidate will
increase functional connectivity within the DMN. One study did confirm this (Picon et al.,
2020) with another study showing that there is a slight but not a significant increase
in connectivity of the anterior and posterior DMN (Battel et al., 2016). Furthermore, it was found
that methylphenidate reduced functional connectivity of the frontal-prefrontal regions
(Silberstein et al., 2017) which would have been predicted since methylphenidate
increases functional connectivity of the DMN.
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The dopamine hypothesis proposes that ADHD symptoms are expressed due to deficits
in dopamine (Genro et al., 2010). This hypothesis is supported by findings of this systematic
review since the studies demonstrate that methylphenidate results in therapeutic effects by
enhancing dopamine and norepinephrine levels (Silberstein et al., 2017), treating the dopamine
aspect of ADHD. In addition, recent evidence has found that dopamine is also linked to
functioning of the DMN (Silberstein et al., 2016). Since methylphenidate has therapeutic effects
by enhancing dopamine (Silberstein et al., 2017), it should also have an impact on the
DMN which is impaired in ADHD as shown in this systematic review. As predicted, we see that
methylphenidate has therapeutic effects by enhancing dopamine which in turn suppresses
networks such as the DMN that interfere with task performance (Silberstein et al., 2017).
These findings demonstrate that methylphenidate may have positive effects by increasing
dopamine and norepinephrine, which suppress the functional connectivity of networks that
disturb task performance such as the DMN among others (Silberstein et al., 2017). In addition,
stimulant medications elevate anticorrelation between cognitive control networks and the DMN
while performing tasks (Barber et al., 2015), which would be therapeutic since majority of
studies in this systematic review showed that patients with ADHD have a reduced anticorrelation
between the DMN and TPN. Furthermore, research has shown that neural connections within the
DMN becomes stronger with age in healthy individuals, which may suggest that
methylphenidate induced increase in functional connectivity within the DMN may aid in the
maturing of the DMN, allowing an improvement of symptoms (Picon et al., 2020). Therefore, it
can be hypothesized that stronger functional connectivity within the DMN induced by
methylphenidate treatment can be a means to improve DMN function which could alleviate
ADHD symptoms (Picon et al., 2018). In addition, since stimulants have shown
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to modulate activation strength and normalize impaired connectivity, it can be concluded that
ADHD may be a disorder of network dysfunction (Konrad & Eivkoff, 2010).
Limitations and Future Directions
Although there were strong findings of a reduced anticorrelation between the DMN and TPN and
methylphenidate induced suppression of the DMN in patients with ADHD, there were
inconclusive or mixed findings regarding the functional connectivity within the DMN and
between the DMN and TPN. The inconsistency in findings may be due to ADHD in general
being a disorder which is difficult to study due to its high comorbidity with other disorders
(Belanger et al., 2018). However, to account for this factor, the studies did develop their
inclusion/exclusion criteria accordingly in which the primary diagnosis of the participants had to
be ADHD, though even with strict inclusion and exclusion criteria, it is very difficult to isolate
ADHD due to it being a highly heterogeneous disorder (Luo et al., 2019). As neuroconnectivity
in ADHD patients were compared to healthy controls in the studies of this systematic review, it
is also possible that some of the reported differences in DMN connectivity could be mediated by
associated co-morbidities for some of the patients, contributing to the heterogeneity of the
results.
The inconsistency in findings between studies may also be due to the variability in
the ADHD subtypes used in samples of some studies. Despite clinical and behavioural
differences between ADHD subtypes, a high level of ADHD research does not distinguish
between these groups and directly compare a heterogeneous ADHD group with a non-ADHD
group (Mohan et al., 2016). As seen here, not all studies kept uniform samples of using one
subtype of ADHD. This would cause a variability in findings between studies as brain
organization does appear to differ between ADHD subtypes (Saad et al., 2017). Treatment status
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of participants within the ADHD sample was also not accounted for in all studies. This is an
important factor as despite a washout period, the effects of prolonged use of stimulant
medications may have long lasting effects on network integrity and task performance (Barber et
al., 2015). Additionally, there were studies that used secondary neuroimaging data which is
susceptible to bias and reduced reliability in comparison to primary data due to less control of the
methodology involved in data collection. Given that several of these studies depended on the
same source neuroimaging dataset, this could also cause disproportionate emphasis on specific
experimental results in terms of inflating n values and the associated results from one specific
study.
In addition to limitations of current research in this area, there were also limitations
associated with this systematic review. Although the studies themselves accounted for gender
and age, the present systematic review did not control for age and gender, which is an important
limitation since DMN activity in ADHD is affected by gender and age (Dumais et al., 2018; Park
et al., 2016). There was also no control for the sample size which affects the level of
significance, power and effect size of studies (Bhalerao & Kadam, 2010). In addition, control for
ADHD subtype, treatment, use of primary versus secondary data, and inclusion/exclusion criteria
of studies were also not considered due to such constraints resulting in a low yield of studies for
a systematic review in this only recently emerging field of study. To account for this, the
inclusion criteria was broadened, and exclusion criteria narrowed. Another limitation of the
present systematic review is that one investigator carried out the systematic review which tends
to produce a selection and analysis bias, affecting the reliability and reproducibility of results.
Nevertheless, the majority of research in this systematic review did point towards an
impaired DMN in ADHD, supporting the DMN interference hypothesis. The second part of the
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systematic review had stronger and consistent findings which again supports the dopamine
hypothesis of ADHD. Future research should focus on building evidence behind an impaired
DMN in ADHD, by making use of more uniform samples that consider the aforementioned
limitations, as it may assist in developing a neuroimaging-based diagnosis of ADHD.
Conclusion
The goal of this systematic review was to assist in the development of a neuroimaging-based
diagnosis of ADHD by examining the functioning of the DMN and its relative activity with the
TPN, and to assess if methylphenidate treatment can ‘normalize’ the functioning of the DMN in
ADHD. The results of this systematic review support that ADHD is a disorder of DMN
dysfunction and dopamine alterations which can be treated by methylphenidate, again supporting
the DMN interference and dopamine hypothesis. The present research may assist in a more
accurate diagnosis of ADHD and may provide a potential target for future treatments and
interventions.
Funding
There was no funding provided to conduct the present systematic review.
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