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Abstract: ADHD, a neurodevelopmental condition, is distinguished by a triad of symptoms including
inattention, hyperactivity, and impulsivity. It is frequently accompanied by comorbidities such as anxiety,
depression, and learning disabilities. As a result, clinicians often face challenges in accurately diagnosing
ADHD and differentiating it from other conditions. As a prospective remedy for ADHD, scientists have
investigated Transcranial Direct Current Stimulation (tDCS), a non-invasive technique of stimulating the brain.
It involves applying low-intensity electrical currents to specific regions of the brain to modulate neural activity.
This review paper aims to provide an overview of the comorbidities associated with ADHD and the differential
diagnosis of the condition. It also explores the potential of tDCS as a treatment option for ADHD, including its
mechanisms of action and efficacy in improving ADHD symptoms. The comorbidities discussed in this review
include anxiety disorders, mood disorders, and substance use disorders. These comorbidities are frequently
seen in individuals with ADHD and can complicate the diagnosis and treatment of the condition. The paper
also highlights the importance of considering comorbidities when assessing ADHD, as well as the potential
impact of these conditions on treatment outcomes. The differential diagnosis section of the paper explores
conditions that can present with symptoms similar to ADHD, such as anxiety disorders, mood disorders, and
learning disabilities. It emphasizes the need for a thorough assessment and differential diagnosis to identify
ADHD and differentiate it from other conditions accurately. The final section of the paper discusses the
potential of tDCS as a treatment option for ADHD. It examines the mechanisms of action of tDCS and its
efficacy in improving ADHD symptoms, including attention, hyperactivity, and impulsivity. It also explores
the potential for tDCS to improve comorbid conditions associated with ADHD. Overall, this review provides
a comprehensive overview of comorbidities and differential diagnoses in ADHD and the potential of tDCS as
a treatment option. The paper highlights the importance of a thorough assessment and personalized treatment
plan for individuals with ADHD, particularly those with comorbidities.

Keywords: neuromodulation; brain stimulation; Transcranial Direct Current Stimulation;
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1. Introduction

The Diagnostic and Statistical Manual of Mental Disorders defines ADHD as a condition that
involves persistent and problematic symptoms of inattention, hyperactivity, and impulsivity that can
significantly affect an individual's daily functioning[1]. Attention-deficit/hyperactivity disorder
(ADHD) is a neurodevelopmental disorder that affects approximately 5-6% of children and adults
worldwide [104]. ADHD is a highly varied clinical condition, partly due to its frequent co-occurrence
with other disorders that emerge during childhood. Research suggests that a significant majority
(ranging from 60% to 100%) of children with ADHD experience one or more comorbid conditions,
many of which persist into adulthood[2,3]. While medications such as stimulants and behavioral
therapies are effective treatments for ADHD, they do not work for all individuals and can have side
effects [26]. In recent years, there has been a growing interest in alternative treatments for ADHD,
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specifically non-invasive brain stimulation techniques such as transcranial direct current stimulation
(tDCS).

The process of tDCS entails administering a mild electrical current to the scalp in order to
regulate cortical activity and excitability. Multiple studies have explored the effectiveness of tDCS
for treating ADHD, yielding promising findings. For example, a randomized controlled trial
conducted by Cosmo et al. (2015)[4] found that tDCS combined with cognitive training improved
working memory performance in children with ADHD compared to cognitive training alone.
Another study by Boggio et al. (2010)[5] has shown that a solitary session of tDCS applied to the
prefrontal cortex can enhance attentional regulation in adults diagnosed with ADHD.

However, the underlying mechanisms of how tDCS affects the brain and its potential long-term
effects are still not fully understood. One proposed mechanism is that tDCS modulates the activity of
the default mode network (DMN), a set of brain regions that are active during rest and self-referential
processing. Individuals diagnosed with ADHD have been observed to exhibit abnormal activity in
their DMN (default mode network), which could be regulated through the use of tDCS to restore
normalcy. For example, a study by Schroder et al. (2017)[7] found that tDCS over the left dorsolateral
prefrontal cortex decreased DMN connectivity in adults with ADHD.

In addition to potential therapeutic benefits, there are also ethical considerations to be taken into
account when using tDCS for ADHD. For example, obtaining informed consent from individuals
with ADHD may be challenging, particularly if they have difficulty understanding the complex
science behind tDCS. Additionally, researchers and healthcare providers must ensure that the risks
and benefits of tDCS are carefully weighed and that patient safety is prioritized.

Despite the potential of tDCS as a non-invasive therapy for ADHD, further research is necessary
to gain a complete understanding of its mechanisms of action and any possible long-term impacts.
This paper aims to provide an outline of existing research on tDCS and ADHD, including potential
mechanisms of action and ethical concerns, while also drawing attention to future research avenues
in this field.

2. ADHD-related issues

2.1. Behaviour and conduct problems

Research has demonstrated that children diagnosed with ADHD may exhibit dissimilarities in
both the structure and functioning of the prefrontal cortex, an area of the brain that governs executive
functions such as attention, working memory, and impulse control[8,9]. In particular, children
diagnosed with ADHD may have a diminished volume of the prefrontal cortex, lesser prefrontal
cortex activity during tasks that necessitate attention and working memory, and diminished
connectivity between the prefrontal cortex and other brain regions[10].

The symptoms of inattention and impulsivity, common in children with ADHD, may be linked
to these variations in prefrontal cortex function and connectivity. For instance, reduced activity in the
prefrontal cortex during tasks that require continuous attention and working memory may result in
challenges maintaining concentration and accomplishing tasks without committing careless
errors[11,12]. Likewise, decreased connectivity between the prefrontal cortex and other regions of the
brain may result in challenges inhibiting inappropriate behaviors and regulating impulses[13]. Some
of the behavioral and conduct problems that can be associated with ADHD include the following.

2.1.1. Inattention

Inattention is a common symptom of ADHD (Attention-Deficit/Hyperactivity Disorder) that
refers to difficulties in sustaining attention, staying focused on tasks, and avoiding distractions.
Individuals with ADHD may have trouble organizing tasks and activities, forget important details
or instructions, and struggle with completing tasks that require sustained effort [14,15]. They may
also have difficulty following through on instructions and appear not to listen when spoken to
directly. Inattention can lead to problems in academic, occupational, and social settings, as well as
impact daily functioning and quality of life. While inattention is a core symptom of ADHD, it is
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essential to note that it is a complex and multifaceted issue that can vary in severity and presentation
among individuals with ADHD [16].

One study published in the Journal of Neural Transmission in 2017 found that tDCS improved
attention and working memory in adults with ADHD. The research revealed that ten tDCS sessions
held over two weeks resulted in noteworthy enhancements in attention and working memory when
compared to a group that received sham stimulation. The magnitude of the improvement was
sizeable, with Cohen's d effect size of 1.11 for attention and 0.93 for working memory[17]. Another
study in 2021 meta-analyzed 13 studies and concluded the tdcs promise long-lasting effects on
children and adolescents.[18]

Studies indicate that ADHD is associated with weaker structure and function of prefrontal cortex
circuits, particularly in the right hemisphere. The prefrontal association cortex is a critical area of the
brain that governs attention, behavior, and emotion regulation, with the right hemisphere specifically
responsible for inhibiting behavior[19]. Noradrenergic and dopaminergic neurotransmitter systems
play a critical role in modulating prefrontal cortex (PFC) function, essential for a range of cognitive
processes, including attention, working memory, and executive function. For optimal prefrontal
cortex (PFC) functioning, postsynaptic activation of alpha-2A adrenoceptors and D1 receptors is
essential[20]. The alpha-2A adrenoceptor is a subtype of adrenergic receptor that is found in high
concentrations in the PFC. Stimulation of these receptors by noradrenaline (norepinephrine) is
known to enhance prefrontal cognitive function, including attention and working memory. Research
has shown that reduced alpha-2A adrenoceptor signaling in the PFC is associated with deficits in
working memory and attention in individuals with ADHD [21].

The D1 receptor, which is a particular subtype of dopamine receptor, is abundantly present in
the PFC. Activation of these receptors through dopamine stimulation is recognized to augment
prefrontal cognitive functions such as working memory and executive function[22]. Research has
shown that reduced dopamine signaling in the PFC is associated with deficits in working memory
and executive function in individuals with ADHD [23]. Studies have shown that individuals with
ADHD exhibit reduced dopamine release in the prefrontal cortex when performing tasks related to
working memory, and this is associated with impairments in working memory performance[19].
Studies have shown that there may be reduced connectivity between the prefrontal cortex (PFC) and
the striatum in individuals with ADHD. The striatum is a region of the brain involved in reward
processing and motivation, among other functions. Reduced connectivity between these regions may
contribute to the difficulties that individuals with ADHD have with regulating motivation and
maintaining attention [24,25].

An instance of this is a study that was printed in the Biological Psychiatry journal in 2016, which
utilized functional magnetic resonance imaging (fMRI) to scrutinize dissimilarities in brain
connectivity between the PFC and striatum in individuals with ADHD in comparison to healthy
individuals. According to the study, people with ADHD demonstrated less connectivity between the
PFC and the striatum when compared to healthy participants. The study noted that this reduction in
connectivity was related to poorer performance on a task that necessitated attention and impulsivity
regulation[25]. Another study published in the journal Biological Psychiatry in 2014 used a similar
fMRI approach to investigate differences in brain connectivity between the PFC and striatum in
children with ADHD who had also experienced early-life stress. The study found that children with
ADHD who had experienced early-life stress had reduced connectivity between the PFC and striatum
compared to children with ADHD who had not experienced early-life stress. This reduced
connectivity was associated with worse performance on a task requiring attention and working
memory [27].

In a study published in the Journal of Child Psychology and Psychiatry in 2011, researchers used
magnetic resonance imaging (MRI) to examine the gray matter volume in the PFC of individuals with
ADHD and healthy controls. The study found that individuals with ADHD had less gray matter
volume in the PFC than healthy controls. This reduction in gray matter volume was linked to poorer
performance on tasks that required attention and executive function[28]. Moreover, studies have also
shown that there may be differences in the levels of neurotransmitters, such as dopamine and
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norepinephrine, in the PFC of individuals with ADHD. A study published in the Journal of
Neuroscience in 2007 used positron emission tomography (PET) to investigate dopamine receptor
availability in the PFC of individuals with ADHD and healthy controls. The study found that
individuals with ADHD had lower dopamine receptor availability in the PFC compared to healthy
controls. This reduced dopamine receptor availability was associated with worse performance on
tasks requiring working memory and attention [29].

Some studies have suggested that tDCS may enhance D1 dopamine receptor binding and
activity in the brain. For example, a study found that anodal tDCS applied over the dorsolateral
prefrontal cortex (DLPFC) increased D1 dopamine receptor binding [30]. Another study published in
Brain Stimulation in 2016 found that anodal tDCS applied over the left DLPFC improved working
memory performance in healthy volunteers and that this effect was associated with increased D1
dopamine receptor binding in the striatum, as measured by PET imaging [31,32].

2.1.2. Hyperactivity

Individuals with ADHD often experience symptoms such as restlessness, fidgeting, and
difficulty staying seated or quiet for extended periods of time. The neurobiological research on
ADHD indicates that hyperactivity in individuals with ADHD may be associated with problems in
inhibitory control and dysregulation of the dopamine system[33].

Studies using neuroimaging techniques have found that individuals with ADHD show
differences in brain activity in regions related to movement and inhibitory control. For example, a
study published in Frontiers in Human Science in 2018 used fMRI to investigate brain activity in
children with ADHD and healthy controls. The study found that children with ADHD had reduced
activation in the pre-SMA compared to healthy controls. This reduced activation was associated with
more severe hyperactivity symptoms in children with ADHD [34]. Other studies have investigated
the role of the dopamine system in hyperactivity in ADHD. A study published in the Journal of
Neuropsychiatric Diseases and Treatment in 2008 used PET to measure dopamine transporter
binding in the brain of children with ADHD and healthy controls. The study found that children with
ADHD had significantly lower dopamine transporter binding in the striatum than healthy controls,
suggesting dysregulation of the dopamine system in ADHD [35].

In 2010, the Journal of Abnormal Psychology published a study that employed fMRI to examine
inhibitory control in adults with ADHD and healthy individuals. According to the study, compared
to healthy individuals, adults with ADHD had less activation in the right inferior frontal gyrus (IFG),
a brain region that plays a role in inhibitory control [36]. The impaired performance of individuals
with ADHD on tasks that require inhibitory control is linked to reduced activation in the right inferior
frontal gyrus (IFG), a brain region that plays a critical role in this function. Catecholamines, such as
dopamine and norepinephrine, are important neurotransmitters that regulate attention, arousal, and
movement [37]. Dysregulation of catecholamine signaling has been implicated in the development of
hyperactivity in ADHD.

Research has found that individuals with ADHD have reduced levels of dopamine transporters
in the brain, which are responsible for the reuptake of dopamine from the synapse. This results in
increased dopamine signaling, which can contribute to hyperactivity and impulsivity in ADHD [38].
Additionally, studies have found that individuals with ADHD have lower levels of dopamine D2
receptors in the brain, which are essential for regulating the release of dopamine. Lower levels of D2
receptors can lead to reduced dopamine release, which may contribute to hyperactivity in ADHD
[39].

Similarly, dysregulation of norepinephrine signaling has also been implicated in hyperactivity
in ADHD. Studies have found that individuals with ADHD have altered levels of norepinephrine in
the brain, which can contribute to hyperactivity and impulsivity. Norepinephrine is involved in
regulating attention and arousal, and dysregulation of this neurotransmitter can lead to increased
activity and hyperactivity [40].

Furthermore, animal studies have shown that manipulating catecholamine signaling can lead to
changes in motor activity and hyperactivity. For example, the administration of dopamine agonists,
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which enhance dopamine signaling, can lead to increased motor activity and hyperactivity in animal
models [41]. Conversely, the administration of dopamine antagonists, which reduce dopamine
signaling, can lead to reduced motor activity and hypoactivity. On the contrary, dopamine agonists
are medications that mimic the effects of dopamine in the brain. They can be used to treat various
conditions, including Parkinson's disease, restless leg syndrome, and ADHD [42].

Dopamine agonists are commonly used to treat ADHD by increasing the levels of dopamine in
the brain, which may help improve attention and reduce hyperactivity. The most commonly used
dopamine agonists for ADHD are stimulant medications, including methylphenidate and
amphetamines[43]. These medications work by blocking the reuptake of dopamine from the synapse,
leading to increased dopamine signaling. Studies have shown that these medications can effectively
reduce hyperactivity and impulsivity in individuals with ADHD. In fact, stimulant medications are
considered the first-line treatment for ADHD due to their effectiveness and safety profile [44].
However, it's important to note that dopamine agonists can have side effects, including insomnia,
loss of appetite, and irritability. In rare cases, they can also lead to more severe side effects, such as
psychosis or addiction [45].

2.1.3. Impulsivity

Impulsivity is a fundamental characteristic of ADHD that can substantially affect an individual's
daily life. Research has demonstrated that people with ADHD are more prone to exhibiting impulsive
behaviors, such as substance abuse, reckless driving, and other hazardous activities that can result in
accidents or injuries[46]. Studies have indicated that impulsivity is linked to negative academic and
occupational consequences, such as lower levels of academic attainment and higher job turnover
rates[47].

Impulsivity can also negatively impact relationships, as individuals with ADHD may struggle
with social skills and have difficulty understanding social cues. This can lead to difficulties in forming
and maintaining relationships, as well as conflicts with family, friends, and colleagues. In addition,
impulsivity can contribute to emotional dysregulation, which is common in individuals with ADHD
[48]. This can manifest as impulsive outbursts or tantrums, making it challenging for individuals to
regulate their emotions and interact appropriately with others.

Research has suggested several theories to explain the link between ADHD and impulsive, risky
behavior. One of the prominent theories is related to the neurotransmitter systems that regulate
reward and motivation, particularly the dopamine and norepinephrine systems. Studies have found
that individuals with ADHD may have an underactive dopamine system, which can lead to
difficulties in experiencing pleasure or reward from everyday activities. This, in turn, may result in
seeking out high-risk, novel, or exciting activities to stimulate the dopamine system, leading to
impulsive, risky behaviors [49].

Another theory suggests that individuals with ADHD may have difficulties with self-regulation,
particularly in inhibiting or delaying responses. Research has found that individuals with ADHD
have reduced activity in the prefrontal cortex, which is responsible for regulating attention, behavior,
and emotion. This can lead to deficits in self-control and inhibition, contributing to impulsive
behaviors [50]. Moreover, studies have suggested that individuals with ADHD may have difficulties
with processing feedback and rewards, leading to a reduced ability to learn from their mistakes and
make better decisions in the future. This can result in continued impulsive and risky behaviors, even
when they lead to negative consequences [51].

Finally, environmental factors, such as stress, trauma, or parental neglect, may also contribute
to impulsive, risky behaviors in individuals with ADHD. Such experiences can affect brain
development and function, leading to difficulties with emotion regulation, decision-making, and
impulse control [52].

Impulsivity in ADHD has been associated with dysfunction in several neural circuits, including
the prefrontal-striatal circuit and the cortico-basal ganglia-thalamo-cortical circuit. These circuits
involve interconnected brain regions responsible for executive functions, such as inhibitory control,
working memory, and attention [53]. In particular, the prefrontal-striatal circuit has been implicated
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in ADHD-related impulsivity. This circuit includes the prefrontal cortex, striatum, and thalamus and
plays a critical role in regulating attention, behavior, and emotion [54]. Dysfunction in this circuit
may lead to reduced inhibitory control, resulting in impulsive behaviors. Furthermore, the cortico-
basal ganglia-thalamo-cortical circuit has also been linked to impulsivity in ADHD. This circuit
includes the prefrontal cortex, basal ganglia, and thalamus and involves motor planning and control.
Dysregulation in this circuit may contribute to motor impulsivity and hyperactivity observed in
individuals with ADHD [55].

One of the neurotransmitter systems implicated in ADHD-related impulsivity is the
dopaminergic system. Studies have suggested that altered dopamine receptor signaling in the
prefrontal cortex and striatum may contribute to impulsive behavior in ADHD. Specifically, reduced
dopamine D2 receptor availability in the striatum has been associated with increased impulsivity in
individuals with ADHD. The dopamine D2 receptor gene (DRD2) is involved in dopamine
neurotransmission, a process that regulates mood, reward, and motivation in the brain. Individuals
with ADHD have been found to have lower levels of dopamine D2 receptors in the striatum, a region
of the brain involved in reward processing and motor function. Research suggests that this reduction
in dopamine D2 receptor availability contributes to the impulsive behavior observed in individuals
with ADHD [55,56].

Studies have also identified specific DRD2 gene variants associated with ADHD and
impulsivity. For example, the TaqlA polymorphism is a DRD2 gene variant that has been linked to
reduced dopamine D2 receptor density and increased impulsivity in individuals with ADHD [57].
Another neurotransmitter system that may be involved in ADHD-related impulsivity is the
noradrenergic system. Studies have found that medications that increase noradrenaline levels, such
as atomoxetine, can reduce impulsivity in individuals with ADHD. This suggests that dysregulation
of noradrenergic receptor signaling may contribute to impulsivity in ADHD [58].

2.1.4. Mood Disorders

DMDD stands for Disruptive Mood Dysregulation Disorder, a relatively new diagnosis added
to the DSM-5. It is characterized by severe and recurrent temper outbursts that are disproportionate
to the situation and inconsistent with developmental level, persistently irritable or angry mood, and
is typically diagnosed in children between 6 to 18 years of age[59,60].

Recent studies have shown a high rate of comorbidity between ADHD and DMDD, with
estimates ranging from 20% to 50%. This suggests that a significant proportion of children with
ADHD also experience symptoms of DMDD, which can complicate their clinical presentation and
require additional treatment [61]. Additionally, research has shown that children with both ADHD
and DMDD tend to have more severe symptoms of both conditions, lower quality of life, and poorer
outcomes compared to those with ADHD alone. Therefore, clinicians need to screen for both ADHD
and DMDD in children presenting with disruptive behavior, irritability, and mood dysregulation, in
order to provide effective treatment and improve their overall functioning [61].

Intermittent Explosive Disorder (IED) is a psychiatric disorder characterized by recurrent
outbursts of impulsive and aggressive behavior, including verbal or physical aggression toward
people, animals, or objects. The outbursts are often disproportionate to the provoking events and
result in significant distress or impairment in social, occupational, or other important areas of
functioning [62].

There is evidence to suggest that ADHD is associated with an increased risk of developing IED.
Studies have found that the prevalence of IED is significantly higher among individuals with ADHD
compared to those without ADHD. For example, one study found that the prevalence of IED was
approximately six times higher among individuals with ADHD compared to those without ADHD
[63].

Clinicians need to be aware of the potential co-occurrence of ADHD and IED, as well as other
disruptive behavior disorders such as DMDD, ODD (Oppositional Defiant Disorder), and Conduct
Disorder, as they can have a significant impact on a person's quality of life, relationships, and overall
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functioning. Proper diagnosis and treatment of ADHD and IED can help individuals manage their
symptoms and improve their overall functioning [64].

2.1.5. Oppositional Defiant Disorder (ODD)

Oppositional defiant disorder (ODD) is a psychiatric disorder characterized by a persistent
pattern of disobedient, defiant, and hostile behavior towards authority figures, such as parents,
teachers, and other authority figures. Children with ODD may argue with adults, refuse to comply
with rules, deliberately annoy others, blame others for their mistakes, and be easily annoyed or
angered. This behavior typically causes significant distress and impairment in social, academic, or
occupational functioning. ODD typically develops in early childhood and can persist into
adolescence and adulthood. It is more common in boys than girls and is often co-morbid with other
psychiatric disorders, such as attention-deficit/hyperactivity disorder (ADHD), anxiety, and
depression [65].

There is some evidence to suggest that individuals with ODD may have smaller brain structures
in some areas of the brain. A meta-analysis constituting 29 studies reported that individuals with
ODD/CD had abnormalities in the bilateral amygdala as well as in the bilateral stratum and bilateral
insula [66].

It is estimated that approximately 60% of children with ADHD also have ODD, and 30% to 50%
of children with ODD also have ADHD. Effective treatment for these disorders often involves a
combination of medication and behavioral interventions, such as cognitive-behavioral therapy or
parent training [67].

Furthermore, a systematic review and meta-analysis published in the journal Neuroscience and
Biobehavioral Reviews reviewed 11 studies on brain structure in individuals with conduct disorder
(CD) (which often co-occurs with ODD). The researchers found consistent evidence of reduced
volumes in the prefrontal cortex, amygdala, and insula, which are brain regions involved in
emotional regulation, decision-making, and social behavior [68].

One study published in the Journal of Child Psychology and Psychiatry investigated the
association between genetic variations in the serotonin transporter gene (SLC6A4) and ODD
symptoms in children. The study included a sample of 225 children aged 5 to 10 years old who were
assessed for ODD symptoms using parent-reported questionnaires. DNA samples were also collected
from the children to analyze the SLC6A4 gene [69]. The results showed that children with a specific
variant of the SLC6A4 gene were more likely to exhibit ODD symptoms compared to those without
the variant. Furthermore, the association between the gene variant and ODD symptoms was more
substantial in children with a history of physical abuse or neglect. This suggests that genetic factors
may interact with environmental factors to increase the risk of ODD.

Another study published in the journal Pediatrics examined the association between genetic
variations in several neurotransmitter genes, including SLC6A4, and oppositional behavior in
children with ADHD. The study included a sample of 176 children with ADHD, of which 39 also met
the criteria for ODD. The results showed that variations in the SLC6A4 gene were significantly
associated with oppositional behavior in children with ADHD, even after controlling for other genetic
and environmental factors [70].

2.1.6. Aggression

Aggression can be a common feature of ADHD, particularly in children and adolescents.
Children with ADHD may show a range of aggressive behaviors, such as physical aggression, verbal
aggression, and social aggression. They may struggle to control their anger, have difficulty managing
frustration, and lash out impulsively in response to stress or provocation. The aggression associated
with ADHD can lead to significant problems in social and academic settings, including difficulties
forming and maintaining friendships, problems with authority figures, and poor academic
performance [71].

Research suggests that various factors, including genetics, brain function and structure, and
environmental factors, such as parenting and exposure to violence, may influence the relationship
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between ADHD and aggression. For example, studies have identified differences in brain function
and structure in individuals with ADHD who exhibit aggressive behavior, including reduced activity
in the prefrontal cortex and abnormalities in the amygdala and striatum [72]. There is also evidence
to suggest that certain neurotransmitters, including dopamine, serotonin, and norepinephrine, may
play a role in regulating aggression in individuals with ADHD [73].

2.2. Learning Disorders

ADHD (Attention Deficit Hyperactivity Disorder) is often comorbid with other learning
disorders, which can further impact an individual's ability to learn and succeed academically. Some
common learning disorders that are often associated with ADHD include the following.

2.2.1. Dyslexia

ADHD and dyslexia often co-occur, with research suggesting that up to 25-40% of individuals
with ADHD may also have dyslexia and vice versa [74]. Some studies have found that individuals
with ADHD and dyslexia may have similar cognitive profiles, including deficits in working memory,
processing speed, and attentional control. However, there is also evidence to suggest that dyslexia
may be a particular condition that is not simply a manifestation of ADHD [75].

According to a meta-analysis of 26 studies, the prevalence of dyslexia among individuals with
ADHD was estimated to be 21.8%, compared to a prevalence of 5.3% in the general population
(Willcutt et al., 2010) [76].

Alongitudinal study of children with ADHD and dyslexia found that those with both conditions
had worse academic outcomes than those with ADHD alone or dyslexia alone (Mayes et al., 2000)
[77].

A study of 44 children with ADHD and dyslexia found that a combination of behavioral therapy
and stimulant medication was more effective in improving reading skills than either treatment alone
(Tannock et al., 2006) [78].

A systematic review of 22 studies on the relationship between ADHD and dyslexia found that
while there is evidence of overlap in cognitive deficits, the two conditions may be distinct and require
different interventions (Peterson et al., 2017) [79].

A study of college students with ADHD and dyslexia found that they had lower GPAs and were
more likely to drop out of college than those with ADHD or dyslexia alone (Rabiner et al., 2010) [80]

2.2.2. Dyscalculia

Dyscalculia is a specific learning disorder that affects an individual's ability to understand and
perform mathematical tasks. It is estimated that up to 60% of individuals with ADHD also have
dyscalculia, making it a common comorbidity of the disorder [81].

Despite possessing adequate intelligence and having received appropriate educational
opportunities, individuals with dyscalculia experience difficulties with mathematical tasks.
Dyscalculia primarily affects an individual's ability to comprehend and perform mathematical
operations, with particular challenges in areas such as number sense, arithmetic, and mathematical
reasoning.

ADHD is characterized by symptoms such as inattention, hyperactivity, and impulsivity, which
can affect a person's ability to focus and organize information. This can lead to difficulties with math
skills, which are further complicated by the presence of dyscalculia [82].

Dyscalculia is a learning disability that specifically affects a person's ability to understand and
perform mathematical concepts. Individuals with dyscalculia may have difficulty understanding
number concepts, performing the basic arithmetic, and solving math problems. The presence of
dyscalculia in individuals with ADHD can complicate diagnosis and treatment. Clinicians need to
assess both conditions and provide appropriate interventions. Early intervention and support can
improve outcomes for individuals with ADHD and dyscalculia. Educational interventions such as
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specialized instruction and assistive technology can help individuals with dyscalculia develop math
skills. Medication and behavioral therapy can be effective treatments for ADHD [83].

Despite the challenges associated with ADHD and dyscalculia, many individuals with these
conditions go on to lead successful and fulfilling lives. With appropriate support and
accommodations, individuals with ADHD and dyscalculia can achieve their goals and reach their
full potential.

2.2.3. Dysgraphia

Dysgraphia is a learning disability that affects a person's ability to write. While there is limited
research explicitly examining dysgraphia in individuals with ADHD, there is some evidence to
suggest that there is a higher prevalence of dysgraphia among individuals with ADHD than in the
general population.

Individuals with ADHD and dysgraphia may experience challenges with written
communication, including messy handwriting, difficulty with spelling and grammar, and trouble
organizing their thoughts on paper. They may also struggle with fine motor skills, such as holding a
pencil or pen, which can affect their ability to write or draw accurately [84]. A study published in the
Journal of School Psychology found that children with dyslexia, another learning disorder that affects
reading and writing, often have writing problems that are under-recognized and under-treated.
These writing problems include messy handwriting, spelling difficulties, and difficulty organizing
thoughts on paper [85]. It's important to note that having ADHD and dysgraphia can also impact
academic performance and self-esteem. Children and adults with these conditions may struggle with
written assignments, note-taking, and other tasks that require writing, which can lead to frustration
and avoidance of these activities.

A study published in the Journal of Attention Disorders found that children with ADHD had a
higher prevalence of dysgraphia than children without ADHD. Another study published in the
Journal of Learning Disabilities found that children with ADHD and dysgraphia had more severe
writing difficulties than children with ADHD alone [86].

2.2.4. Auditory Processing Disorder

Auditory Processing Disorder (APD) and Attention Deficit Hyperactivity Disorder (ADHD) are
two different conditions that can impact an individual's ability to process and integrate auditory
information. While there is limited research specifically examining the relationship between APD
and ADHD, here is a summary of some of the available evidence:

A study published in the Journal of Speech, Language, and Hearing Research found that
children with ADHD and APD had more severe impairments in auditory processing compared to
children with ADHD alone. The study also found that children with both ADHD and APD had
greater difficulty with language and reading comprehension [87].

Another study published in the Journal of Learning Disabilities found that children with ADHD
and language-based learning disabilities (which can include APD) had poorer performance on
measures of working memory and attention compared to children with ADHD alone [88]. A meta-
analysis of studies examining the comorbidity of ADHD and communication disorders, including
APD, found that the prevalence of comorbid communication disorders in children with ADHD
ranged from 16% to 67% [89]. A study found that children with ADHD and auditory processing
difficulties had greater difficulty with attention and were more likely to exhibit hyperactive-
impulsive behavior compared to children with ADHD alone [90].

3. Risk of injuries

Research indicates that individuals with ADHD are more likely to experience injuries compared
to those without ADHD. For instance, a meta-analysis found that children with ADHD were almost
twice as likely to experience injuries compared to children without ADHD. In this study, the most
common injuries reported were fractures and head injuries. Similarly, a study by Loe et al. (2011)
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found that adults with ADHD had a higher risk of workplace injuries, car accidents, and other types
of injuries [91]. Various factors contribute to the increased risk of injuries in individuals with ADHD.
For example, impulsivity, inattention, and hyperactivity may make individuals with ADHD more
prone to accidents and injuries [92]. Additionally, individuals with ADHD may engage in risky
behaviors, such as reckless driving or extreme sports, that increase the likelihood of injury [93].
However, research also suggests that medication can help reduce the risk of injuries in individuals
with ADHD. A study by Mick et al. (2014) found that children with ADHD who were treated with
medication had a lower risk of injuries compared to those who were not treated with medication [94].

4. Mechanisms of action

Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation technique that
involves applying a low electrical current to the scalp to modulate cortical excitability and activity.
The exact mechanisms of action of tDCS in ADHD are not fully understood, but several theories have
been proposed.

One proposed mechanism is that tDCS modulates the activity of the default mode network
(DMN), a set of brain regions that are active during rest and self-referential processing. Abnormal
DMN activity has been observed in individuals with ADHD, with increased connectivity between
the DMN and task-negative regions, such as the posterior cingulate cortex, and decreased
connectivity with task-positive regions, such as the dorsolateral prefrontal cortex (Castellanos et al.,
2008) [95]. The default mode network (DMN) is a set of brain regions that are active when an
individual is in a resting state or engaged in self-referential processing, such as daydreaming or
introspection. The DMN was first identified through functional magnetic resonance imaging (fMRI)
studies, which revealed a consistent pattern of activity across several brain regions when participants
were not actively engaged in a task [95,96].

The DMN includes several brain regions, including the medial prefrontal cortex, posterior
cingulate cortex, precuneus, and angular gyrus. These regions are interconnected by a network of
neural pathways allowing communication and information exchange between them. The DMN has
been implicated in various cognitive processes, including autobiographical memory retrieval, self-
referential thinking, social cognition, and mind-wandering. However, abnormal DMN activity has
also been associated with several psychiatric and neurological disorders, including ADHD,
depression, and Alzheimer's.[106]

In ADHD, aberrant DMN activity has been observed in several studies. Specifically, individuals
with ADHD have been found to have increased DMN connectivity with task-negative regions, such
as the posterior cingulate cortex, and decreased connectivity with task-positive regions, such as the
dorsolateral prefrontal cortex [97]. This disrupted balance between task-positive and task-negative
regions is thought to contribute to the attentional deficits and other symptoms of ADHD.

The DMN has also been a target of brain stimulation techniques such as transcranial direct
current stimulation (tDCS) in treating ADHD. Several studies have investigated the effects of tDCS
on DMN activity in individuals with ADHD, with some reporting that tDCS can modulate DMN
connectivity and improve attentional control [97].

The DMN is a complex and interconnected network of brain regions that plays a vital role in
self-referential processing and cognitive functions. Abnormal DMN activity has been implicated in
several psychiatric and neurological disorders, including ADHD, and targeting the DMN through
brain stimulation techniques such as tDCS may offer new treatment options for these conditions.

Another proposed mechanism by which tDCS may improve symptoms of ADHD is by
modulating the activity of neurotransmitters such as dopamine and glutamate. Dopamine and
glutamate are two of the most critical neurotransmitters in the brain, playing key roles in attention,
motivation, and learning.

Studies have suggested that tDCS can modulate the activity of dopamine and glutamate in
several ways. One mechanism by which tDCS may modulate dopamine activity is altering the activity
of dopaminergic neurons in the brain. For example, a study by Monte-Silva and colleagues (2013)
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found that tDCS increased dopamine release in the striatum, a critical brain region involved in
reward processing and motivation [98,99].

In addition to modulating dopamine activity, tDCS has also been shown to modulate the activity
of glutamate, an excitatory neurotransmitter involved in several cognitive processes. A study by
Nitsche and colleagues (2007) found that tDCS increased the levels of glutamate in the cortex, a
critical brain region involved in attention and working memory [100]. The precise mechanisms by
which tDCS modulates dopamine and glutamate activity are still not fully understood. However, it
is thought that tDCS may alter the resting membrane potential of neurons, making them more or less
likely to fire action potentials. This alteration in neuronal excitability may, in turn, affect the release
and uptake of neurotransmitters such as dopamine and glutamate [101].

Another theory is the theory of neural plasticity and neurogenesis proposes that tDCS may
improve symptoms of ADHD by promoting changes in brain structure and function. Neural
plasticity refers to the brain's ability to change and adapt in response to experiences, while
neurogenesis refers to the formation of new neurons in the brain. Studies have suggested that tDCS
may promote neural plasticity and neurogenesis in several ways. For example, a study by Fritsch and
colleagues (2010) found that tDCS increased the excitability of neurons in the motor cortex, leading
to changes in the strength of connections between neurons [102]. Other studies have suggested that
tDCS can promote the formation of new synapses and the growth of new dendrites, the branching
extensions of neurons that receive signals from other neurons [102]. In addition to promoting neural
plasticity and neurogenesis, tDCS has also been shown to enhance the effects of behavioral
interventions in individuals with ADHD. For example, a study by Brunoni and colleagues (2014)
found that tDCS combined with cognitive training improved working memory performance in
individuals with ADHD more than cognitive training alone [103].

The precise mechanisms by which tDCS promotes neural plasticity and neurogenesis are still
not fully understood. However, it is thought that tDCS may alter the activity of brain-derived
neurotrophic factor (BDNF), a protein that plays a crucial role in promoting the growth and survival
of neurons. Several studies have found that tDCS can increase the levels of BDNF in the brain,
potentially promoting the growth and survival of new neurons and synapses [104].

Overall, while the mechanisms of action of tDCS in ADHD are not fully understood, the
available evidence suggests that tDCS may modulate cortical excitability and activity, rebalance
disrupted brain networks, enhance neurotransmitter activity, and promote neural plasticity and
neurogenesis. Further research is needed to elucidate these mechanisms and to identify optimal
stimulation parameters for the treatment of ADHD.

5. Conclusion

In conclusion, the available research on the use of transcranial direct current stimulation (tDCS)
in managing ADHD and its comorbidities is still limited and inconclusive. While some studies
suggest that tDCS may have a positive effect on certain ADHD-related comorbidities, such as
depression and anxiety, more research is needed to establish a clear relationship between tDCS and
these conditions. Additionally, there are several other comorbidities associated with ADHD, such as
sleep disorders and substance abuse, where the efficacy of tDCS is yet to be explored. Nevertheless,
the potential of tDCS as a non-invasive and safe treatment option for ADHD and its related conditions
is promising, and further research in this area is warranted to provide more conclusive evidence of
its effectiveness.
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